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ALMA receiver performance: room for 
improvement
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SIS receiver sensitivity limits 

• SIS heterodyne mixers are primarily limited by tunneling shot-noise from the local oscillator, 
and are nearly quantum-noise-limited, which is great!

• But the frequency conversion process from RF to IF in mixer 
is lossy and reduces S/N at the input of the IF amplifier.

• Therefore the IF amplifier must have very low noise 
level to not further reduce the signal integrity. 

• Achieving a low IF noise over a wide bandwidth is the fundamental reason why SIS receiver 
instantaneous bandwidth has been limited to ~ 10 GHz using current amplifier technologies.
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Fig. 20. Band-6 mixer assembly. (a) With preamps attached, lids removed. The

red ellipses indicate the location of the mixer chips. (b) With IF hybrid and

magnet circuit.

shows the Band-6 mixer-preamp assembly (a) with the mixer

and amplifier lids removed and (b) with the IF hybrid and

magnet circuit in place.

IV. MEASUREMENT OF THE MIXERS

The noise temperature and gain of the mixer-preamps were

measured using room-temperature and liquid nitrogen loads

placed in front of the vacuum window of a test Dewar. For

sideband-separating receivers, it is possible to measure the

image rejection accurately, without knowing the power level

of the RF test signal, by using the procedure described in [45].

Knowing the image rejection, the SSB noise temperatures can

be corrected to remove the contribution to the -factor from

the image band (which acts to increase the -factor, thereby re-

ducing the apparent SSB noise temperature). The mixer-preamp

gain is determined from the change in IF output power of the

test receiver when RF hot and cold loads with known tempera-

tures are placed in front of the receiver, knowing the gain and

noise temperature of the subsequent IF stages. For Band 3,

the measured mixer-preamp SSB noise temperature, gain, and

image rejection are shown in Fig. 21 for superior and typical

mixer-preamps. The LO was tuned in 4-GHz increments, and

at each LO frequency the mixer-preamp was measured across

the IF band in 100-MHz steps. Similar results for Band 6

are shown in Fig. 22. The results in Figs. 21 and 22 include

the contributions of the RF (quasi-optical) vacuum window,

infrared filter, and cold optics in the Dewar and are corrected

for the finite image rejection to give true SSB numbers.

V. DISCUSSION

The receiver noise temperatures shown in Figs. 21 and 22 are

consistent with the analysis of the elemental DSB SIS mixers

in Section II-A which is based on the measured character-

TABLE I

BAND-3 NOISE ANALYSIS

TABLE II

BAND-6 NOISE ANALYSIS

istics. The approximate noise contributions of the components

ahead of the Band-3 and -6 mixer-preamps are shown in Tables I

and II, calculated from the loss and physical temperature of each

component. In the tables, the “ ” column gives the effective

input noise temperature of each compo-

nent using the Callen and Welton radiation law (which is equiv-

alent to the Planck law plus the zero-point fluctuation noise [46],

[47]). The “ ” column shows the receiver noise temperature

which would be measured looking into the receiver at each com-

ponent. The “image termination noise” is the contribution of the

image termination resistor, in Figs. 1 and 16, also calcu-

lated using the Callen and Welton law (which is why the com-

ponent is greater than the physical temperature). The “LO

coupled noise” is the sideband noise from the LO, and depends

on the LO source.

During testing of some Band-6 mixer-preamps, a very weak

spurious signal was occasionally detected near 230 GHz. This

was eventually traced to oscillation at 230 GHz within one of

the discrete InP HFET chips in the IF amplifiers. The 230-GHz

signal leaked through the RF choke into the SIS mixer where

it was down-converted to IF. This was cured by adjusting the

drain bias or replacing the transistor.

At millimeter wavelengths, calibration of the individual side-

band sensitivities of a DSB receiver is difficult and usually im-

practical on the telescope. The upper and lower sideband sen-

sitivities can differ by several decibels, particularly at the ex-

tremes of the tuning range. A benefit of the sideband-separating

receiver is the simplicity of calibrating the sensitivities of the

upper and lower sidebands using the procedure mentioned in

Section IV.

