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Project Objective, Benefits to NASA & JPL:
We are working to mature the critical technology enabling powerful future 
far-IR space missions such as the Origins Space Telescope (OST, formerly 
Far-IR Surveyor), and the Galaxy Evolution Probe (GEP) which require far-
IR array formats of 105 or more in background-limited pixels.  We are 
pursuing kinetic inductance detectors (KIDs), in particular we use lumped-
element titanium-nitride (TiN) resonators, an approach pioneered at Caltech 
/ JPL.  The TiN KID is a versatile detector and the fabrication simplicity and 
high MUX factor is a natural fit to the large required formats.  To pave the 
way for JPL flight opportunities, we aim to demonstrate these detector 
approaches in ground-based instruments on the next-generation telescopes 
like the large millimeter telescope (LMT), CSST and CCAT-prime. 

FY 18/19 Results:
•Improved SuperSpec detector sensitivity, now photon-noise limited for R=300 
spectroscopy in the millimeter band from mountaintop sites.

• Also demonstrated even lower noise at 120 mK: 7e-19 W/sqrt(Hz), best KID sensitivity in North 
America.

•Designed and fabricated new 110-channel science grade filterbank chip.  
• Reverting to ¾ wave spacing based on poor efficiency in 300-channel ¼-wave-spaced chips.
• Finding good efficiency in initial tests of 110 channel device.

•Preparing for demonstration at Large Millimeter Telescope (LMT), in 2019.  
• Cryostat is modified, final debugging underway now with readout lines and optical filters. System 

accommodates 6-chip, (3-beam x 2 pol) demonstration instrument.

SuperSpec Sensitivity : photon noise limited.SuperSpec 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
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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
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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 
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made from Nb 
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 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.
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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

R=100 photon shot noise

R=300 photon shot noise

Operating temp

LEFT:  Detail of the SuperSpec 3rd generation 
architecture featuring a new small-volume inductor to 
increase frequency response per unit power.  The Nb
microstrip feedline at bottom traverses horizontally and 
couples to each channel.  The half-wavelength U-shaped 
resonator provides the filtering.  The meandered inductor 
inside the resonator is the active part of the detector, 
making this smaller with the narrow lines has improved 
the sensitivity.   Most of the chip area is the interdigitated 
capacitors, large to give the low-frequency readout and 
minimize TLS.   BOTTOM LEFT:  Noise equivalent power 
(NEP) measurement of the new device with the 3-cubic-
micron inductor.  Device noise is limited by generation-
recombination noise at high frequencies, the ultimate 
sensitivity limit for a KID.  Our devices are now 
background-limited for R=300, our target for science 
demonstration.  The low-frequency excess is under 
investigation, likely two-level systems.   For the near term 
at LMT, it is not a concern since SuperSpec will observe 
point sources and will chop a steering mirror at a few 

to 10 Hz.  BOTTOM RIGHT:  
Run of white noise with 
temperature in dark 
measurements with a dilution 
refrigerator.  While we will 
operate at 220 mK for our 
demonstration, the Tc=1 K TiN
material can offer enhanced 
sensitivity down to ~120 mK.
Below this temperature, either 
the number density of free 
electrons in the material can 
not be reduced, or some other 
noise floor becomes important.   

Demonstration instrument 
housed in existing cryostat.  We 
will field 6 chips: 3 beams x both 
polarizations.   A polarizing grid 
separates the light into two 
linear polarizations which couple 
to the  two 3-chip packages.  
The full system is cooled to 210 
mK. Each 300-channel chip will 
be read out individually with a 
single circuit, delivered by one 
coaxial line in, and one coaxial 
line out.   

LMT, run by INOAE in Mexico.   Now being 
fitted out to 50 m with high-performance 
panels, and expect 65 microns RMS surface.
SuperSpec will use a relay on the right-hand 
Nasmyth, sharing large reimaging mirrors 
with MUSCAT demonstration camera.

3-chip packages, 1 for each 
polarization.

Publications:  
J. Redford et al., 2019 paper on Chips and Demonstration Instrument at Low Temperature Detectors Conference
K. Kirkare et al., 2019 paper on Sensitivity Measurements at Low Temperature Detectors Conference
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To address optical efficiency problems we 
have encountered with our 300-channel 
chip, we have developed a 110-channel 
chip shown at left.  This chip is drop-in 
compatible with the cryostat housing 
designed for the 300 channel device, but 
channels are spaced at ¾ wave in this 
chip, in contrast with the ¼ wave spacing 
used in the 300 channel chips.  The ¾-
wave spacing demonstrated in our earlier 
50-channel devices shows better optical 
efficiency than the 300-channel devices,  
an aspect not captured in either EM 
simulations or circuit-based simulations.  
These 110-channel devices are under test 
now.
The radiation propagates from left to right 
on a microstrip line in the center of the 
patterned area.  The vertical structures are 
interdigitated capacitors. The overlay is a 
schematic of the readout approach. 

Principal Investigator: C.M. (Matt) Bradford (326)
H.G. (Rick) LeDuc (389), Steve Hailey-Dunsheath (Caltech, 326 affiliate), 

Joe Redford (Caltech, 326 affiliate), Jordan Wheeler (U. Colorado, 326 affiliate), 
Program: Strategic

Frequencies range from 100 to 450 MHz. Since the inductors are so small, the capacitors must be large and the dominate the patterned area.   
This is a challenge given the close linear spacing of the channels. We developed a We developed a new method of optimally utilizing the area 
of the chip for capacitor layout.   We break the readout frequency band into four logarithmically-spaced banks.  Since all of the inductors are 
identical by design, the resonant frequency scales as 1/sqrt(C).   Each of the four banks is designed so that the frequency scales over a factor 
of sqrt(300/200); in this way the capacitance C (and thus capacitor area) in each bank has the same scaling as the millimeter-wave frequency.    

Progress Against Task 2 Milestones: Instrument Preparation

• Existing cryostat at Caltech has been re-worked for deployment. 
• New vacuum jacket, shields, filters, cryogenic lens.

• 6-chip SuperSpec housing installed.
• 6 coaxial lines and amplifiers installed.


