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ABSTRACT

Millimeter-wave imaging provides a promising option for long-range target detection through optical obscurants
such as fog, which often occur in marine environments. Given this motivation, we are currently developing a
150 GHz polarization-sensitive imager using a relatively new type of superconducting pair-breaking detector,
the kinetic inductance detector (KID). This imager will be paired with a 1.5 m telescope to obtain an angular
resolution of 0.09

◦
over a 3.5

◦
field of view using 3,840 KIDs. We have fully characterized a prototype KID

array, which shows excellent performance with noise strongly limited by the irreducible fluctuations from the
ambient temperature background. Full-scale KID arrays are now being fabricated and characterized for a planned
demonstration in a maritime environment later this year.

Keywords: Kinetic Inductance Detectors, Millimeter-Wave Imaging, Optical Obscurants

1. INTRODUCTION

Traditional imaging and target detection at optical wavelengths can be limited in marine environments by the
presence of obscurants such as fog, clouds, rain, and snow. These obscurants are far more transparent at
longer wavelengths, although diffraction can result in extremely coarse angular resolution for feasible aperture
sizes. To mitigate these diffractive effects, it is therefore desirable to image at the shortest wavelengths where
the atmosphere is still reasonably transparent, which corresponds to the millimeter regime. Recently, detector
technologies at these wavelengths have progressed to the point where focal planes with several thousand pixels
are achievable (e.g., Refs. 1, 2), thus opening the possibility of high fidelity imaging at these wavelengths. As
detailed below, we have adopted one of these technologies, KIDs, to develop such an imager.

2. MILLIMETER-WAVE IMAGING THROUGH THE ATMOSPHERE

At millimeter wavelengths, atmospheric attenuation in clear conditions is due primarily to absorption associated
with internal transitions of O2 and H2O molecules. In particular, there are strong O2 absorption lines centered
near 60 GHz (e.g., Ref. 3) and 118 GHz (e.g., Ref. 4) and H2O absorption lines centered near 183 GHz (e.g.,
Ref. 5) and 325 GHz (e.g., Ref. 6). There are atmospheric windows between these lines that are relatively
transparent in most weather conditions, particular for the lower frequency windows (see Fig. 1). Within these
windows, the attenuation is dominated by extremely strong Doppler-broadened H2O absorption lines above
1 THz (Ref. 7). Various models are available to compute the atmospheric transmission for a range of different
temperatures, altitudes, and humidity levels (e.g., Refs. 8–10).
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Figure 1. Atmospheric attenuation at millimeter wavelengths for saturated air (100% relative humidity) for a range of
temperatures. The left plot shows clear moist air, and the right plot shows foggy air with an optical visibility of 25 m. For
sub-freezing temperatures, there is little change in attenuation, while above freezing temperatures show only a modest
increase in attenuation due to the fog. The O2 (60 and 118 GHz) and H2O (183 GHz) absorption lines are clearly visible,
along with the windows between these lines.
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Figure 2. Left: measured distribution of rain drop sizes as a function of rainfall rate from Ref. 14. Right: calculated
attenuation due to rain for a range of rainfall rates. For light to moderate rain, the attenuation is generally a few dB/km.
The break in the plot shows the transition to Rayleigh scattering.

In addition to attenuation due to these molecular transitions, optical obscurants such as clouds and fog also
reduce transmission at millimeter wavelengths. In above freezing conditions, these obscurants typically consist
of water droplets 10s of µm in size, with ice particles occurring in below freezing conditions. Both cases can be
treated using the Rayleigh absorption approximation of the Mie scattering theory from Refs. 7, 8, which gives a
refractive index

N =
3w(ε− 1)

2m(ε+ 2)
(1)

where w is the hydrometer volume density and m is the specific weight of either water or ice. The complex
permittivity is given by ε, and millimeter-wave measurements of its value are available for both water and ice
(Refs. 11–13). Example calculations based on this model are given in Fig. 1, and indicate minimal attenuation
in the case of ice particles and higher, but still modest, levels of attenuation in the case of water droplets.