A problem well known to radio astronomers is the presence

of variations, or ripples, in the baseline of a measured spec-

trum which make it difficult to identify weak spectral features

in the source. These baseline ripples are caused by the standing

wave between an imperfectly matched receiver input and the

telescope optics. The standing wave pattern changes slightly

during a long integration due to dimensional changes in the

Band-6 SIS mixer + IF amplifiers

Point of lowest S/N

(sky signal)



Current technology options for low-noise 
microwave amplifiers

1. Transistor-based cryogenic amplifiers: HEMT, SiGe
• Broadband, High dynamic range 

• Best Noise ⪞ 5 × h𝜐/k ~ 2.5 K (@10 GHz)  

• 4–15 K operation temperature

2. Superconducting tunnel-junction-based parametric amplifiers

• Demonstrated to be truly quantum-limited (Noise ~ h𝜐/k ~ 0.5 K (@10 GHz)

• Disadvantages:

a) Resonant tuning-based  narrow-band (~10 MHz)

b) Very low input dynamic range due to junctions 
(<-100 dBm)

Credit. K. Lehnert (JILA/NIST)

0.5-4 GHz SiGe, S. Weinreb (Caltech)
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Fig. 3. Gain measurements. (a) Direct and (b) intermodulation gain as func-
tions of signal-pump detuning (points) and predictions of [12] (lines) for three
different pump powers and frequencies: and
(dots), and (circles), and for and

(crosses). For each pump power, we find an optimum pump
frequency. The optimum frequency decreases with increasing pump power due
to the Duffing-like behavior of the resonator [12]. Then we sweep the signal
frequency over a range around the optimum pump frequency. The signal power
used to measure the gains was 160 dBm.

Fig. 4. (a) Direct gain as a function of signal frequency for for
three different signal powers, and , showing the expected
saturation behavior at large enough signal powers. Signal powers shown are

145 dBm (dots), 130 dBm (circles) and 125 dBm (crosses). (b) Direct
gain as a function of input signal powers for (circles) and

(dots). The signals were applied 60 kHz above the pump
frequency.

function of input signal power for the two cavity resonance fre-

quencies. At 8.012 GHz with a pump power of

and , the 1 dB compression point is 130 dBm.

From noise measurements described in [8], the minimum de-

tectable signal for this amplifier in 1 Hz band is 0.77 . From

these two measurements, we estimate the dynamic range to be

74 dB/Hz. At 6.177 GHz with a pump power of

and , the 1 dB compression point is 137 dBm

and the dynamic range is 67 dB/Hz. The reduction in dynamic

range is expected: when we tune down the resonance frequency

by applying a magnetic field, we are reducing the critical cur-

rents of the SQUIDs and the critical power of the resonator.

As a rule of thumb, we have observed that the satu-

ration powers for large gains can be found as

, where is the critical pump power.

The factor arises because we applied the pump to the

weakly coupled port, but applied the signal to the strongly

coupled port. This expression is reasonable as we expect to

observe saturation behavior when the amplified signal power

becomes a significant fraction of the pump power inside the

cavity.

VI. CONCLUSION

Applications for an amplifier of this type would include am-

plifying microwave signals that encode the motion of a nanome-

chanical oscillator or a superconducting qubit. It is clear that for

largest bandwidth one would like to operate with the minimum

gain necessary. We can make an estimate of the minimum gain

by asking what JPA gain would make the noise added by the

following amplifier equal to the vacuum noise. If the following

amplifier is a state-of-the-art HEMT amplifier operating at 5

GHz and assuming a noise temperature of 5 K, we would re-

quire 16 dB of gain. For this realization of a JPA, the bandwidth

would then be approximately 2 MHz. This bandwidth is well

suited for detecting nanomechanical oscillators of the type in

[13], but marginal for measuring the state of a superconducting

qubit [14]. However, it is plausible to increase the gain-band-

width product of the JPA by implementing larger coupling ca-

pacitors, hence increasing the cavity linewidth.
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Traveling-wave Parametric amplifiers 
based on Josephson-Junctions

Andrew N. Cleland Science 2015;350:280

QUANTUM INFORMATION

Anear–quantum-limited Josephson
traveling-waveparametric amplifier
C. M ackl in,1,2* K . O’Br ien,3 D. Hover ,4 M . E. Schwar tz,1 V. Bolkhovsky,4 X. Zhang,3,5,6

W . D. Ol iver ,4,7 I . Siddiqi 1

Detect ing single–photon level signals—carriers of both classical and quantum

informat ion—is part icularly challenging for low-energy microwave frequency excitat ions.

Here we int roduce a superconduct ing amplif ier based on a Josephson junct ion

t ransmission line. Unlike current standing-wave parametric amplif iers, this t raveling

wave architecture robust ly achieves high gain over a bandwidth of several gigahertz

with sufficient dynamic range to read out 20 superconduct ing qubits. To achieve this

performance, we int roduce a subwavelength resonant phase-matching technique that

enables the creat ion of nonlinear microwave devices with unique dispersion relat ions.

