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Review of Needs for CMB-S4

Raw Sensitivity:
105-106 detectors required to 

achieve desired sensitivity 
bec. limited by irreducible  
photon noise

Multiplexability is critical!

Systematics Control:
Now known that foregrounds exceed 

inflationary signal even in cleanest sky:  
need multiple spectral bands

Polarization systematics must be controlled 
and measured precisely
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20 CF5 Neutrino Physics from the Cosmic Microwave Background and Large Scale Structure
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Space based experiments

Stage−I − ≈ 100 detectors

Stage−II − ≈ 1,000 detectors

Stage−III − ≈ 10,000 detectors

Stage−IV − ≈ 100,000 detectors

Figure 1-6. Plot illustrating the evolution of the raw sensitivity of CMB experiments, which scales as
the total number of bolometers. Ground-based CMB experiments are classified into Stages with Stage II
experiments having O(1000) detectors, Stage III experiments having O(10,000) detectors, and a Stage IV
experiment (such as CMB-S4) having O(100,000) detectors.

consequence, the fundamental production unit for TES devices are arrays of detectors (see Fig. 1-8), an
important attribute when considering the production of the 500,000 detectors required by CMB-S4. Second
TES devices are low-impedance (1 ⌦) and can be multiplexed with modern-day Superconducting QUantum
Interference Device (SQUID) multiplexers [78, 79, 80]. Multiplexed readouts are important for operating
large detector arrays at sub-Kelvin temperatures and are essential for CMB-S4. Lastly, TES detectors have
been successfully deployed as focal planes at the forefront of CMB measurements.

The TES was invented by HEP for detecting Dark Matter and neutrinos. Its subsequent integration into
CMB focal planes has enables kilo-pixel arrays realizing the Stage II CMB program and ushering in an
era of unprecedented sensitivity. TES-based CMB detectors are the favored technology among Stage II
and proposed Stage III experiments, and have a clear path to the sensitivities required by CMB-S4. The
ubiquity of TES detectors for CMB illustrates the direct connection between HEP-invented technology and
CMB science.

The CMB-S4 Experimental Program

Delivering a half-million background-limited bolometers necessitates a change in the execution of the US
ground-based CMB program. The current US program consists of a number of independent (primarily
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Figure 7. Bin-by-bin forecasted tensor constraints for r=0.01, f
sky

= 0.03, and the default detector e↵ort
(10

6 detector years). The boxes denote the forecasted CMB-S4 erorr bars. Primordial B-mode spectra are
shown for two representative values of the tensor-to-scalar ratio: r=0.001 and r=0.01. The dashed green line
shows the ⇤CDM expectation for the B modes induced by gravitational lensing of E modes, with the solid
line showing the residual lensing power after delensing. The dashed blue and red lines show the dust and
synchrotron (current upper limit) model assumed in the forecasting, at the foreground minimum of 95GHz.
The levels of dust and synchrotron are equal to the ones reported in [8]. The contribution of dust and
synchrotron to the vertical error bars are shown in solid blue and red lines. Since these are calculated from
a multi-frequency optimization, the “e↵ective frequency” at which these foreground residuals are defined
varies with each bin, allowing the residual lines to go above the input foreground model lines which are
defined at a fixed frequency of 95GHz. Furthermore, due to the low frequency channels having larger beam
sizes than the higher frequency ones, in the higher bins, the primordial CMB component will be constrained
at a higher e↵ective frequency. Defining the foreground residuals at these e↵ective frequencies will yield a
higher amplitude for the dust residual, and a lower amplitude for the synchrotron residual, resulting in the
respective shapes of the solid blue and red lines.

signal from that particular patch of sky, constructed from the E-mode map and some tracer of the lensing
potential (see Section 7.4 for details). Forecasts in this section assign part of the total detector count to
a dedicated delensing e↵ort, assumed to be a large-aperture (� 6-meter) telescope at a single frequency
(see below for a discussion of assumptions about aperture size). Finally, from the relative amplitudes of
the temperature, E-mode, and B-mode power spectra, it is clear that instrumental systematics that mix
temperature or E-mode power into B modes must also be controlled to an extremely low level. To account
for real-world ine�ciencies, including non-ideal detector performance and yield, observing e�ciency, bad
weather, data filtering, and cuts, the forecasts in this section use scaled versions of achieved power-spectrum
covariance matrices from the BICEP2/Keck Array experiments. This conservative assumption accounts for
many di�cult to quantify factors that result in worse constraints on r than a naive, raw-sensitivity calculation
would imply. Further details of the forecasting methodology, including assumptions regarding foreground
properties and delensing e�ciency, can be found in Section 8.10.1.1. Fig. 7 shows some of the inputs to and
assumptions of the forecasting code, including foregrounds, B-mode spectrum error bars (including sample
variance on the r = 0.01 spectrum for 3% of the sky and noise variance using the scaled noise covariance
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Systematic Error Description Knowledge to Meet Requirement

� Beam Size FWHME 6=FWHMH , |�E � �H |/h�i 1.8 ⇥ 10�3

� Beam O↵set Pointing E 6= H, |✓E � ✓H |/� 3 ⇥ 10�3

� Ellipticity eE 6= eH ,  = 0�, |eE � eH | 5 ⇥ 10�1

eE 6= eH ,  = 45�, |eE � eH | 5 ⇥ 10�3

� Rotation E & H not orthogonal, |✓E � ✓H � 90�| 13.40

Pixel Rotation E ? H but rotated w.r.t. beam major axis 2.90

Bandpass Mismatch Variation in filters, �⌫c/⌫c 10�3

Table 1: EPIC-IM requirements on systematic errors a↵ected by antennas and filters (Tables 5.3, 5.4 of [35]).
“Knowledge to meet requirement” sets how well each systematic must be measured. Where frequency-
dependent, we assume 100 GHz and FWHM 8.40. Finer angular resolution may relax some requirements.

create spurious B-modes are di↵erential beam size, di↵erential pointing, di↵erential ellipticity, dif-
ferential rotation, pixel rotation, and bandpass mismatch. The study specifies how well these must
be measured (Table 1). Various coherent mm-wave reception architectures (feedhorns, lens-coupled
and phased-array antennas), combined with microstrip-coupled detectors, promise to meet or have
met these criteria. Such architectures are not the only solution — projects using direct absorption
detectors (e.g., EBEX, PIPER, SKIP) present competitive systematic error expectations — but
they provide a broader set of tools and more demonstrations in hand.

Lens-coupled crossed twin-slot dipole antennas [32] were used in POLARBEAR-1 [36]. Dif-
ferential pointing was observed to be 0.3% of the beam FWHM and di↵erential ellipticity 1% for
 = 0� orientation [32], meeting the EPIC-IM requirements. Cross-polarization (one manifestation
of di↵erential rotation) was less than 1%. E-H plane nonorthogonality is determined by photolitho-
graphic tolerances, which should be much better than the 0.4% requirement. Bandpass mismatch
appears to be at the 1% level and presumably can be measured to a small fraction of this value.
Scientific results have been published [8], including tests showing such systematics had e↵ects no
larger than 10�2–10�3 of the detected lensing B-mode signal, but specific values were not reported.
POLARBEAR-2 and SPT-3G will deploy multiband, lens-coupled sinuous antennas [21] for the
first time, providing the first measurements of systematic errors for this architecture.

The systematics of the dual-polarization, single-band phased-array antennas used in BICEP2,
Keck, BICEP3, and SPIDER (and here) have been studied intensively. Early generations su↵ered
1–6% di↵erential beam width and pointing e↵ects [37], but later modifications [38] reduced these to
the 1% level [39, 31]. The earlier measurements [37] yielded di↵erential beam-size no larger than 1%,
absolute beam ellipticity less than 1% in most pixels, and measurement-uncertainty-driven limits
on di↵erential rotation at the 2� level. The absolute sizes of these e↵ects are small enough that they
can be measured to su�cient precision to meet the EPIC-IM requirements. This architecture has
inherently low di↵erential rotation and pixel rotation because the polarization planes are set by the
slot orientations, which are frequency independent and orthogonal to photolithographic precision.

Other microstrip-coupled technologies include platelet, corrugated-feedhorn arrays and profiled
smooth-walled feedhorns coupling. SPTpol and ACTPol have deployed the former [40, 41, 42, 33, 43]
and the latter are in use for SPTpol [34] and in development for CLASS [44, 45, 46], and Advanced
ACTPol [47]. The di↵erential beam size, pointing, ellipticity, rotation, and the pixel rotation
systematics are limited by the azimuthal symmetry of the feedhorn, so these should be very good.
Data on individual systematics have not been published, though [47] quotes cross-polarization for
platelet corrugated, profiled, and conical feedhorns of 0.3-1.8% at 150 and 230 GHz.

Bandpass mismatch is likely to be limited by the bandpass-defining filters, not the reception
element. Microstrip coupling enables the use of in-line photolithographic bandpass filters. Fab-
rication uniformity should be good on the mm-cm length scale separating the filters for the two
polarizations. Residual mismatch can be mitigated using a photolithographic 180� hybrid to send

3

antenna/bandpass filter systematics requirements from EPIC-IM study
(same sensitivity goal as CMB-S4, σ(r) = 0.0005)

100 GHz, 8.4’ FWHM (some relax for finer beams)
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Why Microstrip Coupling?

Flexible
Many optical reception architectures can output onto  

superconducting microstripline

Microstrip enables use of bandpass filters, decouples detector size from optical 
reception element

Excellent systematics control demonstrated in the field for these 
technologies via BICEP/Keck, Polarbear, SPTpol, ACTpol

Scalable
Fully photolithographic (phased arrays), photolithographic + mass-hybridized (lens-

coupled, feedhorn-coupled)

All amenable to scaling to 6” wafer fab modulo yield

4

Scalable background limited, 
broadband bolometric detectors.

NIST/Truce collab

Caltech/JPL

UCB/Polarbear

ANL/SPT-3G 

Scalable background limited, 
broadband bolometric detectors.

NIST/Truce collab

Caltech/JPL

UCB/Polarbear

ANL/SPT-3G 

Scalable background limited, 
broadband bolometric detectors.

NIST/Truce collab

Caltech/JPL

UCB/Polarbear

ANL/SPT-3G 
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Why TiN KIDs?

High kinetic inductance fraction due to high normal state resistivity
responsivity in recombination-limited,  

mm-wave quasiparticle-limited regime
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both polarizations through both filters, reducing bandpass mismatch by the polarization fraction.
Finally, the community is voting with its feet: the majority of current/coming e↵orts use

coherent mm-wave reception elements and microstrip-coupled detectors, among them ABS, ACT-
Pol/AdvACTPol, CLASS, Keck/BICEP3, POLARBEAR-1/-2, SPIDER, and SPTpol/-3G.

2.2 Sensitivity and Multiplexability of Kinetic Inductance Detectors

• KIDs and TESs both o↵er fundamental-noise-limited sensitivities approaching photon noise.

• Amplifier noise and TLS noise are subdominant to fundamental noises for TiN
x

KIDs.

• TiN
x

KIDs have shown low-power 1000:1 multiplexing with cost approaching $1/detector.

• TiN
x

KIDs o↵er simpler, lower power, and thus less expensive 1000:1 multiplexing than TESs.
TiN

x

KIDs are a highly competitive detector option for CMB-S4, both in their own right and as
mitigation of the readout risk for TESs. TiN

x

KID development should be pursued aggressively.

KIDs [48] are superconducting LC resonators. When mm-wave (or any) power breaks Cooper
pairs, the resonant frequency f

r

and quality factor (Q
i

) change, modifying the phase and amplitude
of a probe signal at f

r

. KIDs are intrinsically multiplexable: because Q
i

> 105 well below the
superconducting transition temperature T

c

for attractive materials (e.g., Al, TiN
x

), a single readout
line and 4 K low-noise amplifier (LNA; SiGe BJT or HEMT) su�ces for 103–104 KIDs.

The natural measure of KID responsivity is fractional frequency shift, �f/f . We make the
following assumptions applicable to our design: 1) quasiparticles (broken Cooper pairs) set Q

i

(Q
i

= Q
i,qp

); 2) mm-wave quasiparticle generation dominates over thermal generation; 3) the
resonator is optimally coupled to the readout feedline; and 4) pair recombination dominates over
intrinsic decay in the disappearance rate of quasiparticles. For these assumptions (e.g., [49, 48]):

d(�f/f)

dP
opt

= � �(f
r

, T )

4 P
opt

Q
i

(1)

where �(f
r

, T ) > 2 is the ratio of the imaginary and real parts of the surface impedance response
from Mattis-Bardeen theory [50] and P

opt

is the mm-wave power at the microstrip-KID interface.