Rain and snow present another possible mechanism for the attenuation of millimeter-wave signals. In both
cases, the particle size is comparable to the wavelength (Refs. 14,15, see Fig. 2), and so the Rayleigh scattering
approximation is not in general valid. For rain, the particles can be approximated as spheres following the
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Figure 3. Calculated attenuation for a moderate snowfall rate (black lines for various assumptions of the snowflake
properties), along with the measured attenuation from similar scenarios (blue and red points from Ref. 20 and Ref. 21).

rate-dependent size distributions of Ref. 14, and the number density of drops for a given rainfall rate can then
be estimated from measurements of the terminal velocity of the drops (Ref. 16). An available code can be used
to evaluate the Mie scattering and absorption cross sections of the drops (Ref. 17), which can then be combined
with the loss tangent, dielectric constant, and rate-dependent number density of the drops to determine the total
attenuation, which is shown in Fig. 2. Our calculated attenuation values are in good agreement with previous
studies (e.g., Ref. 18), and the break in attenuation at millimeter wavelengths shown in the plot indicates the
transition to the Rayleigh scattering regime. For moderate rainfall rates, the attenuation is a few dB/km.

For snow, there are large variations in the shape, composition, density, and size of the particles, and so
approximate models such as Ref. 19 and/or measurements such as Refs. 20, 21 must be used to estimate the
attenuation. Fig. 3 shows the expected loss in snow, which tends to be a few dB/km for moderate snowfall rates
(similar to the attenuation in moderate rainfall). For higher (or lower) snowfall rates, the attenuation (in dB) is
proportional to the snowfall rate to good approximation.

3. CONTRAST AND POLARIZATION OF MARITIME TARGETS

The contrast between a target and its surrounding environment can be expressed as the difference in brightness
temperature between the two, where

Tb = εT + (1− ε)Tr (2)

is the brightness temperature for an object with a physical temperature T , an emissivity ε, and reflected radiation
with a brightness temperature Tr. In general, objects with different temperatures present a contrast, although
for maritime targets the millimeter-wave contrast is often drive by differences in emissivity due to the relatively
cold brightness temperature of reflected atmospheric emission at those wavelengths.

In addition, reflections from the ocean are polarized, with vertical V and horizontal H components given by
the Fresnel equations

RV =

∣∣∣∣εs cos θi −
√
εs − 1 + cos2 θi

εs cos θi +
√
εs − 1 + cos2 θi

∣∣∣∣2 (3)

and

RH =

∣∣∣∣cos θi −
√
εs − 1 + cos2 θi

cos θi +
√
εs − 1 + cos2 θi

∣∣∣∣2 (4)

for incidence angle θi and sea water dielectric constant εs. A model for εs valid up to 500 GHz is given by Ref. 22.
At normal incidence, the emissivity is approximately 0.5 for both polarizations and the brightness temperature
of the reflected sky is at a minimum. As the incidence angle increases, the brightness temperature of the reflected
sky increases, the emissivity of the V polarization increases, and the emissivity of the H polarization decreases.
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Figure 4. Left: 94 GHz polarized emissivity of the ocean surface as a function of viewing angle. Right: 94 GHz brightness
temperature as a function of viewing angle for flat and rough ocean surfaces. The rough case corresponds to a surface
wind speed of 20 m/s.

Fig. 4 shows the emissivity and effective total brightness temperature as a function of viewing angle at 94 GHz
assuming a saturated atmosphere (100% relative humidity) at a temperature of approximately 290 K.

Roughness of the ocean surface can be included in this calculation by considering a distribution of surface
slopes. Measurements of sun glitter (Ref. 23) are consistent with a Gaussian slope distribution

ρs(sx, sy) ∼ 1

πg2
exp

(
−
s2x + s2y
g2

)
(5)

where sx = δη/δx and sy = δη/δy and η is the local height. A single slope variance g2 = g2x + g2y has been found
to reasonably describe the data and to vary linearly with wind velocity W according to

g2 = 0.003 + 0.005W (6)

for g in m and W in m/s. The emissivity of the rough ocean surface corresponding to a particular surface wind
velocity can then be estimated by integrating over this slope distribution according to