We benchmark the amplif ier with weak measurements, obtaining a high quantum

efficiency of 75% (70% including noise added by amplif iers following the Josephson

amplif ier). With a flexible design based on compact lumped elements, this Josephson

amplif ier has broad applicabilit y to microwave metrology and quantum opt ics.

C
oherent superconducting circuits play a

key role in exploring the interaction be-

tween light and matter at microwave fre-

quencies, particularly at the level of single

photons and artificial atoms where quan-

tum effects dominate. Recent advances span

quantum measurement (1–4), control (5–7), optics

(8, 9), and information processing (10–12). Many

of these developments have relied on ultralow-

noise Josephson parametric amplifiers (JPAs)

(13–15) to detect microwave frequency signals

with a sensitivity approaching theminimum al-

lowed by quantum mechanics (16). Although

several refinements havebeen incorporated into

JPAs (17–20), the basic architecture remains that

of a cavity where anharmonicity is introduced

via the nonlinear inductance of a Josephson junc-

tion. This architecture is well suited for detecting

a few photons over a bandwidth of tens of mega-

hertz; however, applicationssuch asquantum com-

putation and simulation with many bits motivate

the development of a versatile, general-purpose,

quantum-limited microwave frequency ampli-

fier with gigahertz-scale bandwidth and larger

power-handling capability. Semiconductor ampli-

fiers based on high–electron mobility transis-

tors (HEMTs) fulfill some of these requirements,

but generally achieve noise temperatures 10 to

20 times greater than the quantum limit.

Weintroduceastyleof Josephson amplifier that

sidesteps the primary limiting factor in JPAs—the

use of a resonator to enhance the interaction be-

tween incident waves and the Josephson non-

linearity. Instead,weusealongchain of Josephson

junctions, forming a metamaterial transmission

line (21).Wecall thisdeviceaJosephson traveling-

waveparametricamplifier (JTWPA).TheJTWPA

does not have the fixed gain-bandwidth product

intrinsic to resonant JPAsand can achievepower

gain larger than 20 dB over a 3-GHz bandwidth.

This performance is the result of a nonlinear

phase-matching technique specific to themicro-

wavedomain that wecall resonant phasematch-

ing (RPM), in which wemanipulate thedispersion

using an array of deep subwavelength resonators.

TheRPM technique could provea fruitful tool in

developing novel quantum optical devices at mi-

crowave frequencies.

Several featuresof theJTWPAmake it attract-

ive for a general-purposeultralow-noise cryogenic

measurement system. The JTWPA does not in-

herently require a bulky, lossy microwave circula-

tor at theinput to separate incomingand outgoing

modes. Furthermore, higher pump powers can

beused in theJTWPA than in JPAs, enabling an

order-of-magnitude increase in the input signal

power that can be faithfully amplified. Wemea-

sure noise performance of the JTWPA with a

noise power technique and a fiducial quantum

measurement, demonstrating a whole-system

quantum efficiency of 49%—comparable to that

of themost faithful JPAs. Weuse the JTWPA to

makeaprojectivequbit measurement to a fidelity

of 96.7%in 100 nsat ameasurement power 14dB

below the1-dB compression power, implying the

possibility of simultaneous readout of more than

20 qubits. ThesefactorsmaketheJTWPA amore

versatile measurement tool than the traditional

JPA, providing the benefits of nearly quantum-

limited performance with an ease of use com-

parable to that of a semiconductor amplifier.

Traveling-wave kinetic inductanceamplifiers have

recently been demonstrated (22, 23), though an

intense microwave drive of –10 dBm and a very

longpropagation length of 4.4m arerequired for

gain of 20 dB, rendering integration with quan-

tum information systems challenging.

The architecture of the JTWPA (Fig. 1) is a

lumped-element transmission linewith aJosephson

junction as the inductive element, shunted to

ground through a capacitor. The length of each

unit cell isa ¼ 16mm; thedevicepresented here
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1Quantum Nanoelectronics Laboratory, University of

California, Berkeley, Berkeley, CA 94720, USA.
2Computational Research Division, Lawrence Berkeley

National Laboratory, Berkeley, CA 94720, USA. 3Nanoscale

Science and Engineering Center, University of California,

Berkeley, Berkeley, CA 94720, USA. 4Massachusetts Institute

of Technology (MIT) Lincoln Laboratory, 244 Wood Street,

Lexington, MA 02420, USA. 5Materials Sciences Division,

Lawrence Berkeley National Laboratory, Berkeley, CA 94720,

USA. 6Department of Physics, King Abdulaziz University,

Jeddah 21589, Saudi Arabia. 7Research Laboratory of

Electronics, Massachusetts Institute of Technology, 77

Massachusetts Avenue, Cambridge, MA 02139, USA.