Sensitivity
The single-polarization noise-equivalent power fundamental limit is

NEP2
fund = NEP2

shot + NEP2
Bose + NEP2

rec = 2P
opt

h⌫


1 +

P
opt

h⌫ �⌫
+

2 �

⌘
abs

⌘
ph

h⌫

�
(2)

where ⌫ and �⌫ are the mm-wave bandpass center frequency and bandwidth, ⌘
abs

is the e�ciency
for absorption of power incident on the KID from the microstrip, and ⌘

ph

is the e�ciency with
which photons convert to quasiparticles [51, 52]. The first two terms are common to any incoherent
detector. The third term, recombination noise, is due to fluctuations on power flow to the thermal
bath. For TESs, the currently favored technology, the fundamental noise limit has the last term
replaced by phonon noise, NEPG. These two noises can be written conveniently as

NEP2
rec = 2P

opt

h ⌫
min

⌘
abs

⌘
ph

NEP2
G = 4 k

B

� (TT
c

)2 G
c

⇡ 2 P
opt

�
2 S � k

B

TT
c

� TT
c

TT
c

� T
(3)

where ⌫
min

is the lowest mm-wave frequency for which the KID will be used (h ⌫
min

= 2 � =
3.52 k

B

TK

c

where TK

c

is the KID T
c

), T T

c

is the TES T
c

, S (“safety factor”) is the ratio of saturation
power to mm-wave power for the TES, G

c

is the thermal conductance between the TES and the
thermal bath at T T

c

, and � is a factor of order unity dependent on the nature of the conductance.
Table 2 provides a simple comparison of TES and KID sensitivity, showing only 5–10% di↵erences
in fundamental sensitivity, which can be countered by 10-20% changes in detector count.
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⌫ �⌫ Popt ⌘ph NEP
shot

NEP
Bose

NEP
rec

NEPKID

fund

NEP
G

NEPTES

fund

NEPKID

fund

[GHz] [GHz] [pW] [aW/
p

Hz] [aW/
p

Hz] [aW/
p

Hz] NEPTES

fund

45 13.5 1.0 0.85 8 12 8 16 6 15 1.05
100 30 1.7 0.57 15 14 12 24 8 22 1.10
150 47 2.5 0.57 22 17 15 32 9 29 1.08

Table 2: Comparison of fundamental (i.e., irreducible, excluding TES “excess noise” [53] and KID two-
level-system noise [48]; c.f., Equations 2 and 3) TES and KID sensitivities for typical optical loadings for
CMB-S4, TK

c = 0.52 K, S = 3, � = 0.5, TT
c = 0.1 K, and T = 0.05 K. For CMB-S4, TESs and KIDs have

approximately the same fundamental sensitivity limits.

Under the Equation 1 assumptions, the KID readout noise (LNA white noise) is

Samp

�f/f

=
4 k

B

T
N

Q2
i

P
read

=) NEP2
amp = 2P

opt

h⌫
32

[�(f
r

, T )]2
P
opt

P
read

k
B

T
N

h⌫
(4)

where P
read

is the readout power on the feedline and T
N

is the amplifier noise temperature.
Amplifier noise is thus a multiplicative factor times shot noise. For typical T

N

= 4 K, we
have k

B

T
N

/h⌫ ⇡ 2 at 45 GHz (the most demanding band). P
opt

/P
read

< 1 generally holds.
For our TiN

x

KID design (§2.3), � ⇡ 33, so amplifier noise is negligible compared to photon
shot noise. Such high � holds only for materials with high normal-state resistivities like TiN

x

(⇢
n

⇡ 100 µ⌦-cm [54]) because, from Mattis-Bardeen theory, � / f�1
r

/ kinetic inductance /
superconducting penetration depth / ⇢1/2

n

. In particular, the 100 times smaller ⇢
n

of Al yields 10
times larger NEPamp for the same resonator design, clearly disfavoring Al.

KIDs su↵er two-level-system noise arising from dielectric constant fluctuations in the capacitor
dielectric due to defect states [55, 56, 57]. Under the same assumptions as for Equation 1,

NEP2
TLS =

16 P 2
opt

Q2
i

[�(f
r

, T )]2
STLS
�f/f

(f0
r

, f0
a

, T0, V
d,0, E0)

E0 V
d,0

` 2
C

s
2 ⇡ f

r

C

Q
i

P
read

s
f0
a

f
a

✓
T0

T

◆1.7

g

✓
f
r

f0
r

◆
(5)

where STLS
�f/f

is the TLS noise for a given capacitor architecture and dielectric measured at a par-

ticular resonator frequency f0
r

, audio1 frequency f0
a

, and bath temperature T0 for a capacitor of
capacitance C, e↵ective area ` 2

C

, e↵ective volume V
d,0, and e↵ective electric field E0. There is no

theory or measurement for g(f
r

/f0
r

), though it should increase with f
r

[48]. We will have f
r

< f0
r

(§2.3.2), so we conservatively take g constant. Generic statements about STLS
�f/f

are not possible

because it depends on the dielectric, so we use an empirical value [58] for our dielectric. Again,
� ⇡ 33, which makes TLS noise subdominant (§2.3.2), again motivating high-⇢

n

materials over Al.

KID Multiplexability
KID multiplexing has been realized in multiple instruments. MUSIC [59, 60, 61] and NIKA [62,

63, 64] demonstrated handling of 200 and 400 resonators, respectively, in 500 MHz bandwidth.
MAKO [65, 66, 67, 68] rewrote the firmware for the MUSIC ROACH [69] hardware to handle 1000
resonators in the f

r

range 125–250 MHz and applied it to a TiN
x

KID array of 400 resonators in ⇠
50 MHz (same density).2 The BLAST-TNG balloon payload is developing a similar capability [70].

The hardware cost of the 300 K component of the fully engineered MUSIC/MAKO readout
is $7950 per two-channel ⇥ 1000-resonator module ($4/resonator). A LNA that handles 1000
resonators costs $3k, or $3/resonator. A customized readout board can accommodate 4 parallel

1“Audio” refers to the frequency at which the mm-wave power is modulated, typically between 10�3 and 103 Hz.
2The increase in multiplex factor is not due to an increase in fractional packing density, �f

r

/f
r

, which is unchanged
from MUSIC/NIKA to MAKO. The required readout resources scale with N

mux

�f
r

= N
mux

f
r

(�f
r

/f
r

), not
N

mux

�f
r

/f
r

, so f
r

is the driver. TiN
x

provides low f
r

via high kinetic inductance as noted above.
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⌫ �⌫ Popt ⌘ph NEP
shot

NEP
Bose

NEP
rec

NEPKID

fund

NEP
G

NEPTES

fund

NEPKID

fund

[GHz] [GHz] [pW] [aW/
p

Hz] [aW/
p

Hz] [aW/
p

Hz] NEPTES

fund

45 13.5 1.0 0.85 8 12 8 16 6 15 1.05
100 30 1.7 0.57 15 14 12 24 8 22 1.10
150 47 2.5 0.57 22 17 15 32 9 29 1.08

Table 2: Comparison of fundamental (i.e., irreducible, excluding TES “excess noise” [53] and KID two-
level-system noise [48]; c.f., Equations 2 and 3) TES and KID sensitivities for typical optical loadings for
CMB-S4, TK

c = 0.52 K, S = 3, � = 0.5, TT
c = 0.1 K, and T = 0.05 K. For CMB-S4, TESs and KIDs have

approximately the same fundamental sensitivity limits.

Under the Equation 1 assumptions, the KID readout noise (LNA white noise) is

Samp

�f/f

=
4 k

B

T
N

Q2
i

P
read

=) NEP2
amp = 2P

opt

h⌫
32

[�(f
r

, T )]2
P
opt

P
read

k
B

T
N

h⌫
(4)

where P
read

is the readout power on the feedline and T
N

is the amplifier noise temperature.
Amplifier noise is thus a multiplicative factor times shot noise. For typical T

N

= 4 K, we
have k

B

T
N

/h⌫ ⇡ 2 at 45 GHz (the most demanding band). P
opt

/P
read

< 1 generally holds.
For our TiN

x

KID design (§2.3), � ⇡ 33, so amplifier noise is negligible compared to photon
shot noise. Such high � holds only for materials with high normal-state resistivities like TiN

x

(⇢
n

⇡ 100 µ⌦-cm [54]) because, from Mattis-Bardeen theory, � / f�1
r

/ kinetic inductance /
superconducting penetration depth / ⇢1/2

n

. In particular, the 100 times smaller ⇢
n

of Al yields 10
times larger NEPamp for the same resonator design, clearly disfavoring Al.

KIDs su↵er two-level-system noise arising from dielectric constant fluctuations in the capacitor
dielectric due to defect states [55, 56, 57]. Under the same assumptions as for Equation 1,

NEP2
TLS =

16 P 2
opt

Q2
i

[�(f
r

, T )]2
STLS
�f/f

(f0
r

, f0
a

, T0, V
d,0, E0)

E0 V
d,0

` 2
C

s
2 ⇡ f

r

C

Q
i

P
read

s
f0
a

f
a

✓
T0

T

◆1.7

g

✓
f
r

f0
r

◆
(5)

where STLS
�f/f

is the TLS noise for a given capacitor architecture and dielectric measured at a par-

ticular resonator frequency f0
r

, audio1 frequency f0
a

, and bath temperature T0 for a capacitor of
capacitance C, e↵ective area ` 2

C

, e↵ective volume V
d,0, and e↵ective electric field E0. There is no

theory or measurement for g(f
r

/f0
r

), though it should increase with f
r

[48]. We will have f
r

< f0
r

(§2.3.2), so we conservatively take g constant. Generic statements about STLS
�f/f

are not possible

because it depends on the dielectric, so we use an empirical value [58] for our dielectric. Again,
� ⇡ 33, which makes TLS noise subdominant (§2.3.2), again motivating high-⇢

n

materials over Al.

KID Multiplexability
KID multiplexing has been realized in multiple instruments. MUSIC [59, 60, 61] and NIKA [62,

63, 64] demonstrated handling of 200 and 400 resonators, respectively, in 500 MHz bandwidth.
MAKO [65, 66, 67, 68] rewrote the firmware for the MUSIC ROACH [69] hardware to handle 1000
resonators in the f

r

range 125–250 MHz and applied it to a TiN
x

KID array of 400 resonators in ⇠
50 MHz (same density).2 The BLAST-TNG balloon payload is developing a similar capability [70].

The hardware cost of the 300 K component of the fully engineered MUSIC/MAKO readout
is $7950 per two-channel ⇥ 1000-resonator module ($4/resonator). A LNA that handles 1000
resonators costs $3k, or $3/resonator. A customized readout board can accommodate 4 parallel

1“Audio” refers to the frequency at which the mm-wave power is modulated, typically between 10�3 and 103 Hz.
2The increase in multiplex factor is not due to an increase in fractional packing density, �f

r

/f
r

, which is unchanged
from MUSIC/NIKA to MAKO. The required readout resources scale with N

mux

�f
r

= N
mux

f
r

(�f
r

/f
r

), not
N

mux

�f
r

/f
r

, so f
r

is the driver. TiN
x

provides low f
r

via high kinetic inductance as noted above.

5

DE-FOA-0001604
High Energy Physics

Microstrip-Coupled TiN KIDs for CMB-S4
Golwala

both polarizations through both filters, reducing bandpass mismatch by the polarization fraction.
Finally, the community is voting with its feet: the majority of current/coming e↵orts use

coherent mm-wave reception elements and microstrip-coupled detectors, among them ABS, ACT-
Pol/AdvACTPol, CLASS, Keck/BICEP3, POLARBEAR-1/-2, SPIDER, and SPTpol/-3G.

2.2 Sensitivity and Multiplexability of Kinetic Inductance Detectors

• KIDs and TESs both o↵er fundamental-noise-limited sensitivities approaching photon noise.

• Amplifier noise and TLS noise are subdominant to fundamental noises for TiN
x

KIDs.

• TiN
x

KIDs have shown low-power 1000:1 multiplexing with cost approaching $1/detector.

• TiN
x

KIDs o↵er simpler, lower power, and thus less expensive 1000:1 multiplexing than TESs.
TiN

x

KIDs are a highly competitive detector option for CMB-S4, both in their own right and as
mitigation of the readout risk for TESs. TiN

x

KID development should be pursued aggressively.

KIDs [48] are superconducting LC resonators. When mm-wave (or any) power breaks Cooper
pairs, the resonant frequency f

r

and quality factor (Q
i

) change, modifying the phase and amplitude
of a probe signal at f

r

. KIDs are intrinsically multiplexable: because Q
i

> 105 well below the
superconducting transition temperature T

c

for attractive materials (e.g., Al, TiN
x

), a single readout
line and 4 K low-noise amplifier (LNA; SiGe BJT or HEMT) su�ces for 103–104 KIDs.

The natural measure of KID responsivity is fractional frequency shift, �f/f . We make the
following assumptions applicable to our design: 1) quasiparticles (broken Cooper pairs) set Q

i

(Q
i

= Q
i,qp

); 2) mm-wave quasiparticle generation dominates over thermal generation; 3) the
resonator is optimally coupled to the readout feedline; and 4) pair recombination dominates over
intrinsic decay in the disappearance rate of quasiparticles. For these assumptions (e.g., [49, 48]):

d(�f/f)

dP
opt

= � �(f
r

, T )

4 P
opt

Q
i

(1)

where �(f
r

, T ) > 2 is the ratio of the imaginary and real parts of the surface impedance response
from Mattis-Bardeen theory [50] and P

opt

is the mm-wave power at the microstrip-KID interface.