εrp =

∫ +∞
−∞ dsx

∫ +∞
−∞ dsyε

′
rpρsw∫ +∞

−∞ dsx
∫ +∞
−∞ dsyρsw

(7)

where w is the geometrical factor accounting for the visibility of a given surface element based on viewing angle
(Ref. 24). The apparent polarized emissivities are rotated according to

ε′H = cos2 ψεH(θi) + sin2 ψεV (θi) (8)

and
ε′V = sin2 ψεH(θi) + cos2 ψεV (θi) (9)

where θi is the local angle of incidence and ψ is the inclination of the viewing angle relative to the local coordinate
system. An integral similar to Eqn. 7 can be used to average over the distribution of surface orientations. An
example calculation for W = 20 m/s is given in Fig. 4, and shows that surface roughness tends to decrease the
brightness temperature of the ocean surface for viewing angles close to horizontal and increase the brightness
temperature otherwise.
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Unlike the ocean itself, many potential maritime targets will have little to no polarization dependence.
Depending on the construction material, the emissivity of these targets may be close to zero (e.g., aluminum)
or close to unity (e.g., fiberglass). The temperature of the targets will in general be close to that of the ambient
atmosphere, although modest differences are possible due to radiative and/or conductive heat transfer and
heating sources associated with the target such as motors.

In order to determine the contrast of a particular target, its temperature and emissivity needs to be combined
with estimates of the background brightness temperature and the transmission of the atmosphere (which can
be calculated according to the procedures given above). Furthermore, the physical size of the target, combined
with the ground sample distance (GSD) of the millimeter-wave imaging system, needs to be considered for any
target that is not fully resolved. Specifically, for any such target the contrast will be degraded by a factor of
∼ ∆x∆y/GSD2, where ∆x and ∆y are the projected horizontal and vertical sizes of the target and the GSD of
a millimeter-wave imager is typically limited by diffraction.

Using the above formalism, it is possible to estimate the maximum detection range for any particular target.
In the presence of optical obscurants, this maximum range can often be 1–3 orders of magnitude larger in the
millimeter-wave band compared to the optical band, strongly motivating the development of imagers sensitive
to those wavelengths.

4. WAKE PATTERNS

While the target contrast detailed above is relevant for both stationary and moving targets, the latter will produce
additional detectable features. In particular, a ship moving across the ocean surface will launch Kelvin wake
patterns behind it (see Fig. 5). The waves locally tilt the ocean’s surface, thus altering the Fresnel coefficients
of the reflected radiation and generating a polarized signal that differs from the surrounding water.

The waves travel alongside the ship such that they are stationary in the ship’s reference frame, forced to have
a spatial wavenumber parallel to the ship’s direction of travel given by

k‖ = w/vship (10)

where w is the wave’s angular frequency and vship is the ship’s travel speed. In deep water, where the wavelength
is much smaller than the depth, the waves are highly dispersive with a phase velocity vφ = g/w (Ref. 25).
Therefore, the wavenumber perpendicular to the ship’s direction of travel is given by

k⊥ =
√
w4/g2 − w2/v2ship. (11)

A comparison of k‖ and k⊥ indicates that waves of different angular frequency travel at both different speeds
and in different directions, which gives rise to the well known structure of wakes. The reciprocal of the group
velocity is {δk‖/δw, δk⊥/δw}, and while the parallel component is constant the perpendicular component has
a local minimum. Because this is a stationary point, waves with frequencies near the minimum constructively
interfere to create localized wave packets. From Eqn. 11, this minimum corresponds to a spatial wavelength of

λ =
4πv2ship

3g
. (12)

In order to detect the reflected signal from the wake patterns, Nyquist sampling of the spatial wavelength is
required (i.e., GSD < λ/2).