*Corresponding author. E-mail: chris.macklin@berkeley.edu

C

Lr
Cr

Cc

I0, CJ
in

p
u
t 

. . .

a
m

p
lif

ie
d

o
u

tp
u

t

C.

2 mm50 µm

Fig. 1. Josephson t raveling-wave parametric amplif ier. (A) Circuit diagram.The JTWPA is implemented

as a nonlinear lumped-element transmission line; one unit cell consists of a Josephson junction with critical

current I0 ¼ 4:6 mA and intrinsic capacitance CJ ¼ 55 fFwith a capacitive shunt to ground C¼ 45 fF. Every

third unit cell includes a lumped-element resonator designed with capacitance Cr ¼ 6 pF and inductance

Lr = 120 pH, with coupling strength set by a capacitor Cc ¼ 20 fF.The value of C in the resonator-loaded

cell is reduced to compensate for the addition of Cc. (B) False-color optical micrograph. The coloring

corresponds to the inset in (A), with the lower metal layer shown in gray. (C) Photograph of a 2037

junct ion JTWPA. The line is meandered several t imes on the 5 mm by 5 mm chip to achieve the

desired amplifier gain.
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C. Macklin, Science, 350 (6258), p. 307, 2015

• Good gain, wide bandwidth (~5GHz), low noise
• Suitable for quantum-computing 
• Disadvantage: low dynamic range (<-100 dBm) -> Not usable for ground-based astronomy



Traveling-wave Kinetic Inductance Parametric 
(TKIP) Amplifiers

• Proposed at Caltech in 2010 as a spinoff 
from MKID detector development

• Uses current-dependence of kinetic 
inductance of superconducting films (e.g. 
NbTiN) in a transmission line architecture

• Naturally orders of magnitude higher 
dynamic range than Josephson junction-
based amplifiers (Ic ~ mA vs Ic ~ µA) 
P1 dB (at output) ~ 0.1 mW

• High gain-bandwidth achieved by 
engineering dispersion to maintain phase 
matching, and bandgap filters for 
blocking 3rd harmonic propagation

• Fabrication: Single layer of NbTiN
superconductor on silicon or sapphire

Cycle 5 NRAO ALMA Development Study Proposal – Quantum-Limited Very-Wideband 4-Kelvin RF and 

IF Amplifiers for ALMA 
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In order to achieve amplification attention must be paid to achieve the required dispersion at the signal, 

idler and pump frequencies. To avoid loss of power into the third harmonic of the pump frequency the 

device utilizes a periodic structure to suppress the third harmonic (see inset of Fig. 3). The simulated and 

measured gain vs. frequency are shown in Fig. 4. Figure. 5 shows the signal-to-noise measurements for a 

weak CW signal along with the setup and measurements of the wideband noise. The measured noise 

contribution from this prototype paramp was < 3.4 photons at 10 GHz. The key innovation in this paramp 

device is the use of NbTiN in the transmission line. In addition to providing a highly nonlinear inductance 

the ultra-low loss of NbTiN allows the gain to grow along the transmission line while adding only the 

noise required by quantum mechanics.  

It is important to note that the physics of the material remains the same at higher frequencies. This allows 

for the concept to be applied to frequencies up to the gap frequency of NbTiN, or about 1.4 THz, beyond 

which photons break Cooper pairs. This has opened up the possibility to develop these amplifiers for 

ALMA’s font-ends as RF amplifiers. The lower frequency limit is determined only by the length of 

transmission line that can be fabricated, ultimately limited by fabrication yield. 

 

Fig. 3: A TKIP amplifier covering 9 to 14 GHz with a pump frequency of 11.6 GHz. (A) Nonlinear 

phase response at 4 GHz of the NbTiN device as a function of the DC current sent down the center 

conductor of the coplanar transmission line. (B) Picture of 0.8 m long spiral NbTiN transmission line. 