Sensitivity
The single-polarization noise-equivalent power fundamental limit is

NEP2
fund = NEP2

shot + NEP2
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rec = 2P
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h⌫


1 +

P
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h⌫ �⌫
+

2 �

⌘
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⌘
ph
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�
(2)

where ⌫ and �⌫ are the mm-wave bandpass center frequency and bandwidth, ⌘
abs

is the e�ciency
for absorption of power incident on the KID from the microstrip, and ⌘

ph

is the e�ciency with
which photons convert to quasiparticles [51, 52]. The first two terms are common to any incoherent
detector. The third term, recombination noise, is due to fluctuations on power flow to the thermal
bath. For TESs, the currently favored technology, the fundamental noise limit has the last term
replaced by phonon noise, NEPG. These two noises can be written conveniently as

NEP2
rec = 2P

opt

h ⌫
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⌘
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⌘
ph

NEP2
G = 4 k

B

� (TT
c

)2 G
c

⇡ 2 P
opt

�
2 S � k

B

TT
c

� TT
c

TT
c

� T
(3)

where ⌫
min

is the lowest mm-wave frequency for which the KID will be used (h ⌫
min

= 2 � =
3.52 k

B

TK

c

where TK

c

is the KID T
c

), T T

c

is the TES T
c

, S (“safety factor”) is the ratio of saturation
power to mm-wave power for the TES, G

c

is the thermal conductance between the TES and the
thermal bath at T T

c

, and � is a factor of order unity dependent on the nature of the conductance.
Table 2 provides a simple comparison of TES and KID sensitivity, showing only 5–10% di↵erences
in fundamental sensitivity, which can be countered by 10-20% changes in detector count.

4

= ratio of imaginary (freq) to 
real (Q) responsivity to qps

improve very rapidly as Tc is reduced, NEPTLS ! T"4
c . Meanwhile, at high illumination levels

we calculate tqp #
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tmaxD0n$=2!oPo

p
, and

NEPTLS ¼
8N0D0V

agS2ðoÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
STLS

tmaxn$V!o

s
ffiffiffiffiffiffiffiffiffiffiffi
PoDo

p
. 98:

The first two factors are dimensionless, and their product must be of order unity if the TLS

noise is to be comparable to the recombination noise. Note that the product,

n$tmax ¼ t0ð4N0DÞð2D0=kTcÞ, 99:

may be expressed using the electron-phonon time constant t0 defined and tabulated by Kaplan

et al. (121). Defining F ¼ 2D0/kTc # 3.5, we have

NEPTLS ¼
4

gS2ðoÞ
ffiffiffi
F

p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
N0D0VSTLS

a2t0!o

s
ffiffiffiffiffiffiffiffiffiffiffi
PoD0

p
. 100:

The first factor is near unity; the TLS noise therefore becomes comparable to the recombination

noise when STLS # a2t0/N0D0V. For V¼ 1,000 mm3, the numerical values work out to be STLS !
a2 ( 10"21 Hz"1 for niobium and STLS ! a2 ( 10"16 Hz"1 for aluminum; these values may be

compared with the experimental values given in Section 5.4.

5.8. Engineering Estimates for Two-Level System Noise

For practical design of detector arrays, it is often necessary to maintain the resonator quality

factor Qr above some minimum value that is set by the desired density of frequency

multiplexing. In this case, it is useful to combine Equations 88 and 89 to obtain an expression

for the TLS noise that sets the threshold for photon noise–limited operation:

STLS <
b2

4Q2
qp

1þ no
noDv

1

ð1þ yaÞ2g2ðxÞ
.

ħω /Δ0

β(ω
) = δσ

2 (ω
)/δσ

1 (ω
)

Tc /T = 1.5

2

3
4
5
6

102

10–2 10–1 100

101

100

Figure 18

This figure shows the ratio b(o) of the reactive (ds2) and dissipative (ds1) perturbations to the conductivity
that result from a perturbation in the quasiparticle density (see Equation 74). A thermal quasiparticle
distribution f(E) is assumed. The increase of b with increasing temperature and decreasing frequency can
be understood by examining the response functions K1(E) and K2(E) shown in Figure 16; K1 has a negative
peak near E ¼ D0 þ ħo due to the downward transition to states near the gap E ¼ D0. This stimulated
emission process reduces the net absorption of power from the microwave field.
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response controlled via 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dependence

Zmuidzinas, ARCMP (2012) 

imaginary responsivity
real responsivity
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TiN: 𝜌n ~ 100 µΩ cm
Al: 𝜌n ~ 1 µΩ-cm
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Why TiN KIDs?

High kinetic inductance  
→ low operating  
frequency (10s of MHz)  
→ demonstrated  
Nmux ~ 1000 at low cost
e.g. ROACH1  

+ MUSIC/ARCHONS  
ADC/DAC board + MAKO firmware upgrade to 1K detectors per readout:  
$4/detector → $1/detector if optimized

e.g. BLAST-TNG ROACH2 + MUSIC/ARCHONS ADC/DAC: 1K detectors also

e.g. NIKA2, A-MKID readouts

6

110 120 130 140 150 160 170 180 190 200 210
��

��

0
VNA#Trace#)#Dual#Pol#350�m#Device#(300K#Optical#Load)

|S
21

| (
dB

)

Frequency (MHz)

•  Design Goal:  100 – 200 MHz 
•  Result: 110 – 210 MHz 
•  Polarization response: <15% difference in two polarizations 
•  Internal Qs: > 70,000 under 300K load (will increase @ 

100K) 
•  Yield ~ 95% 

Gen-3: Initial Lab Measurements 

480-pixel MAKO TiN LEKID array
design: 100-200 MHz
Tc ~ 1K, 95% yield

•  ROACH Readout  
–  Open-source FPGA readout (CASPER/Berkeley) 
–  Adopted existing hardware to meet observing date 
–  Maximum readout frequency: 250 MHz  

•  500 MSPS ADC converters operating in 1st Nyquist zone 

•  MAKO implemented with ~ 500 pixels 
with one ADC and one DAC 

•  FPGA firmware supports up to 4k pixels 
per ROACH 

•  FPGA firmware developed by R. 
Monroe/JPL 

•  The existing hardware can nearly meet 
the $1/ pixel soft requirement 

MAKO Readout 

MAKO readout (no IF) MUSIC thermal-engineered 
readout module

MUSIC 8-module readout rack
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Why TiN KIDs?

High kinetic inductance  
→ low operating frequency (10s of MHz) → high 𝛽  
→ amplifier and two-level-system noise subdominant to  
     fundamental noises (photon + recombination)

In recombination-dominated, mm-wave quasiparticle-dominated regime:
Amplifier noise:

Two-Level-System Noise:

high 𝛽 ≈ 55 for our design makes this subdominant
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⌫ �⌫ Popt ⌘ph NEP
shot

NEP
Bose

NEP
rec

NEPKID

fund

NEP
G

NEPTES

fund

NEPKID

fund

[GHz] [GHz] [pW] [aW/
p

Hz] [aW/
p

Hz] [aW/
p

Hz] NEPTES

fund

45 13.5 1.0 0.85 8 12 8 16 6 15 1.05
100 30 1.7 0.57 15 14 12 24 8 22 1.10
150 47 2.5 0.57 22 17 15 32 9 29 1.08

Table 2: Comparison of fundamental (i.e., irreducible, excluding TES “excess noise” [53] and KID two-
level-system noise [48]; c.f., Equations 2 and 3) TES and KID sensitivities for typical optical loadings for
CMB-S4, TK

c = 0.52 K, S = 3, � = 0.5, TT
c = 0.1 K, and T = 0.05 K. For CMB-S4, TESs and KIDs have

approximately the same fundamental sensitivity limits.

Under the Equation 1 assumptions, the KID readout noise (LNA white noise) is

Samp

�f/f

=
4 k

B

T
N

Q2
i

P
read

=) NEP2
amp = 2P

opt

h⌫
32

[�(f
r

, T )]2
P
opt

P
read

k
B

T
N

h⌫
(4)

where P
read

is the readout power on the feedline and T
N

is the amplifier noise temperature.
Amplifier noise is thus a multiplicative factor times shot noise. For typical T

N

= 4 K, we
have k

B

T
N

/h⌫ ⇡ 2 at 45 GHz (the most demanding band). P
opt

/P
read

< 1 generally holds.
For our TiN

x

KID design (§2.3), � ⇡ 33, so amplifier noise is negligible compared to photon
shot noise. Such high � holds only for materials with high normal-state resistivities like TiN

x

(⇢
n

⇡ 100 µ⌦-cm [54]) because, from Mattis-Bardeen theory, � / f�1
r

/ kinetic inductance /
superconducting penetration depth / ⇢1/2

n

. In particular, the 100 times smaller ⇢
n

of Al yields 10
times larger NEPamp for the same resonator design, clearly disfavoring Al.

KIDs su↵er two-level-system noise arising from dielectric constant fluctuations in the capacitor
dielectric due to defect states [55, 56, 57]. Under the same assumptions as for Equation 1,

NEP2
TLS =

16 P 2
opt

Q2
i

[�(f
r

, T )]2
STLS
�f/f

(f0
r

, f0
a

, T0, V
d,0, E0)

E0 V
d,0

` 2
C

s
2 ⇡ f

r

C

Q
i

P
read

s
f0
a

f
a

✓
T0

T

◆1.7

g

✓
f
r

f0
r

◆
(5)

where STLS
�f/f

is the TLS noise for a given capacitor architecture and dielectric measured at a par-

ticular resonator frequency f0
r

, audio1 frequency f0
a

, and bath temperature T0 for a capacitor of
capacitance C, e↵ective area ` 2

C

, e↵ective volume V
d,0, and e↵ective electric field E0. There is no

theory or measurement for g(f
r

/f0
r

), though it should increase with f
r

[48]. We will have f
r

< f0
r

(§2.3.2), so we conservatively take g constant. Generic statements about STLS
�f/f

are not possible

because it depends on the dielectric, so we use an empirical value [58] for our dielectric. Again,
� ⇡ 33, which makes TLS noise subdominant (§2.3.2), again motivating high-⇢

n

materials over Al.

KID Multiplexability
KID multiplexing has been realized in multiple instruments. MUSIC [59, 60, 61] and NIKA [62,

63, 64] demonstrated handling of 200 and 400 resonators, respectively, in 500 MHz bandwidth.
MAKO [65, 66, 67, 68] rewrote the firmware for the MUSIC ROACH [69] hardware to handle 1000
resonators in the f

r

range 125–250 MHz and applied it to a TiN
x

KID array of 400 resonators in ⇠
50 MHz (same density).2 The BLAST-TNG balloon payload is developing a similar capability [70].

The hardware cost of the 300 K component of the fully engineered MUSIC/MAKO readout
is $7950 per two-channel ⇥ 1000-resonator module ($4/resonator). A LNA that handles 1000
resonators costs $3k, or $3/resonator. A customized readout board can accommodate 4 parallel

1“Audio” refers to the frequency at which the mm-wave power is modulated, typically between 10�3 and 103 Hz.
2The increase in multiplex factor is not due to an increase in fractional packing density, �f

r

/f
r

, which is unchanged
from MUSIC/NIKA to MAKO. The required readout resources scale with N

mux

�f
r

= N
mux

f
r

(�f
r

/f
r

), not
N

mux

�f
r

/f
r

, so f
r

is the driver. TiN
x

provides low f
r

via high kinetic inductance as noted above.
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45 13.5 1.0 0.85 8 12 8 16 6 15 1.05
100 30 1.7 0.57 15 14 12 24 8 22 1.10
150 47 2.5 0.57 22 17 15 32 9 29 1.08

Table 2: Comparison of fundamental (i.e., irreducible, excluding TES “excess noise” [53] and KID two-
level-system noise [48]; c.f., Equations 2 and 3) TES and KID sensitivities for typical optical loadings for
CMB-S4, TK

c = 0.52 K, S = 3, � = 0.5, TT
c = 0.1 K, and T = 0.05 K. For CMB-S4, TESs and KIDs have

approximately the same fundamental sensitivity limits.

Under the Equation 1 assumptions, the KID readout noise (LNA white noise) is
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where P
read

is the readout power on the feedline and T
N

is the amplifier noise temperature.
Amplifier noise is thus a multiplicative factor times shot noise. For typical T

N

= 4 K, we
have k

B

T
N

/h⌫ ⇡ 2 at 45 GHz (the most demanding band). P
opt

/P
read

< 1 generally holds.
For our TiN

x

KID design (§2.3), � ⇡ 33, so amplifier noise is negligible compared to photon
shot noise. Such high � holds only for materials with high normal-state resistivities like TiN

x

(⇢
n

⇡ 100 µ⌦-cm [54]) because, from Mattis-Bardeen theory, � / f�1
r

/ kinetic inductance /
superconducting penetration depth / ⇢1/2

n

. In particular, the 100 times smaller ⇢
n

of Al yields 10
times larger NEPamp for the same resonator design, clearly disfavoring Al.