The inset is a magnified section of the transmission line showing the periodic loading of the line to 

block the 3rd harmonic of the pump. The thickness of the line is 35 nm and the center conductor and 

gap widths are 1 μm. (C) Calculated dispersion relative to the nominal linear dispersion of the 

transmission line. The gray regions represent stop bands; waves in these frequency ranges decay 

evanescently. From fig. 1 in [4]. 
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NIST-fabricated TKIP (2014), J. Gao

Tradeoffs and improvements in TKIPs

Main issues:

• High pump power ~-30 to -10 dBm
-> Chip heating -> excess thermal 
noise 

• Amplifiers are very long (1-2 m) 
CPWs -> reduced yield

• Impedance matching -> gain 
ripple

NIST device based on artificial transmission-lines
Improved designs:

• Lower impedance lines result in 
reduced pump power absorption 
and less heating

• Slow-wave lines reduce length
• Better heat sinking on sapphire
• Noise has been reduced to 2 

photons (Q-limit  = 1 photon)
S. Chardhuri, arXiv:1704.00859, 2017



Extension of paramps to mm/submm-wave 
frequency (NRAO study, 2017, PI: Noroozian)

thermal effect, which was directly confirmed by measuring an increase in chip temperature with 

increasing pump power.  These observations indicate that the amplifier is not operating in a 

completely dissipationless mode and that at least a component of the observed excess noise is 

thermal noise.  

3.3 Extension to higher frequencies 

The simple, distributed design of the TKIP is straightforward to extend to the millimeter and 

potentially to the submillimeter-wave bands.  The hard upper frequency limit is the gap 

frequency of NbTiN, or about 1.4 THz, beyond which photons break Cooper pairs, leading to 

strong attenuation.   

The main design change required to permit high frequency operation is to adjust the length 

between the periodic perturbations that block pump third harmonic generation and provide the 

required dispersion at the pump frequency for phase matching.  The distance between 

perturbations is given by where fP is the pump frequency and is the 

propagation velocity on the NTRL, which is reduced due to the large kinetic inductance.  The 

required spacing is 50 m for fP = 100 GHz.  Lithographically, the NTRL structure would not 

become challenging until about 1 THz, or 5 m spacing. 

Another issue to consider is the intrinsic dispersion of the superconducting CPW line.  In 

contrast to normal metals, where the skin depth varies as , the analogous quantity for 

superconductors, the penetration depth , is nearly constant for frequencies much lower than the 

gap frequency.  The relationship between the penetration depth and the surface inductance 

implies that  is also nearly constant (linear dispersion).  

 

As the gap frequency is approached, LS does show a frequency dependence, which can be 

calculated using the Mattis-Bardeen relations. To estimate the impact of this, we can compare the 

dispersion caused by to the nonlinear dispersive effect, which is compensated with the 

 

Figure 3: Left: Fractional change in the dispersion parameter  due to the frequency dependence of 

surface inductance of the NbTiN CPW line.  When this intrinsic source of dispersion becomes 

comparable to the engineered dispersion 2 ~0.01 the amplifier bandwidth will be reduced. Center: 

Calculated transmission through a 100  section of the NbTiN line versus temperature (blue line).  

The green line shows the estimated noise contribution of the device, assuming no nonthermal noise 

sources. Right: Calculated gain of the W-band paramp shown in fig. 1, assuming a pump power half 

as large as what was used with the microwave paramp described in [18]. The dip in the center is due 

to dispersion around the pump frequency. 
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increasing pump power.  These observations indicate that the amplifier is not operating in a 

completely dissipationless mode and that at least a component of the observed excess noise is 

thermal noise.  
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increasing pump power.  These observations indicate that the amplifier is not operating in a 
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thermal noise.  
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• TKIP amplifiers in principle can be extended up to superconducting gap (~1.2 THz for NbTiN).
• Physics and operation principle remains the same

D. Woody, ALMA study, 
Cycle 1, 2012

Calculated gain Calculated noise

A 55-175 GHz TKIP amplifier made at JPL, courtesy H. Leduc, P. Day 



An example TKIP amplifier as a mm-wave 
receiver front-end (W-band)
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Astrophysical Motivation 

D. Woody, ALMA final study report, 2013



Example ALMA receiver noise improvement 
using mm-wave TKIP amplifier at front-end 
(instead of SIS mixer)

Band 3 L 
(dB)

TPHYS 

(K)
TN (K) TR (K) SIS TR (K) 

TKIP

Window 0.02 298 1.4 27.0 
(38.0)*

7.5

IR filter 0.01 77 0.2 25.5 6.1

Horn+OMT 0.37 4.2 0.4 25.3 5.9

Waveguide 0.03 4.2 0.0 22.8 5.1

Image 
term. noise

4.2 4.6 22.6 5 (w/ cold 
filter)

LO noise 3.0 18.0 5 (no LO)

SIS Mixer
or TKIP

15.0 15.0 5.0

* Typical value

Band 6 L 
(dB)

TPHYS (K) TN (K) TR (K) SIS TR (K) TKIP

Window 0.04 298 2.8 44.4 
(60.0)*

15.3

IR filter 0.02 77 0.4 41.2 12.4

Horn+OMT 0.20 4.2 0.3 40.7 12.0

Waveguide 0.30 4.2 0.5 38.6 11.2

Image 
term. noise

4.2 6.6 35.6 10 (w/ cold
filter)

LO noise 3.0 29.0 10 (no LO)

SIS Mixer
or TKIP

26.0 26.0 10.0

ALMA Band-3 ALMA Band-6



Reduced ALMA array integration time: 
Example calculation for Band 3

Courtesy of Jeff Mangum

Total system noise ratio = 1/2

Integration time ratio = 1/4 !!

• Similar enhancement in all bands will impact 
all science investigations in all bands!

Also:
• Increased receiver sensitivity relaxes IF amplifier 

noise requirements.  Trade-off noise with 
bandwidth.  A simple increase from 4 to 8 GHz will 
provide another factor of 2 reduction in integration 
time!  8 × shorter integration time!



Energy gap:
Silicon – 1.10000 eV
Aluminum – 0.00018 eV

The Kinetic Inductance Detector (KID)

(an incoherent detector)

In superconductor: L = Lm+Lki(nqp(hn)) P. Day et al, Nature 425, 2003 (JPL, Caltech)

O. Noroozian, PhD thesis, 2012 (Caltech) 



Basic	Concept

6

Basic	Concept

6

KID multiplexing and readout: a big advantage

O. Noroozian et al., IEEE MTT 60 (2012)



Ultrasensitive KIDs with photon counting capability 

at THz/Submillimeter (NASA APRA, PI: Noroozian)

• Primary motivation:
On the OST, using R = 1000 spectrometer, 
background photon rate is: 102 – 104 photons/sec, 
so photon counting is advantageous.

The NASA/GSFC KID design and benefits:

• Ultra-small volume aluminum kinetic inductor for 
increased response to single photons

• SOI wafer (currently 0.45 µm Si substrate)

• Parallel-plate capacitor on single-crystal Si for 
integration with on-chip spectrometer (µ-Spec) 
and reduced TLS frequency noise

• Choke filter for confinement of submm radiation 
inside sensitive inductor

• All-microstripline elements and no cuts in ground 
plane  -> Immunity to stray radiation

• Work in this direction naturally leads to power 
detectors in the 10-20 – 10-19 W/Hz1/2 sensitivity for 
ground-based low/mid-resolution spectroscopy
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 Fig. 7: We have already demonstrated thin Al films with excellent properties for photon-counting. 

(Left) We measure internal quality factors in our thin 10 nm films of Qi~10
6
 at low readout powers. 

(Right) Fitting the internal quality factor and resonance frequency as a function of temperature we see 

behavior that conforms to Mattis-Bardeen theory. 

extract the loss-tangent due to TLSs. In doing so we will work to systematically determine 

fabrication techniques which will allow us to improve and reproduce these film properties.  

Fabrication will be done in the GSFC Detector Development Laboratory (DDL) in our 

state-of-the art sputtering deposition system (see Facilities section). We have already demoed 

NbTiN thin film resonators at GSFC with Qi~10
5
 on unheated H-terminated Si substrates etched 

using a dry/wet etch process. On our path to achieving Qi~10
6
, we will consult with our 

collaborators at SRON, whom have already developed and demonstrated world-record high 

quality NbTiN films on Si with low TLS loss/noise to adopt their methods [44,45]. In addition, 

in one device variation, SRON will deposit NbTiN films on our wafers, for return and processing 

at GSFC into our Al/NbTiN test devices. 

 

Milestone: We will demonstrate simple CPW resonators made of NbTiN films with internal 

quality factors ≥ 1 million (loss tangents, tan δ ~1e-6).  

4.1.3 Optimization of Thin-film Aluminum Parameters 

We have also carefully considered materials choices for the inductor/absorbing material 

of our photon-counting KID design, where the two most promising candidates were Al and TiN 

films. Although TiN shows great promise due to its high kinetic inductance and low microwave 

loss, recent studies suggest that even for high-Q resonators in TiN there is significant quasi-

particle trapping [46], which would limit its use in low space backgrounds. Al films however, 

have been well studied, show behavior that is well-predicted by Mattis Bardeen theory (see Fig. 