KIDs su↵er two-level-system noise arising from dielectric constant fluctuations in the capacitor
dielectric due to defect states [55, 56, 57]. Under the same assumptions as for Equation 1,
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where STLS
�f/f

is the TLS noise for a given capacitor architecture and dielectric measured at a par-

ticular resonator frequency f0
r

, audio1 frequency f0
a

, and bath temperature T0 for a capacitor of
capacitance C, e↵ective area ` 2

C

, e↵ective volume V
d,0, and e↵ective electric field E0. There is no

theory or measurement for g(f
r

/f0
r

), though it should increase with f
r

[48]. We will have f
r

< f0
r

(§2.3.2), so we conservatively take g constant. Generic statements about STLS
�f/f

are not possible

because it depends on the dielectric, so we use an empirical value [58] for our dielectric. Again,
� ⇡ 33, which makes TLS noise subdominant (§2.3.2), again motivating high-⇢

n

materials over Al.

KID Multiplexability
KID multiplexing has been realized in multiple instruments. MUSIC [59, 60, 61] and NIKA [62,

63, 64] demonstrated handling of 200 and 400 resonators, respectively, in 500 MHz bandwidth.
MAKO [65, 66, 67, 68] rewrote the firmware for the MUSIC ROACH [69] hardware to handle 1000
resonators in the f

r

range 125–250 MHz and applied it to a TiN
x

KID array of 400 resonators in ⇠
50 MHz (same density).2 The BLAST-TNG balloon payload is developing a similar capability [70].

The hardware cost of the 300 K component of the fully engineered MUSIC/MAKO readout
is $7950 per two-channel ⇥ 1000-resonator module ($4/resonator). A LNA that handles 1000
resonators costs $3k, or $3/resonator. A customized readout board can accommodate 4 parallel

1“Audio” refers to the frequency at which the mm-wave power is modulated, typically between 10�3 and 103 Hz.
2The increase in multiplex factor is not due to an increase in fractional packing density, �f

r

/f
r

, which is unchanged
from MUSIC/NIKA to MAKO. The required readout resources scale with N

mux

�f
r

= N
mux

f
r

(�f
r

/f
r

), not
N

mux

�f
r

/f
r

, so f
r

is the driver. TiN
x

provides low f
r

via high kinetic inductance as noted above.

5

DE-FOA-0001604
High Energy Physics

Microstrip-Coupled TiN KIDs for CMB-S4
Golwala

⌫ �⌫ Popt ⌘ph NEP
shot

NEP
Bose

NEP
rec

NEPKID

fund

NEP
G

NEPTES

fund

NEPKID

fund

[GHz] [GHz] [pW] [aW/
p

Hz] [aW/
p

Hz] [aW/
p

Hz] NEPTES

fund

45 13.5 1.0 0.85 8 12 8 16 6 15 1.05
100 30 1.7 0.57 15 14 12 24 8 22 1.10
150 47 2.5 0.57 22 17 15 32 9 29 1.08

Table 2: Comparison of fundamental (i.e., irreducible, excluding TES “excess noise” [53] and KID two-
level-system noise [48]; c.f., Equations 2 and 3) TES and KID sensitivities for typical optical loadings for
CMB-S4, TK

c = 0.52 K, S = 3, � = 0.5, TT
c = 0.1 K, and T = 0.05 K. For CMB-S4, TESs and KIDs have

approximately the same fundamental sensitivity limits.

Under the Equation 1 assumptions, the KID readout noise (LNA white noise) is
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where P
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is the readout power on the feedline and T
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is the amplifier noise temperature.
Amplifier noise is thus a multiplicative factor times shot noise. For typical T
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= 4 K, we
have k
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/h⌫ ⇡ 2 at 45 GHz (the most demanding band). P
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< 1 generally holds.
For our TiN
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KID design (§2.3), � ⇡ 33, so amplifier noise is negligible compared to photon
shot noise. Such high � holds only for materials with high normal-state resistivities like TiN
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(⇢
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⇡ 100 µ⌦-cm [54]) because, from Mattis-Bardeen theory, � / f�1
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. In particular, the 100 times smaller ⇢
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of Al yields 10
times larger NEPamp for the same resonator design, clearly disfavoring Al.

KIDs su↵er two-level-system noise arising from dielectric constant fluctuations in the capacitor
dielectric due to defect states [55, 56, 57]. Under the same assumptions as for Equation 1,
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where STLS
�f/f

is the TLS noise for a given capacitor architecture and dielectric measured at a par-

ticular resonator frequency f0
r

, audio1 frequency f0
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, and bath temperature T0 for a capacitor of
capacitance C, e↵ective area ` 2

C

, e↵ective volume V
d,0, and e↵ective electric field E0. There is no

theory or measurement for g(f
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), though it should increase with f
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[48]. We will have f
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< f0
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(§2.3.2), so we conservatively take g constant. Generic statements about STLS
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are not possible

because it depends on the dielectric, so we use an empirical value [58] for our dielectric. Again,
� ⇡ 33, which makes TLS noise subdominant (§2.3.2), again motivating high-⇢

n

materials over Al.

KID Multiplexability
KID multiplexing has been realized in multiple instruments. MUSIC [59, 60, 61] and NIKA [62,

63, 64] demonstrated handling of 200 and 400 resonators, respectively, in 500 MHz bandwidth.
MAKO [65, 66, 67, 68] rewrote the firmware for the MUSIC ROACH [69] hardware to handle 1000
resonators in the f

r

range 125–250 MHz and applied it to a TiN
x

KID array of 400 resonators in ⇠
50 MHz (same density).2 The BLAST-TNG balloon payload is developing a similar capability [70].

The hardware cost of the 300 K component of the fully engineered MUSIC/MAKO readout
is $7950 per two-channel ⇥ 1000-resonator module ($4/resonator). A LNA that handles 1000
resonators costs $3k, or $3/resonator. A customized readout board can accommodate 4 parallel

1“Audio” refers to the frequency at which the mm-wave power is modulated, typically between 10�3 and 103 Hz.
2The increase in multiplex factor is not due to an increase in fractional packing density, �f
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, which is unchanged
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), not
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via high kinetic inductance as noted above.
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both polarizations through both filters, reducing bandpass mismatch by the polarization fraction.
Finally, the community is voting with its feet: the majority of current/coming e↵orts use

coherent mm-wave reception elements and microstrip-coupled detectors, among them ABS, ACT-
Pol/AdvACTPol, CLASS, Keck/BICEP3, POLARBEAR-1/-2, SPIDER, and SPTpol/-3G.

2.2 Sensitivity and Multiplexability of Kinetic Inductance Detectors

• KIDs and TESs both o↵er fundamental-noise-limited sensitivities approaching photon noise.

• Amplifier noise and TLS noise are subdominant to fundamental noises for TiN
x

KIDs.

• TiN
x

KIDs have shown low-power 1000:1 multiplexing with cost approaching $1/detector.

• TiN
x

KIDs o↵er simpler, lower power, and thus less expensive 1000:1 multiplexing than TESs.
TiN

x

KIDs are a highly competitive detector option for CMB-S4, both in their own right and as
mitigation of the readout risk for TESs. TiN

x

KID development should be pursued aggressively.

KIDs [48] are superconducting LC resonators. When mm-wave (or any) power breaks Cooper
pairs, the resonant frequency f

r

and quality factor (Q
i

) change, modifying the phase and amplitude
of a probe signal at f

r

. KIDs are intrinsically multiplexable: because Q
i

> 105 well below the
superconducting transition temperature T

c

for attractive materials (e.g., Al, TiN
x

), a single readout
line and 4 K low-noise amplifier (LNA; SiGe BJT or HEMT) su�ces for 103–104 KIDs.

The natural measure of KID responsivity is fractional frequency shift, �f/f . We make the
following assumptions applicable to our design: 1) quasiparticles (broken Cooper pairs) set Q

i

(Q
i

= Q
i,qp

); 2) mm-wave quasiparticle generation dominates over thermal generation; 3) the
resonator is optimally coupled to the readout feedline; and 4) pair recombination dominates over
intrinsic decay in the disappearance rate of quasiparticles. For these assumptions (e.g., [49, 48]):

d(�f/f)
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opt
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opt

Q
i
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where �(f
r

, T ) > 2 is the ratio of the imaginary and real parts of the surface impedance response
from Mattis-Bardeen theory [50] and P

opt

is the mm-wave power at the microstrip-KID interface.

Sensitivity
The single-polarization noise-equivalent power fundamental limit is
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where ⌫ and �⌫ are the mm-wave bandpass center frequency and bandwidth, ⌘
abs

is the e�ciency
for absorption of power incident on the KID from the microstrip, and ⌘

ph

is the e�ciency with
which photons convert to quasiparticles [51, 52]. The first two terms are common to any incoherent
detector. The third term, recombination noise, is due to fluctuations on power flow to the thermal
bath. For TESs, the currently favored technology, the fundamental noise limit has the last term
replaced by phonon noise, NEPG. These two noises can be written conveniently as
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where ⌫
min

is the lowest mm-wave frequency for which the KID will be used (h ⌫
min

= 2 � =
3.52 k

B

TK

c

where TK

c

is the KID T
c

), T T

c

is the TES T
c

, S (“safety factor”) is the ratio of saturation
power to mm-wave power for the TES, G

c

is the thermal conductance between the TES and the
thermal bath at T T

c

, and � is a factor of order unity dependent on the nature of the conductance.
Table 2 provides a simple comparison of TES and KID sensitivity, showing only 5–10% di↵erences
in fundamental sensitivity, which can be countered by 10-20% changes in detector count.
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⌫ �⌫ Popt ⌘ph NEP
shot

NEP
Bose

NEP
rec

NEPKID

fund

NEP
G

NEPTES

fund

NEPKID

fund

[GHz] [GHz] [pW] [aW/
p

Hz] [aW/
p

Hz] [aW/
p

Hz] NEPTES

fund

45 13.5 1.0 0.85 8 12 8 16 6 15 1.05
100 30 1.7 0.57 15 14 12 24 8 22 1.10
150 47 2.5 0.57 22 17 15 32 9 29 1.08

Table 2: Comparison of fundamental (i.e., irreducible, excluding TES “excess noise” [53] and KID two-
level-system noise [48]; c.f., Equations 2 and 3) TES and KID sensitivities for typical optical loadings for
CMB-S4, TK

c = 0.52 K, S = 3, � = 0.5, TT
c = 0.1 K, and T = 0.05 K. For CMB-S4, TESs and KIDs have

approximately the same fundamental sensitivity limits.

Under the Equation 1 assumptions, the KID readout noise (LNA white noise) is
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where P
read

is the readout power on the feedline and T
N

is the amplifier noise temperature.
Amplifier noise is thus a multiplicative factor times shot noise. For typical T

N

= 4 K, we
have k

B

T
N

/h⌫ ⇡ 2 at 45 GHz (the most demanding band). P
opt

/P
read

< 1 generally holds.
For our TiN

x

KID design (§2.3), � ⇡ 33, so amplifier noise is negligible compared to photon
shot noise. Such high � holds only for materials with high normal-state resistivities like TiN

x

(⇢
n

⇡ 100 µ⌦-cm [54]) because, from Mattis-Bardeen theory, � / f�1
r

/ kinetic inductance /
superconducting penetration depth / ⇢1/2

n

. In particular, the 100 times smaller ⇢
n

of Al yields 10
times larger NEPamp for the same resonator design, clearly disfavoring Al.

KIDs su↵er two-level-system noise arising from dielectric constant fluctuations in the capacitor
dielectric due to defect states [55, 56, 57]. Under the same assumptions as for Equation 1,
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where STLS
�f/f

is the TLS noise for a given capacitor architecture and dielectric measured at a par-

ticular resonator frequency f0
r

, audio1 frequency f0
a

, and bath temperature T0 for a capacitor of
capacitance C, e↵ective area ` 2

C

, e↵ective volume V
d,0, and e↵ective electric field E0. There is no

theory or measurement for g(f
r

/f0
r

), though it should increase with f
r

[48]. We will have f
r

< f0
r

(§2.3.2), so we conservatively take g constant. Generic statements about STLS
�f/f

are not possible

because it depends on the dielectric, so we use an empirical value [58] for our dielectric. Again,
� ⇡ 33, which makes TLS noise subdominant (§2.3.2), again motivating high-⇢

n

materials over Al.

KID Multiplexability
KID multiplexing has been realized in multiple instruments. MUSIC [59, 60, 61] and NIKA [62,

63, 64] demonstrated handling of 200 and 400 resonators, respectively, in 500 MHz bandwidth.
MAKO [65, 66, 67, 68] rewrote the firmware for the MUSIC ROACH [69] hardware to handle 1000
resonators in the f

r

range 125–250 MHz and applied it to a TiN
x

KID array of 400 resonators in ⇠
50 MHz (same density).2 The BLAST-TNG balloon payload is developing a similar capability [70].

The hardware cost of the 300 K component of the fully engineered MUSIC/MAKO readout
is $7950 per two-channel ⇥ 1000-resonator module ($4/resonator). A LNA that handles 1000
resonators costs $3k, or $3/resonator. A customized readout board can accommodate 4 parallel

1“Audio” refers to the frequency at which the mm-wave power is modulated, typically between 10�3 and 103 Hz.
2The increase in multiplex factor is not due to an increase in fractional packing density, �f

r

/f
r

, which is unchanged
from MUSIC/NIKA to MAKO. The required readout resources scale with N

mux

�f
r

= N
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f
r

(�f
r

/f
r

), not
N

mux

�f
r

/f
r

, so f
r

is the driver. TiN
x

provides low f
r

via high kinetic inductance as noted above.
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operating parameters
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Why TiN KIDs?

Fundamental noise level comparable to TESs:

KIDs suffer recombination noise, TESs suffer phonon noise:  
both are noise on coupling to bath needed for optical power to escape

Calculate for 
ground-based optical loads
KID: TC = 0.52 K, T = 0.05 K, 𝜂abs near unity, 𝜂ph = 1.0 at 𝜈min → 0.57 as 𝜈 → ∞
TES: TC = 0.1 K, T = 0.05 K, 𝛾 = 0.5, safety factor S = 3

Negligible difference in theory; real-world effects will dominate
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both polarizations through both filters, reducing bandpass mismatch by the polarization fraction.
Finally, the community is voting with its feet: the majority of current/coming e↵orts use

coherent mm-wave reception elements and microstrip-coupled detectors, among them ABS, ACT-
Pol/AdvACTPol, CLASS, Keck/BICEP3, POLARBEAR-1/-2, SPIDER, and SPTpol/-3G.

2.2 Sensitivity and Multiplexability of Kinetic Inductance Detectors

• KIDs and TESs both o↵er fundamental-noise-limited sensitivities approaching photon noise.

• Amplifier noise and TLS noise are subdominant to fundamental noises for TiN
x

KIDs.

• TiN
x

KIDs have shown low-power 1000:1 multiplexing with cost approaching $1/detector.

• TiN
x

KIDs o↵er simpler, lower power, and thus less expensive 1000:1 multiplexing than TESs.
TiN

x

KIDs are a highly competitive detector option for CMB-S4, both in their own right and as
mitigation of the readout risk for TESs. TiN

x

KID development should be pursued aggressively.

KIDs [48] are superconducting LC resonators. When mm-wave (or any) power breaks Cooper
pairs, the resonant frequency f

r

and quality factor (Q
i

) change, modifying the phase and amplitude
of a probe signal at f

r

. KIDs are intrinsically multiplexable: because Q
i

> 105 well below the
superconducting transition temperature T

c

for attractive materials (e.g., Al, TiN
x

), a single readout
line and 4 K low-noise amplifier (LNA; SiGe BJT or HEMT) su�ces for 103–104 KIDs.

The natural measure of KID responsivity is fractional frequency shift, �f/f . We make the
following assumptions applicable to our design: 1) quasiparticles (broken Cooper pairs) set Q

i

(Q
i

= Q
i,qp

); 2) mm-wave quasiparticle generation dominates over thermal generation; 3) the
resonator is optimally coupled to the readout feedline; and 4) pair recombination dominates over
intrinsic decay in the disappearance rate of quasiparticles. For these assumptions (e.g., [49, 48]):

d(�f/f)

dP
opt

= � �(f
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, T )

4 P
opt

Q
i

(1)

where �(f
r

, T ) > 2 is the ratio of the imaginary and real parts of the surface impedance response
from Mattis-Bardeen theory [50] and P

opt

is the mm-wave power at the microstrip-KID interface.

Sensitivity
The single-polarization noise-equivalent power fundamental limit is

NEP2
fund = NEP2

shot + NEP2
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where ⌫ and �⌫ are the mm-wave bandpass center frequency and bandwidth, ⌘
abs

is the e�ciency
for absorption of power incident on the KID from the microstrip, and ⌘

ph

is the e�ciency with
which photons convert to quasiparticles [51, 52]. The first two terms are common to any incoherent
detector. The third term, recombination noise, is due to fluctuations on power flow to the thermal
bath. For TESs, the currently favored technology, the fundamental noise limit has the last term
replaced by phonon noise, NEPG. These two noises can be written conveniently as
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where ⌫
min

is the lowest mm-wave frequency for which the KID will be used (h ⌫
min

= 2 � =
3.52 k

B

TK

c

where TK

c

is the KID T
c

), T T

c

is the TES T
c

, S (“safety factor”) is the ratio of saturation
power to mm-wave power for the TES, G

c

is the thermal conductance between the TES and the
thermal bath at T T

c

, and � is a factor of order unity dependent on the nature of the conductance.
Table 2 provides a simple comparison of TES and KID sensitivity, showing only 5–10% di↵erences
in fundamental sensitivity, which can be countered by 10-20% changes in detector count.
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⌫ �⌫ Popt ⌘ph NEP
shot

NEP
Bose

NEP
rec

NEPKID

fund

NEP
G

NEPTES

fund

NEPKID

fund

[GHz] [GHz] [pW] [aW/
p

Hz] [aW/
p

Hz] [aW/
p

Hz] NEPTES

fund

45 13.5 1.0 0.85 8 12 8 16 6 15 1.05
100 30 1.7 0.57 15 14 12 24 8 22 1.10
150 47 2.5 0.57 22 17 15 32 9 29 1.08

Table 2: Comparison of fundamental (i.e., irreducible, excluding TES “excess noise” [53] and KID two-
level-system noise [48]; c.f., Equations 2 and 3) TES and KID sensitivities for typical optical loadings for
CMB-S4, TK

c = 0.52 K, S = 3, � = 0.5, TT
c = 0.1 K, and T = 0.05 K. For CMB-S4, TESs and KIDs have

approximately the same fundamental sensitivity limits.

Under the Equation 1 assumptions, the KID readout noise (LNA white noise) is
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where P
read

is the readout power on the feedline and T
N

is the amplifier noise temperature.
Amplifier noise is thus a multiplicative factor times shot noise. For typical T

N

= 4 K, we
have k

B

T
N

/h⌫ ⇡ 2 at 45 GHz (the most demanding band). P
opt

/P
read

< 1 generally holds.
For our TiN

x

KID design (§2.3), � ⇡ 33, so amplifier noise is negligible compared to photon
shot noise. Such high � holds only for materials with high normal-state resistivities like TiN

x

(⇢
n

⇡ 100 µ⌦-cm [54]) because, from Mattis-Bardeen theory, � / f�1
r

/ kinetic inductance /
superconducting penetration depth / ⇢1/2

n

. In particular, the 100 times smaller ⇢
n

of Al yields 10
times larger NEPamp for the same resonator design, clearly disfavoring Al.

KIDs su↵er two-level-system noise arising from dielectric constant fluctuations in the capacitor
dielectric due to defect states [55, 56, 57]. Under the same assumptions as for Equation 1,
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where STLS
�f/f

is the TLS noise for a given capacitor architecture and dielectric measured at a par-

ticular resonator frequency f0
r

, audio1 frequency f0
a

, and bath temperature T0 for a capacitor of
capacitance C, e↵ective area ` 2

C

, e↵ective volume V
d,0, and e↵ective electric field E0. There is no

theory or measurement for g(f
r

/f0
r

), though it should increase with f
r

[48]. We will have f
r

< f0
r

(§2.3.2), so we conservatively take g constant. Generic statements about STLS
�f/f

are not possible

because it depends on the dielectric, so we use an empirical value [58] for our dielectric. Again,
� ⇡ 33, which makes TLS noise subdominant (§2.3.2), again motivating high-⇢

n

materials over Al.

KID Multiplexability
KID multiplexing has been realized in multiple instruments. MUSIC [59, 60, 61] and NIKA [62,

63, 64] demonstrated handling of 200 and 400 resonators, respectively, in 500 MHz bandwidth.
MAKO [65, 66, 67, 68] rewrote the firmware for the MUSIC ROACH [69] hardware to handle 1000
resonators in the f

r

range 125–250 MHz and applied it to a TiN
x

KID array of 400 resonators in ⇠
50 MHz (same density).2 The BLAST-TNG balloon payload is developing a similar capability [70].

The hardware cost of the 300 K component of the fully engineered MUSIC/MAKO readout
is $7950 per two-channel ⇥ 1000-resonator module ($4/resonator). A LNA that handles 1000
resonators costs $3k, or $3/resonator. A customized readout board can accommodate 4 parallel

1“Audio” refers to the frequency at which the mm-wave power is modulated, typically between 10�3 and 103 Hz.
2The increase in multiplex factor is not due to an increase in fractional packing density, �f

r

/f
r

, which is unchanged
from MUSIC/NIKA to MAKO. The required readout resources scale with N

mux

�f
r

= N
mux

f
r

(�f
r

/f
r

), not
N

mux

�f
r

/f
r

, so f
r

is the driver. TiN
x

provides low f
r

via high kinetic inductance as noted above.
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both polarizations through both filters, reducing bandpass mismatch by the polarization fraction.
Finally, the community is voting with its feet: the majority of current/coming e↵orts use

coherent mm-wave reception elements and microstrip-coupled detectors, among them ABS, ACT-
Pol/AdvACTPol, CLASS, Keck/BICEP3, POLARBEAR-1/-2, SPIDER, and SPTpol/-3G.

2.2 Sensitivity and Multiplexability of Kinetic Inductance Detectors

• KIDs and TESs both o↵er fundamental-noise-limited sensitivities approaching photon noise.

• Amplifier noise and TLS noise are subdominant to fundamental noises for TiN
x

KIDs.

• TiN
x

KIDs have shown low-power 1000:1 multiplexing with cost approaching $1/detector.

• TiN
x

KIDs o↵er simpler, lower power, and thus less expensive 1000:1 multiplexing than TESs.
TiN

x

KIDs are a highly competitive detector option for CMB-S4, both in their own right and as
mitigation of the readout risk for TESs. TiN

x

KID development should be pursued aggressively.

KIDs [48] are superconducting LC resonators. When mm-wave (or any) power breaks Cooper
pairs, the resonant frequency f

r

and quality factor (Q
i

) change, modifying the phase and amplitude
of a probe signal at f

r

. KIDs are intrinsically multiplexable: because Q
i

> 105 well below the
superconducting transition temperature T

c

for attractive materials (e.g., Al, TiN
x

), a single readout
line and 4 K low-noise amplifier (LNA; SiGe BJT or HEMT) su�ces for 103–104 KIDs.

The natural measure of KID responsivity is fractional frequency shift, �f/f . We make the
following assumptions applicable to our design: 1) quasiparticles (broken Cooper pairs) set Q

i

(Q
i

= Q
i,qp

); 2) mm-wave quasiparticle generation dominates over thermal generation; 3) the
resonator is optimally coupled to the readout feedline; and 4) pair recombination dominates over
intrinsic decay in the disappearance rate of quasiparticles. For these assumptions (e.g., [49, 48]):

d(�f/f)

dP
opt
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r

, T )

4 P
opt

Q
i

(1)

where �(f
r

, T ) > 2 is the ratio of the imaginary and real parts of the surface impedance response
from Mattis-Bardeen theory [50] and P

opt

is the mm-wave power at the microstrip-KID interface.

Sensitivity
The single-polarization noise-equivalent power fundamental limit is

NEP2
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where ⌫ and �⌫ are the mm-wave bandpass center frequency and bandwidth, ⌘
abs

is the e�ciency
for absorption of power incident on the KID from the microstrip, and ⌘

ph

is the e�ciency with
which photons convert to quasiparticles [51, 52]. The first two terms are common to any incoherent
detector. The third term, recombination noise, is due to fluctuations on power flow to the thermal
bath. For TESs, the currently favored technology, the fundamental noise limit has the last term
replaced by phonon noise, NEPG. These two noises can be written conveniently as
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where ⌫
min

is the lowest mm-wave frequency for which the KID will be used (h ⌫
min

= 2 � =
3.52 k

B

TK
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where TK

c

is the KID T
c

), T T

c

is the TES T
c

, S (“safety factor”) is the ratio of saturation
power to mm-wave power for the TES, G

c

is the thermal conductance between the TES and the
thermal bath at T T

c

, and � is a factor of order unity dependent on the nature of the conductance.
Table 2 provides a simple comparison of TES and KID sensitivity, showing only 5–10% di↵erences
in fundamental sensitivity, which can be countered by 10-20% changes in detector count.
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Overview of Design

Microstrip coupling
High sheet resistance of TiN makes it 

good match to free space (Z0 = 377 Ω)

Poor match to microstrip (Z0 = 10 Ω)
Solution: adiabatic coupler, achieves 𝜂abs 

near unity

9
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mm-wave current flow
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Overview of Design

Prevents direct absorption
Use parallel plate rather than 

interdigitated capacitor

TLS noise of a-Si:H (Mazin et al 2010) 
good enough (v. little from inductor)

Ground plane shields inductor, capacitor 
via short-circuit condition

10

+Vmm-wave −Vmm-wave
mm-wave current flow
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Millimeter-Wave Coupler

11

microstrip 
from antenna and 

bandpass filters

half-wavelength delay

capacitive tabs to apply voltage on microstrip across inductor meanders

increase coupling left to right by increasing capacitor size: ensure uniform mm-wave power absorption

mm-wave current density; modest standing wave due to reflection at open end

weak coupling of  
individual meanders  
prevents high sheet

resistance of TiN from 
presenting impedance  

mismatch to microstrip

36
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Figure 3.6: Distributed element model of the coupling scheme. Z
Nb

denotes the impedance of Nb
transmission line and Z

TiN

denotes the impedance of TiN transmission line.