7), and when used in KID designs can already provide ultra-low sensitivity in the NEP ~ 10
-19

 

W/Hz
1/2

 regime [43]. Driven by this, with previous internal funding, we systematically 

developed and characterized Al films at a variety of thicknesses. We deposited films and 

patterned these films into simple KID resonators and characterized them in a customized low-

background cryogenic testbed (see Facilities). Of key importance for the detector response and 

sensitivity are Qi and quasi-particle recombination time τqp. With our 10 nm thin Al films we 

have recently achieved Qi ~ 1.2x10
6
 at low microwave readout powers (P_feedline = -117 dBm; see 

Fig. 7), by far the best reported for such thin films [47-50]. Additionally, we have measured τqp ~ 

1.0 ms in 100 nm thick devices using an LED to measure the detector response time with single 

NIR photons, also similar to the best results in literature [43]. As is detailed in §4.2.2, these Al 

properties meet our photon-counting design requirements.  

Key material for ultrasensitive KIDs: thin 

aluminum 
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assumed that TLS frequency noise is negligible, based on our proposed TLS-free capacitor 

design, which we propose to study experimentally (see §4.1.1). To increase S/N we constructed 

an optimal linear filter from the average ensemble of 100 pulse shapes weighted by their 

probabilities, and applied this filter to the time stream. Fig. 10 shows two examples that clearly 

demonstrate single photon counting is possible with our small volume Al design, for both a 

typical 5 K noise temperature amplifier, and with improved S/N for a parametric 

quantum-limited amplifier with 75% quantum efficiency (Tn = 0.064 K) [67]. We achieve 

>95% detection efficiency above the selected threshold, and 5 Hz dark count rate caused by the 

amplifier noise.  

In our design the inductor volume V and microwave readout power are two key 

parameters that affect the signal-to-noise (S/N) and effective pulse time constants. As V is 

reduced S/N improves but this increases dissipation from the microwave readout, which can 

potentially generate a quasi-particle background (determined by efficiency ηread), which reduces 

S/N and recombination time. In the analysis shown in Fig. 10 we have made a very conservative 

assumption for ηread, but there is experimental evidence that ηread could be very small [51]. Our 

collaborator at SRON will study ηread (see §4.1.3), the results of which will feed back into this 

design.  

With optical lithography, we have made detector volumes of 5 µm
3
 - 0.12 µm

3
 for our 

previous KID designs at GSFC. In this proposed work we will use stepper lithography to reduce 

the inductor length and width in our design proportionately, while retaining an optical 

terminating impedance Z0 < 15 Ω. To avoid lateral proximity effects from the NbTiN capacitor 

contacts, we will set a minimum length of ≈ 10x the superconducting coherence length for our 

designs. All of these constraints will limit us to an Al inductor volume of ≥ 8e
-4

 µm
3
. Based on 

these constraints and our more comprehensive detector model described above, we calculate that 

Al inductor volumes in the range from ~ 8e
-4

 - 0.12 µm
3
 will be capable of photon counting.  

In this proposed work, we will further refine our detector model to narrow in on the 

optimal detector volumes. In addition, we will explore the limits to photon-counting designs near 

500 GHz, as the number of photons/sec in the far-IR sky background (for high redshift galaxy 

 Fig. 10: Example simulated output time streams for a KID demonstrating photon-counting ability at 

0.5 and 1 THz with our small-volume Al design when using a typical HEMT amplifier or a parametric 

amplifier. Background loading condition is ~100 photos/s similar to the sky background at 1 THz. N 

indicates the number of quasi-particles produced at each event. Material parameters are based on our 

measurements for 10 nm Al films (§4.1.3). Other parameters are: bath temperature of 0.1 K, resonance 

frequency of 2 GHz, ηread = 0.25. For readout with HEMT the feedline power is -137 dBm, and for the 

para-amp it is -156 dBm. 

• Integrated over the signal bandwidth, TLS noise is sub-dominant to amplifier white noise, because internal Q is low during pulse. ✓

• Recombination time and ring time are fast compared to photon arrival rate. ✓
• Counting photons with > 95% efficiency! 

Assumptions: 
photon rate = 100/s,  spectrometer resolution = 1000, optical coupling efficiency = 25%, 4K telescope
detector volume = 0.05 µm3,  bath temperature = 100 mK, readout power = -137 and -156 dBm
Material properties take from our films measured at GSFC.

Photon counting with a 10-nm aluminum KID at 

0.5 -1.0 THz

Credit: Thomas Stevenson, GSFC
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SUBMILLIMETER SPECTROSCOPY WITH µ-SPEC 
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1.0 Scientific, Technical, and Management 

1.1 EXECUTIVE SUMMARY  
The submillimeter (sub-mm) and millimeter part of the spectrum contain a wealth of 

scientific information about the content and history of our universe. This information is encoded 
in a wide range of molecular lines and fine structure lines. Observations of such spectral lines 
allow us to explore galaxies at high redshifts. Strong fine structure lines of abundant elements 
(C, N, and O) allow us to trace obscured star formation and AGN activity into the high redshift 
universe. We can measure galaxy redshifts, and determine their elemental abundances and 
physical conditions out to redshifts of z>~ 5. Our ability to fully explore this rich spectral region 
has been limited, however, by the size and cost of the cryogenic spectrometers required to do 
these sensitive measurements. We propose to continue our development of an extremely 
compact (~10 cm

2
), sub-milllimeter spectrometer, called µ-Spec. This high performance, 

remarkably compact instrument will enable a wide range of spectroscopy flight missions, 
which would have been impossible due to the large size of current instruments with the 
required spectral resolution and sensitivity. 

Fig. 1: (Right) The sensitivity of an R=512 µ-Spec is shown compared to Herschel instruments and the proposed 

SPICA instrument, SAFARI, BLISS, and µ-Spec SPICA. We have assumed 25% efficiency for the balloon µ-Spec, 

and have put in a factor of two loss for chopping and differencing. The warm balloon is a 1 m telescope at 240 K, 

the cold at 6 K. Remarkably, the Cold Balloon µ-Spec is similar in sensitivity to SAFARI for a point source. The 

BLISS sensitivity is derived assuming a realistic transmission (~30%) and the factor of two for chopping and 

differencing.  The µ-Spec SPICA is more sensitive because we have assumed photon counting detectors, whose DC 

stability reduces the need for constant referencing and differencing. (Left) The prototype=64 µ-Spec instrument with 

comparison to the present state of the art, Z-Spec. 

 

The development of an instrument like µ-Spec, which is based on superconducting 
transmission lines and devices, requires a robust electromagnetic design and considerable 
breadth of expertise in the team. In developing and demonstrating the end-to-end performance of 
our R=64 µ-Spec, supported by prior ROSES/APRA funding, we have built the team expertise 
and facilities required in four key areas: science expertise to define performance requirements 
and overall instrument design concepts; electromagnetic design capabilities and materials 
expertise to design robust, high performance spectrometer components; the fabrication capability 
to produce wafer scale microwave circuits using a wide range of metals on single crystal silicon; 
and the facilities and experience to measure performance at temperatures below 0.1 K at 
background levels of a few photons per second. We have also established collaborations with 
NIST Boulder and the U. Md. Laboratory for Physical Sciences (LPS) to broaden and strengthen 
our effort on materials, detector noise, and low noise amplifiers. 

Orders of magnitude reduction in the mass and volume of our spectrometer are achieved by using 
superconducting microstrip transmission lines with low-loss single-crystal silicon dielectric substrates (0.45 µm 
thick).

µ-Spec: an integrated spectrometer for submm
spectroscopy 
(NASA APRA, PI: Moseley, co-I: Noroozian)
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Photon detectors
(MKIDs) for each
channel

µ-Spec: an integrated spectrometer for submm
spectroscopy 
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Plane-wave absorber boundary

(Au/Pd resistor dots on Si) 

2-D receiver feedhornes

Photon detectors
(MKIDs) for each
channel

Multimode propagation region

G. Cataldo, Applied Optics, 53(6), 1094, 2014



Successful demonstration of R=64 µ-Spec

Demonstrated results:

• Sharp line profile of (sinx/x)2 (as opposed to Lorentzian in filterbank-based spectrometers)
• Resolution of R=64
• Absolute frequency position within ±1 GHz as designed.



Conclusions

• Paramps can have great impact on mapping/observation 
speed and sensitivity for AtLAST
(x8 speed for ALMA band-3 assuming the current 8 GHz IF 
bandwidth and correlator)

• Kinetic Inductance Detector technology is already 
background-limited for large-format imaging arrays and 
mid-resolution spectroscopy (R~1000) using AtLAST. 

• On-chip spectrometers such as µ-Spec, Deshima, Superspec
are great tools for Multi-Object Spectroscopy (n~100) using 
AtLAST.
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