We will analyze the coupling mechanism qualitatively next based on the lumped element model

as shown in Figure 3.7 and sort out which physical factor dominates the coupling process and

determines the e�ciency. The several relevant parameters are listed below.

• A
t

=18 µm2: area of coupling capacitor’s top plate; the subscript t means “in the top metal layer”

• A
m

: area of coupling capacitor’s bottom plate; the subscript m means “in the middle metal layer”

• t
t

: thickness of the top dielectric layer

• t
m

: thickness of the middle dielectric layer

• Cg

Nb

: capacitance between Nb microstrip and ground plane induced by the rectangle

• Cg

T iN

: capacitance between TiN microstrip and ground plane induced by the polygon
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Millimeter-Wave Coupler

Increasing coupling adiabatically yields uniform mm-wave current density,  
power absorption

12
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KID Design

Coupling to feedline
Use parallel plate capacitor  

like KID capacitor

Readout frequency
Maximize Qi subject to constraint 

that resonator bandwidth  
f0/2Qi > astronomical signal BW 
(50 Hz for  = 5000 and 1°/s;  
Qi is mm-wave qp-limited)

13

KID capacitor

coupling capacitor

middle Nb, TiN layers bottom Nb layer

critical 
coupling of 
readout 
verified
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Mattis-Bardeen theory gives the relation between f0 and Q
i

of a KID resonator.

Q
i

=
1

↵|�|1(f0)nqp

(4.21)

1(f0) =
1

⇡N0�
(

2�

⇡k
B

T
)1/2 sinh (

hf0
2k

B

T
)K0(

hf0
2k

B

T
) (4.22)

There is also the requirement that relates sampling frequency f
sample

with resonator bandwidth

�f , as discussed at the beginning of this chapter.

Q
i

= 2Q
r

=
2f0
�f

 2f0
f
sample

(4.23)

By coupling Eq. 4.21 and Eq. 4.23 we can find out a lower bound for f0 numerically. Figure 4.1

shows the intersection between the two functions of f0.

Figure 4.1: Intersections of the two Q
i

-related functions. Blue line is the maximum Q
i

allowed
given the desired sampling frequency and red line is the Q

i

implied by the quasiparticle density.
The resonant frequency must therefore be in the region where the blue line is higher than the red
line. Responsivity increases as f0 decreases, so we always choose the f0 at which the two curves
intersect except for cases specifically emphasized.

Qi ∝ (𝛼 𝛾 𝜅1 nqp)-1

Qi = f0 / (2 BW)
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Optimization Pressures
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Optimization Pressures

TiN thickness and inductor width saturate at min allowed values, 20 nm and 1 μm
Limits have been chosen ensure robust fabrication (thinner/narrower possible, 

but concern about yield)
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TiN thickness and inductor width saturate at min allowed values, 20 nm and 1 μm
Limits have been chosen ensure robust fabrication (thinner/narrower possible, 

but concern about yield)
No explicit optimization over dielectric thickness; max value chosen for robust fab

At fixed capacitor area, increasing thickness reduces the TLS noise (𝛿C/C or 𝛿f/f 
units) bec. TLS noise ∝ 1/√Nfluctuators ∝ 1/√Vcap, so choosing the maximum 
value is sensible
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Optimization Pressures

TiN thickness and inductor width saturate at min allowed values, 20 nm and 1 μm
Limits have been chosen ensure robust fabrication (thinner/narrower possible, 

but concern about yield)
No explicit optimization over dielectric thickness; max value chosen for robust fab

At fixed capacitor area, increasing thickness reduces the TLS noise (𝛿C/C or 𝛿f/f 
units) bec. TLS noise ∝ 1/√Nfluctuators ∝ 1/√Vcap, so choosing the maximum 
value is sensible

f0 always prefers lowest value allowed by audio bandwidth and multiplex factor 
because of 1/f0 dependence of responsivity

TLS noise pushes for high Pread.  Require J < critical current density to avoid 
nonlinearity

14
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Sonnet calculations confirm: 1) f
r

of tens of MHz, yielding �(f
r

, T ) � 1 to overcome TLS and
amplifier noise (§2.2); and 2) Q

c

that can match the expected Q
i,qp

along with Q
r

large enough to
allow �f

r

/f
r

= 10�3. The design may thus use the demonstrated N
mux

= 1000 readout (§2.2).
Importantly, this design prevents the KID from circumventing the microstrip coupling and

directly absorbing mm-wave power. The mm-wave power is incident through the substrate for lens-
coupled and phased-array antennas, and can be arranged for feedhorn coupling. The Nb ground
plane requires ⌫ > 675 GHz to break pairs. Optical filtering can block such energetic photons. The
ground plane shields the KID inductor from light from the illuminated side. Stray light may find its
way around the ground plane, but it enforces a vanishing electric field condition for ⌫ < 675 GHz
and thus the proximity of the inductor to the ground plane a↵ords it this protection. The Nb KID
capacitor is also insensitive to ⌫ > 675 GHz photons. There might be a concern about exciting and
reradiating to the KID from a slot mode between the capacitor plate and the ground plane, but
the slot is shorted capacitively through the KID capacitor, preventing this.

Another possible direct absorption mechanism that merits modeling is the excitation of a slot
mode in the CPW feedline, depositing power in the resonator through the coupling capacitor. This
can be mitigated by completing the CPW ground plane under the center conductor (making it a
microstrip) to eliminate the slot. This new circuit may provide a suitable lumped-element readout
design (c/f

r

⇠ 1 m; e.g., MAKO [74]) if the capacitance to the ground plane and the coupling
capacitance are appropriately tuned.

2.3.3 Expected Sensitivity

Quantity 100 GHz 150 GHz

NEP
ph

[aW Hz�1/2] 21 38
NEP

r

[aW Hz�1/2] 17 30
NEP

amp

[aW Hz�1/2] 2 4
NEP

TLS

[aW Hz�1/2] 9 20
NEP

fund

[aW Hz�1/2] 27 48
NEP

tot

[aW Hz�1/2] 28 52
NEPe↵

tot

[aW Hz�1/2] 29 53
NEPe↵

tot

/NEP
ph

1.40 1.41
NEPe↵

tot

/NEP
fund

1.07 1.10
NETe↵

CMB

[µK
CMB

s1/2] 200 250

Table 3: Expected sensitivity of optimized design
at a signal audio frequency of 1 Hz. We assume
�⌫/⌫ = 0.3, an optical load corresponding to a
Rayleigh-Jeans temperature of 15 K, and optical
e�ciencies of 26% and 40%, yielding optical load-
ings of 1.9 and 3.9 pW.

There is unfortunately not space here to describe
the choice of device parameters and optimization
in detail. The optimization process for a similar,
though not identical, design is described in [75].

Our goal is to obtain fundamental-noise-
limited sensitivity at 100 and 150 GHz for an op-
tical loading of 15 K, typical of excellent sites such
as the South Pole and low-loading optical configu-
rations. We assume f/1.5 optics and that the 100
and 150 GHz feeds are equal in size, 44 mm2, cor-
responding to 1.3 f � and 2.2 f �. This feed size
is not optimal for 100 GHz and so our estimates
are conservative. The overall optical e�ciency is
taken to be 26% and 40% (di↵ering due to the
di↵ering sizes in units of f �). We assume T

c

= 1 K (demonstrated for TiN
x

[74]) and T = 0.1 K.
The expected sensitivities (Table 3) are 200 and 250 µKCMB s1/2 in the 100 and 150 GHz bands

at a signal frequency of 1 Hz, the peak of the CGB B-mode signal at ` = 100 for a typical 1�/s scan
speed. Some recent reported sensitivities are: BICEP2/Keck Array, 400 µKCMB s1/2 [76]; SPTpol,
500 µKCMB s1/2 [77]; POLARBEAR, 550 µKCMB s1/2 [36]; ACTPol, 330 µKCMB s1/2 [78]. Even
allowing for typical design-to-real-world degradations, we see that it is possible to obtain sensitivities
with TiN KIDs that are competitive with TESs while benefiting from KID multiplexability.

2.3.4 Scalability to Other Spectral Bands

We have analyzed this same architecture for a range of spectral bands between 40 GHz and 300 GHz.
Consistent with Table 2, one can obtain fundamental-noise-limited performance in the 45 GHz band
with T = 0.05 K and T

c

= 0.52 K, which can be obtained by varying the TiN
x

stoichiometry. This
reduction is not needed for higher-frequency bands. If this development is successful, we plan to

8

Tc = 1 K, T = 0.1K
evaluated at 1 Hz
→  = 100 at 1°/s
∆𝜈/𝜈 = 0.3
Tload = 15 K
𝜂opt = 0.26, 0.40 
Popt = 1.9, 3.9 pW
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Yields very competitive  
expected sensitivities
c.f on-sky sensitivities:

BICEP2/Keck Array: 400 μKCMB s1/2

SPTpol: 500 μKCMB s1/2

POLARBEAR: 550 μKCMB s1/2

ACTPol: 330 μKCMB s1/2

Substantial headroom for  
real-world degradations
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that can match the expected Q
i,qp

along with Q
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large enough to
allow �f
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/f
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= 10�3. The design may thus use the demonstrated N
mux

= 1000 readout (§2.2).
Importantly, this design prevents the KID from circumventing the microstrip coupling and

directly absorbing mm-wave power. The mm-wave power is incident through the substrate for lens-
coupled and phased-array antennas, and can be arranged for feedhorn coupling. The Nb ground
plane requires ⌫ > 675 GHz to break pairs. Optical filtering can block such energetic photons. The
ground plane shields the KID inductor from light from the illuminated side. Stray light may find its
way around the ground plane, but it enforces a vanishing electric field condition for ⌫ < 675 GHz
and thus the proximity of the inductor to the ground plane a↵ords it this protection. The Nb KID
capacitor is also insensitive to ⌫ > 675 GHz photons. There might be a concern about exciting and
reradiating to the KID from a slot mode between the capacitor plate and the ground plane, but
the slot is shorted capacitively through the KID capacitor, preventing this.

Another possible direct absorption mechanism that merits modeling is the excitation of a slot
mode in the CPW feedline, depositing power in the resonator through the coupling capacitor. This
can be mitigated by completing the CPW ground plane under the center conductor (making it a
microstrip) to eliminate the slot. This new circuit may provide a suitable lumped-element readout
design (c/f
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⇠ 1 m; e.g., MAKO [74]) if the capacitance to the ground plane and the coupling
capacitance are appropriately tuned.
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Our goal is to obtain fundamental-noise-
limited sensitivity at 100 and 150 GHz for an op-
tical loading of 15 K, typical of excellent sites such
as the South Pole and low-loading optical configu-
rations. We assume f/1.5 optics and that the 100
and 150 GHz feeds are equal in size, 44 mm2, cor-
responding to 1.3 f � and 2.2 f �. This feed size
is not optimal for 100 GHz and so our estimates
are conservative. The overall optical e�ciency is
taken to be 26% and 40% (di↵ering due to the
di↵ering sizes in units of f �). We assume T
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= 1 K (demonstrated for TiN
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[74]) and T = 0.1 K.
The expected sensitivities (Table 3) are 200 and 250 µKCMB s1/2 in the 100 and 150 GHz bands

at a signal frequency of 1 Hz, the peak of the CGB B-mode signal at ` = 100 for a typical 1�/s scan
speed. Some recent reported sensitivities are: BICEP2/Keck Array, 400 µKCMB s1/2 [76]; SPTpol,
500 µKCMB s1/2 [77]; POLARBEAR, 550 µKCMB s1/2 [36]; ACTPol, 330 µKCMB s1/2 [78]. Even
allowing for typical design-to-real-world degradations, we see that it is possible to obtain sensitivities
with TiN KIDs that are competitive with TESs while benefiting from KID multiplexability.

2.3.4 Scalability to Other Spectral Bands

We have analyzed this same architecture for a range of spectral bands between 40 GHz and 300 GHz.
Consistent with Table 2, one can obtain fundamental-noise-limited performance in the 45 GHz band
with T = 0.05 K and T

c

= 0.52 K, which can be obtained by varying the TiN
x

stoichiometry. This
reduction is not needed for higher-frequency bands. If this development is successful, we plan to
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Yields very competitive  
expected sensitivities
c.f on-sky sensitivities:

BICEP2/Keck Array: 400 μKCMB s1/2

SPTpol: 500 μKCMB s1/2

POLARBEAR: 550 μKCMB s1/2

ACTPol: 330 μKCMB s1/2

Substantial headroom for  
real-world degradations

Some other aspects of design:
capacitor area ~ 2 mm2 >> Afeed = 44 mm2 assumed

inductor length ~ 7 mm, inductor volume ~ 150 µm3

qp density ~ 2000 µm−3 >> “irreducible qp density” ~ 100 µm−3

𝛽 ≈ 55; Qi ~ 70000, dominated by optical load
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, T ) � 1 to overcome TLS and
amplifier noise (§2.2); and 2) Q
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that can match the expected Q
i,qp

along with Q
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large enough to
allow �f
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= 10�3. The design may thus use the demonstrated N
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= 1000 readout (§2.2).
Importantly, this design prevents the KID from circumventing the microstrip coupling and

directly absorbing mm-wave power. The mm-wave power is incident through the substrate for lens-
coupled and phased-array antennas, and can be arranged for feedhorn coupling. The Nb ground
plane requires ⌫ > 675 GHz to break pairs. Optical filtering can block such energetic photons. The
ground plane shields the KID inductor from light from the illuminated side. Stray light may find its
way around the ground plane, but it enforces a vanishing electric field condition for ⌫ < 675 GHz
and thus the proximity of the inductor to the ground plane a↵ords it this protection. The Nb KID
capacitor is also insensitive to ⌫ > 675 GHz photons. There might be a concern about exciting and
reradiating to the KID from a slot mode between the capacitor plate and the ground plane, but
the slot is shorted capacitively through the KID capacitor, preventing this.

Another possible direct absorption mechanism that merits modeling is the excitation of a slot
mode in the CPW feedline, depositing power in the resonator through the coupling capacitor. This
can be mitigated by completing the CPW ground plane under the center conductor (making it a
microstrip) to eliminate the slot. This new circuit may provide a suitable lumped-element readout
design (c/f
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⇠ 1 m; e.g., MAKO [74]) if the capacitance to the ground plane and the coupling
capacitance are appropriately tuned.

2.3.3 Expected Sensitivity

Quantity 100 GHz 150 GHz

NEP
ph

[aW Hz�1/2] 21 38
NEP

r

[aW Hz�1/2] 17 30
NEP

amp

[aW Hz�1/2] 2 4
NEP

TLS

[aW Hz�1/2] 9 20
NEP

fund

[aW Hz�1/2] 27 48
NEP

tot

[aW Hz�1/2] 28 52
NEPe↵

tot

[aW Hz�1/2] 29 53
NEPe↵

tot

/NEP
ph

1.40 1.41
NEPe↵

tot

/NEP
fund

1.07 1.10
NETe↵

CMB

[µK
CMB

s1/2] 200 250

Table 3: Expected sensitivity of optimized design
at a signal audio frequency of 1 Hz. We assume
�⌫/⌫ = 0.3, an optical load corresponding to a
Rayleigh-Jeans temperature of 15 K, and optical
e�ciencies of 26% and 40%, yielding optical load-
ings of 1.9 and 3.9 pW.

There is unfortunately not space here to describe
the choice of device parameters and optimization
in detail. The optimization process for a similar,
though not identical, design is described in [75].

Our goal is to obtain fundamental-noise-
limited sensitivity at 100 and 150 GHz for an op-
tical loading of 15 K, typical of excellent sites such
as the South Pole and low-loading optical configu-
rations. We assume f/1.5 optics and that the 100
and 150 GHz feeds are equal in size, 44 mm2, cor-
responding to 1.3 f � and 2.2 f �. This feed size
is not optimal for 100 GHz and so our estimates
are conservative. The overall optical e�ciency is
taken to be 26% and 40% (di↵ering due to the
di↵ering sizes in units of f �). We assume T

c

= 1 K (demonstrated for TiN
x

[74]) and T = 0.1 K.
The expected sensitivities (Table 3) are 200 and 250 µKCMB s1/2 in the 100 and 150 GHz bands

at a signal frequency of 1 Hz, the peak of the CGB B-mode signal at ` = 100 for a typical 1�/s scan
speed. Some recent reported sensitivities are: BICEP2/Keck Array, 400 µKCMB s1/2 [76]; SPTpol,
500 µKCMB s1/2 [77]; POLARBEAR, 550 µKCMB s1/2 [36]; ACTPol, 330 µKCMB s1/2 [78]. Even
allowing for typical design-to-real-world degradations, we see that it is possible to obtain sensitivities
with TiN KIDs that are competitive with TESs while benefiting from KID multiplexability.

2.3.4 Scalability to Other Spectral Bands

We have analyzed this same architecture for a range of spectral bands between 40 GHz and 300 GHz.
Consistent with Table 2, one can obtain fundamental-noise-limited performance in the 45 GHz band
with T = 0.05 K and T

c

= 0.52 K, which can be obtained by varying the TiN
x

stoichiometry. This
reduction is not needed for higher-frequency bands. If this development is successful, we plan to
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expected sensitivities
c.f on-sky sensitivities:

BICEP2/Keck Array: 400 μKCMB s1/2

SPTpol: 500 μKCMB s1/2

POLARBEAR: 550 μKCMB s1/2

ACTPol: 330 μKCMB s1/2

Substantial headroom for  
real-world degradations

Some other aspects of design:
capacitor area ~ 2 mm2 >> Afeed = 44 mm2 assumed

inductor length ~ 7 mm, inductor volume ~ 150 µm3

qp density ~ 2000 µm−3 >> “irreducible qp density” ~ 100 µm−3

𝛽 ≈ 55; Qi ~ 70000, dominated by optical load

Design is scalable over range 45-420 GHz (Tc = 0.52K for 45 GHz)
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directly absorbing mm-wave power. The mm-wave power is incident through the substrate for lens-
coupled and phased-array antennas, and can be arranged for feedhorn coupling. The Nb ground
plane requires ⌫ > 675 GHz to break pairs. Optical filtering can block such energetic photons. The
ground plane shields the KID inductor from light from the illuminated side. Stray light may find its
way around the ground plane, but it enforces a vanishing electric field condition for ⌫ < 675 GHz
and thus the proximity of the inductor to the ground plane a↵ords it this protection. The Nb KID
capacitor is also insensitive to ⌫ > 675 GHz photons. There might be a concern about exciting and
reradiating to the KID from a slot mode between the capacitor plate and the ground plane, but
the slot is shorted capacitively through the KID capacitor, preventing this.

Another possible direct absorption mechanism that merits modeling is the excitation of a slot
mode in the CPW feedline, depositing power in the resonator through the coupling capacitor. This
can be mitigated by completing the CPW ground plane under the center conductor (making it a
microstrip) to eliminate the slot. This new circuit may provide a suitable lumped-element readout
design (c/f
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⇠ 1 m; e.g., MAKO [74]) if the capacitance to the ground plane and the coupling
capacitance are appropriately tuned.
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Rayleigh-Jeans temperature of 15 K, and optical
e�ciencies of 26% and 40%, yielding optical load-
ings of 1.9 and 3.9 pW.

There is unfortunately not space here to describe
the choice of device parameters and optimization
in detail. The optimization process for a similar,
though not identical, design is described in [75].

Our goal is to obtain fundamental-noise-
limited sensitivity at 100 and 150 GHz for an op-
tical loading of 15 K, typical of excellent sites such
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rations. We assume f/1.5 optics and that the 100
and 150 GHz feeds are equal in size, 44 mm2, cor-
responding to 1.3 f � and 2.2 f �. This feed size
is not optimal for 100 GHz and so our estimates
are conservative. The overall optical e�ciency is
taken to be 26% and 40% (di↵ering due to the
di↵ering sizes in units of f �). We assume T
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= 1 K (demonstrated for TiN
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[74]) and T = 0.1 K.
The expected sensitivities (Table 3) are 200 and 250 µKCMB s1/2 in the 100 and 150 GHz bands

at a signal frequency of 1 Hz, the peak of the CGB B-mode signal at ` = 100 for a typical 1�/s scan
speed. Some recent reported sensitivities are: BICEP2/Keck Array, 400 µKCMB s1/2 [76]; SPTpol,
500 µKCMB s1/2 [77]; POLARBEAR, 550 µKCMB s1/2 [36]; ACTPol, 330 µKCMB s1/2 [78]. Even
allowing for typical design-to-real-world degradations, we see that it is possible to obtain sensitivities
with TiN KIDs that are competitive with TESs while benefiting from KID multiplexability.

2.3.4 Scalability to Other Spectral Bands

We have analyzed this same architecture for a range of spectral bands between 40 GHz and 300 GHz.
Consistent with Table 2, one can obtain fundamental-noise-limited performance in the 45 GHz band
with T = 0.05 K and T
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= 0.52 K, which can be obtained by varying the TiN
x

stoichiometry. This
reduction is not needed for higher-frequency bands. If this development is successful, we plan to
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Caveats/Modeling To Do

Assumes TiN obeys Mattis-Bardeen; known to be not true
But TiN responsivity seems to decrease less quickly with increasing Popt than 

expected (or even increase!); our calculations are conservative

Need to add empirical model for TiN responsivity
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Caveats/Modeling To Do

Assumes TiN obeys Mattis-Bardeen; known to be not true
But TiN responsivity seems to decrease less quickly with increasing Popt than 
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Caveats/Modeling To Do

Assumes TiN obeys Mattis-Bardeen; known to be not true
But TiN responsivity seems to decrease less quickly with increasing Popt than 

expected (or even increase!); our calculations are conservative

Need to add empirical model for TiN responsivity

Assumes reasonable uniformity, behavior of TiN
Try other high-resistivity materials if a problem

Assumes bulk material 𝜂ph

Suspend inductor/mm-wave coupler on membrane if problematic

Assumes TLS noise scales from Mazin et al 2010 a-Si:H
Such low loss tangent a-Si:H not demonstrated at JPL

But crystalline silicon tests show comparable or better (x10) loss tangent,  
can integrate into design if necessary

Pread generation of qps not included
Pread = -90 dBm ( = 1 pW) assumed; heating effects not usually seen at this low 

power (e.g., deVissers et al 2010, Hubmayr et al 2015)
Need to incorporate in modeling
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Conclusions

CMB-S4 detectors need to be highly multiplexable and amenable to good 
polarization systematics control  

Many different optical reception elements capable of microstrip coupling 
have demonstrated excellent systematics control  

We have a well-analyzed design for TiN KIDs that
Provides microstrip coupling
Will be multiplexable at Nmux ~ 1000 for approach $1/detector
Promises fundamental-noise limited performance 

Plans
Mask in hand; will make first pass at fabricating this FY on JPL R&TD (seed) funds

DOE detector R&D proposal submitted
Also working on crystalline silicon capacitors (and microstrip) as backup for a-Si:H
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Optical Power Density and Responsivity

Bueno et al 2014
Ignore TLS-dominated phase response

Amplitude response increases with 
load rather than decreasing as  
1/√Popt as expected from M-B

This would improve margin relative  
to amplifier and TLS noise!

Strange discrepancy between optical  
and electrical NEP observed

Hubmayr et al 2015
−97 dBm < Pread < −87 dBm, still linear

Pres comparable to our design

Vinductor = 86 µm3, only 2x smaller than ours
Shows photon noise limited behavior for  

Popt > 1 pW
Measured at 1. 2 THz, so NEPrec negligible

19

theory.21 A modified Usadel equation was used, including a
disorder-dependent pair breaking parameter, which smears
the BCS density of states analogous to what is seen for mag-
netic impurities and a pair-breaking current. Physically, it
refers to a ground state in which the Cooper-pairs have a fi-
nite momentum. The pair-breaking parameter modifies the
quasiparticle DoS, smoothing the coherence peaks, which
enter into the generalized Mattis-Bardeen expressions.18

The local DoS of these films is independently determined
using scanning tunnelling spectroscopy (STS).19 A clear cor-
respondence between the STS measurements and the model is
found for the least-disordered films. In contrast, the measured
tunnel curves are no longer uniquely characterizing a film for
the most-disordered superconducting films, but are found to
vary laterally.19 For the present experiments, we use a 45 nm
thick film because it has a relatively low disorder and, there-
fore, is expected to allow the application of a uniform model
with a broadened DoS model (although it did not have the
best properties as a detector). We expect this film to have sim-
ilar properties as the film I presented in Ref. 19. However, it is
to be expected that effects of the tendency to non-uniformity
of the superconductor with increasing disorder will depend on
the parameters and the techniques used in the experiments.

The 45 nm ALD TiN film has a superconducting transi-
tion temperature Tc of 3.2 K, a sheet inductance Ls of 16.5 pH
and a sheet resistance Rs of 41.5 X. Two KIDs, capacitively
coupled to a feedline of !50 X, were fabricated in a single
layer process. The KIDs were designed to absorb 350 GHz
radiation and consist of three inductors and an interdigitated
capacitor, all in parallel, forming a tank circuit with a reso-
nance frequency fres of !3.4 GHz. The width of the lines of
the inductors is 24 lm, and the separation between adjacent
lines is 60 lm, with a total area of the inductors of 1200 "
986 lm. The quality factor Q of the KIDs is 7" 104, set by a
coupling Q of 7" 104, with an internal Q of 1.8" 106.

The experiments are performed in a pulse tube pre-
cooled adiabatic demagnetisation refrigerator (ADR) with a
temperature of 100 mK, well below the superconducting
transition temperature of the film. The sample is mounted in
a sample holder inside a light-tight box, in a box-in-a-box
configuration.20 The 350 GHz radiation illuminating the
KIDs is coming from a cryogenic black body placed inside
the cooler at the 3 K stage, which temperature can be varied
from 3 up to 35 K. Two stacks of metal mesh IR filters
placed at the black body source and at the light-tight box
determine the band pass of the radiation coupled to the
KIDs, which is 50 GHz centered around 350 GHz. The same
experimental setup is described in more detail by Janssen
et al.3 and by de Visser et al.4 A schematic picture of the ex-
perimental setup and device is shown in Fig. 1.

The radiation power absorbed by the KIDs Popt is calcu-
lated by integrating the black body spectral radiance over the
solid angle illuminating the KIDs, taking into account the fil-
ter transmission. Following the conventional approach, we
use the number of excess quasiparticles Nqp in a KID as the
leading quantity. It is parametrized as Nqp ¼ gpbPopts=D,
with gpb the so-called quasiparticle creation efficiency, i.e.,
the number of excess quasiparticles per incoming photon,
and D the superconducting energy gap. The absorption of the
superconductor is assumed to be given by the Mattis-

Bardeen theory21 and the electron-phonon controlled recom-
bination time as given in Kaplan et al.22 For a photon noise
limited KID, the quasiparticle lifetime at a given radiation
power is expected to be inversely proportional to the square
root of the absorbed power s / P$1=2

opt . Therefore, the
350 GHz radiation responsivity dx/dPopt (where x is either
amplitude or phase response) is expected to be proportional
to the square root of the absorbed power dx=dPopt / P$1=2

opt .
These dependences were recently verified both for hybrid
NbTiN/Al as well as and for the all-Al KIDs.3,4 However,
given the known large deviations reported in highly disor-
dered superconductors from Mattis-Bardeen theory, it is not
clear how large the uncertainty of this assumption is. A spu-
rious contribution in the phase response (shown in the inset
in Fig. 2) is found. At temperatures below 250 mK, the
response in the phase has an initial strong negative response
followed by a gradually rising positive response, which is
tentatively attributed to the temperature dependence of the

FIG. 1. Schematic picture of the experimental setup. Left: The KIDs are
mounted in a sample box thermally anchored to the base temperature plate of
the ADR (!100 mK). The sample box is surrounded by a light-tight box to
prevent stray radiation from the 3 K stage getting into the detector. A cryo-
genic black body source is placed at the 3 K stage and used to illuminate the
sample. The optical access to the sample box is formed by different stacks of
filters placed at the black body source at the light-tight box. Right: Image of
the device with the two KIDs used in these experiments, and a detailed view
of one of them. The sample dimensions are 20 " 4 mm, whereas each KID
was roughly 1 " 1 mm and designed to absorb radiation at 350 GHz.

FIG. 2. Amplitude responsivity measured with a VNA as a function of radia-
tion power at different bath temperatures. The amplitude responsivity
increases when the radiation power increases, opposite to what is observed
in hybrid NbTiN/Al3 and all-Al4 KIDs, and opposite to the usual assump-
tions for quasiparticle recombination. The inset shows the phase response as
a function of radiation power at different bath temperatures. The phase
response is presumably dominated by the TLS contribution at the lowest
bath temperatures.

192601-2 Bueno et al. Appl. Phys. Lett. 105, 192601 (2014)
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An example fit to the P¼ 20 pW spectrum is shown as the
solid, black line in Fig. 2(b). We observe that the white noise
level increases with applied thermal power.

The detector NEP may be determined by dividing the
square root of the detector noise in Fig. 2(b) by the local
responsivity df=f

dP PÞð in Fig. 2(a). We estimate the detector
noise by subtracting the amplifier noise contribution (black
dots at 200 kHz in Fig. 2(b)) from the average noise at
20 Hz(red dots in Fig. 2(b)), which is determined by a power
law fit to the data around 20 Hz. These values, together with
one standard deviation fit uncertainty, are plotted as a func-
tion of thermal load power P in Fig. 2(c), which is the main
result of this letter. Above 0.5 pW, the measured NEP scales
as

ffiffiffi
P
p

, as expected for a photon-noise limited detector.
Furthermore, the red, dashed line of Fig. 2(c) is the photon
noise prediction, calculated using Eq. (1) (!¼ 1.25 THz,
g¼ 0.69, and m< 0.1 for all blackbody temperatures). For
P$ 0.5 pW, the data are in good agreement with the photon-
noise prediction.

The full data set fits the model (dashed-black line of Fig.
2(c))

NEP2
m ¼ NEP2

a þ
NEP2

photon þ NEP2
R

g
; (5)

which has been used to determine the optical efficiency g.11

(NEPa is a constant term, independent of optical power and
discussed below). The detector responds to both co- and
cross-polar radiation as df / gcPcþ gxPx, where gc(gx) and
Pc(Px) are the efficiency and power emitted in the co- (cross-)
polar component, respectively. The frequency responsivity
and NEP we report are referred to the power in a single polar-
ization from a source with equal power in both polarizations,
as is the case for the thermal source used in our experiment.
As a result of this description, g¼ gcþ gx. The fit yields
g¼ 0.69 6 0.01, which is lower than the sum gcþ gx

¼ 0.64þ 0.16¼ 0.80 determined from electromagnetic cou-
pling simulations, which assume a DZ¼ 50 lm air gap
between the absorber and waveguide. The discrepancy may
be due to uncertainty in the positioning of the absorber with
respect to the waveguide output or absorption in the

aluminum feedhorn, which has not been accounted for. To
pin down gc and gx separately requires measurements with a
polarizer. The design and measured polarization performance
of this detector type is the subject of a future publication. For
polarimetry applications, such as BLAST,19 gc & gx is
required. By splitting the absorber width into 2 lm strips,
simulations suggest that gc' 0.8 and gx ! 0.02 are
achievable.

At P< 0.1 pW, we find that the basic shape of the spec-
tra are unchanged and that the NEP saturates to
NEPa ¼ 2( 10)17 W=

ffiffiffiffiffiffi
Hz
p

. Initial measurements suggest
that the source of this noise is from a background of excess
quasiparticles due to stray light absorption. We will conduct
future tests in a carefully designed light-tight box to confirm
that NEPa decreases when stray light is reduced. However,
the current value of NEPa has a small effect on the sensitiv-
ity for many potential applications.

Finally, we discuss the implications of the near constant
responsivity to increased thermal loading (Fig. 2(a)). This
phenomenon has previously been observed in TiN films15,27

and departs from the behavior in conventional superconduct-
ing materials, which show df/dP'P)0.5 as a consequence of
(1) df / dnqp and (2) P / n2

qp. Here, nqp is the quasiparticle
number density. Our linear responsivity measurement sug-
gests that (1), (2), or both relationships are not valid for our
TiN trilayer films. If df / dnqp holds, the observed constant
responsivitiy suggests P / nqp, which further implies that the
quasiparticle lifetime time sqp is independent of P. However,
the lifetimes inferred from the increasing roll-off in the noise
is inconsistent with this picture, which may indicate that
relationship (1) does not hold for this material. This apparent
discrepancy remains outstanding and requires future investi-
gation. Understanding the recombination physics of TiN
films is a key in explaining the observed linear responsivity.
We plan to investigate this device physics by directly meas-
uring the detector response to optical pulses in future
experiments.

In conclusion, we have demonstrated photon-noise lim-
ited sensitivity in feedhorn-coupled microwave kinetic in-
ductance detectors fabricated from a superconducting TiN/
Ti/TiN trilayer film. This work represents a significant step

FIG. 2. (a) Fractional frequency response of detector to thermal power emitted by the blackbody load. (b) Noise spectra, in fractional frequency units, for
blackbody loads between 4 K and 21 K taken at a bath temperature of 75 mK. The solid line is an example of Lorentzian model fit to the P¼ 20 pW data. (c)
NEP versus thermal load. The low frequency noise (20 Hz, red points) from the spectra in panel (b), corrected for system noise using the 200 kHz black points,
is converted to NEP by use of the local slope in (a). These data are in good agreement with the photon-noise prediction (the red, dashed line) at power levels
>0.5 pW. The black, dashed line is the best fit NEP model, which includes contributions due to photon noise, recombination noise, and a noise term independ-
ent of optical power.

073505-3 Hubmayr et al. Appl. Phys. Lett. 106, 073505 (2015)
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Table 2: Parameters of KID design.
External (fixed) parameters at left, optimized pa-
rameters and parameters derived from them at right.
Parameters not defined in the text: Afeed is the as-
sumed area of the feed and corresponds to 2.2 f � at
150 GHz and 1.3 f � at 90 GHz for f/# = 1.5. These
numbes are typical of current systems (e.g., Keck
Array [24], SPTpol [64, 32]); AL = `L w; V = AL t;
AC = `2C ; AKID = AL + AC ; L = µ

0

�pen `L/w;
C = ✏d ✏

0

`2c/td where ✏d = 12 is the dielectric
constant of a-Si:H; E = electric field in capacitor;
`coupler = length of inductive coupler to feedline.

Band-Independent External Parameters
Quantity Value

Tc 1.0 K
2� 300 µeV

2�/h 73 GHz
N

0

3.5⇥ 1010 µm�3 eV�1

R 100 µm3 s�1

⌧
0

100 µs
T 0.1 K
td 400 nm

TN 4.0 K
Pread 1.0 pW

J⇤ 6.0 mA µm�2

STLS
�f/f see text

fa 1 Hz

Band-Dependent External Parameters
Quantity 90 GHz 150 GHz

�⌫ [GHz] 35 47
TL [K] 15 15

Afeed [mm2] 44.4 44.4
⌘opt 0.26 0.40
Popt 1.9 3.9
⌘ph 0.81 0.57

Optimized Parameters
Quantity 90 GHz 150 GHz

Varied Parameters
`L [mm] 6.3 7.4
w [µm] 1.01 1.04
t [nm] 20

Derived Geometrical Parameters
`C [mm] 1.42 1.13

AL [mm2] 0.006 0.008
V [µm3] 128 154

AC [mm2] 2.00 1.28
Afeed/(Afeed + AKID) 0.96 0.97

Derived RF Parameters
�pen [µm] 30

L [µH] 0.24 0.27
C [pF] 133 85

fr [MHz] 28 33
Qi [104] 8.3 6.8

Jread [mA µm�2] 2.2 1.7
E [kV/m] 4.7 4.9

STLS
�f/f [10�19 Hz�1] 2.1 3.1

`coupler [mm] 3.4 3.7
Derived Quasiparticle Parameters

nqp [µm�3] 1850 2000
⌧dyn [µs] 2.6 2.4

Derived Responsivity
⌘abs 0.81 0.78

d(�f/f)/dPopt [106 W�1] 95 50
Derived Sensitivity

NEP
ph

[aW Hz�1/2] 21 38
NEP

r

[aW Hz�1/2] 17 30
NEP

amp

[aW Hz�1/2] 2 4
NEP

TLS

[aW Hz�1/2] 9 20
NEP

fund

[aW Hz�1/2] 27 48
NEP

tot

[aW Hz�1/2] 28 52
NEPe↵

tot

[aW Hz�1/2] 29 53
NEPe↵

tot

/NEP
ph

1.40 1.41
NEPe↵

tot

/NEP
fund

1.07 1.10
NETe↵

CMB

[µK
CMB

sec1/2] 200 250

recombination domination and justifying our neglect of the fluctuations on intrinsic quasiparticle
decay (c.f., §3.3.1). We assume a density of states for TiN of N

0

= 3.5 ⇥ 1010 µm3 eV�1, four
times higher than in [44] but consistent with MAKO [53] and conservative because responsivity is
inversely proportional to it (through Q

i

). We scale STLS

�f/f

given in §3.4.2 according to Equation 5.
The kinetic inductance fraction ↵ does not enter the sensitivities explicitly, but it determines f

r

and thus r = �(f
r

, T ). It is essentially unity for all the film thicknesses we consider.
We fix P

read

= 1 pW for simplicity and because it respects two constraints. First, it is low
enough that readout power does not create quasiparticles. This can occur even though h f

r

⌧ 2 �
thanks to multiphoton processes [65, 66], but the e⌃ciency is lower than optical generation and so
P

read

< P
opt

ensures we can ignore this e⇤ect. Second, P
read

is low enough that kinetic inductance
linearity is maintained. Nonlinearity occurs when the readout current density J

read

approaches the
critical current density J⇤ =

p
⇡ N

0

�3/~ ⇢
n

. Table 2 shows J
read

< J⇤ is satisfied.
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Crystalline Si and a-Si:H  
Loss Tangent Comparisons

Mazin	et	al	2010	
a-Si:H/Al	microstrip	
resonator

106

105

104

Qi

surface	oxide	
removed

native	surface	oxide	

Weber	et	al	2011		
(Siddiqi	group)	
cSi	only

cSi	only wafer-bonded	cSi

Virgin	cSi	results	comparable	
w/Siddiqi	gp.	(though	not	
precisely)	

Currently,	wafer-bonded	cSi	
shows	poorer	high-field	Qi	  
than	a-Si:H,	 
comparable	low-field	Qi	

Wafer-bonded	cSi	comparable	
to	virgin	cSi	w/native	oxide	

a-Si:H	comparable	to	virgin	cSi	
at	high	field,	degrades	more	at	
low	field	

MUSIC	a-SiNx	had	  
high-field	Qi	~	10000 
low-field	Qi	~	1000,	
all	would	be	vast	
improvements

106

105

104

Qi

Low-  
power 
from	freq	
shift	  
vs.	T:	
30000-70
000	

Low-power	from	  
freq	shift	vs.	T:	 
8000-20000	

Next	steps:	
• noise	measurements	to	correlate	TLS	

noise	w/high-field	Qi	

• mm-wave	loss	measurements	to	
correlate	w/low-power	Qi