From Eqn. 11, these waves will propagate with a group velocity of
√

2/3 vship in a direction {
√

2/3,
√

1/3},
which corresponds to an opening angle of ∼ 35

◦
(independent of vship). Because this opening angle is universal,

application of a matched spatial filter can be used to detect the feature in noisier images than would be possible
for features of unknown spatial structure. These spatial templates can be constructed by summing over all
angular frequencies according to ∫

dwf(w) exp(−i[w(t− x/vship)− k⊥y]) (13)

where f(w) is the Fourier transform of the disturbance from the boat. Assuming a Gaussian distribution
f(w) ∝ exp(−w2vship/g), an example of the resulting spatial template is given in Fig 5.
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Figure 5. Left: Kelvin wake pattern produced by a ship moving on the ocean’s surface as viewed from above in an airborne
platform. Right: temperature contrast in polarization for the thermal radiation reflected by the wake pattern generated
from a ship traveling at 12 knots triggering waves with an amplitude of ∼ 50 cm.

5. KIDS FOR MILLIMETER-WAVE IMAGING

5.1 Basic Operation

The KID is a relatively new type of superconducting detector that operates in a non-equilibrium pair-breaking
mode (e.g., Refs. 26,27). In a superconducting metal, the electrons are bound into Cooper pairs with a binding
energy of 2∆ ' 3.52kBTc, where Tc is the superconducting transition temperature. The absorption of photons
with energy hν ≥ 2∆ breaks the Cooper pairs into excitations called quasiparticles.

Changes in quasiparticle density nqp, such as those due to the absorption of photons, produce changes in
the kinetic inductance of the superconducting film (see Fig. 6). By designing each KID to be part of a resonant
circuit with a unique resonance frequency, many KIDs can be coupled to a common feedline for multiplexed
readout in the frequency domain using high speed digital techniques. Multiplexing factors of ∼ 103 have been
demonstrated (e.g., Ref. 28), and are an attractive feature of KIDs compared to the other leading photometric
millimeter-wave detector technology, transition edge sensors (TESs, e.g., Ref. 29).

In order to couple millimeter-wave photons to the KID, two techniques are widely in use. One method relies
on an external optical-coupling element, generally a planar antenna, to collect the incident optical power and
then dissipate it in the KID (e.g., Ref. 30, 31). This geometry allows for some attractive design options, such
as coupling multiple KIDs to a single absorbing element to, for example, define separate photometric bands.
However, it generally requires the use of amorphous dielectric layers, which can contribute noise from two-level
system (TLS) fluctuations. The second method is to use the KID as the optical-coupling element, allowing it
to directly absorb the incident power (e.g., Ref. 32). While this geometry does not provide the same design
flexibility as antenna coupling, it does simplify fabrication and eliminates the need for amorphous dielectrics.

5.2 Detailed KID Responsivity Model

In this section, we generally follow the formalism given in Ref. 27. For pair-breaking radiation, the quasiparticle
production rate in the KID is related to the incident optical power, Popt, by

Γopt = ηqpPopt/∆, (14)

Proc. of SPIE Vol. 11411  114110H-6
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 19 May 2020
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Figure 6. (a) Photons with hν ≥ 2∆ break Cooper pairs, creating a population of quasiparticles. (b) The increase in
quasiparticle density changes the kinetic inductance of the film, which is part of a microwave resonant circuit. (c, d)
As a result, the resonance frequency and quality factor of the circuit shift, changing the amplitude (δP ) and phase (δθ)
of a carrier tone transmitted past the KID at f0. (e) Since each KID resonant circuit can be set to a unique resonant
frequency, a large number of KIDs can be connected to the same readout channel. The entire array of KIDs can thus be
interrogated via a frequency comb consisting of the set of f0s corresponding to each resonant circuit. (f) An example of
the transmission measured over a narrow frequency range for an array of KIDs, showing 17 resonances.

where ηqp is the efficiency with which incident power is converted into quasiparticle excitations (typically ∼ 0.6).
In a superconducting film of volume Vsc, the recombination rate of quasiparticles into Cooper pairs is set by

ΓR =
nqpVsc
τmax

(
1 +

nqp
2n?

)
(15)

where nqp is the density of quasiparticles, τmax corresponds to the maximum quasiparticle lifetime, and n? ∼
100 µm−3 denotes the onset of self-recombination at large quasiparticle densities (see Ref. 27). For a well-
designed detector, the number of thermally generated quasiparticles should be small compared to the number of
optically generated quasiparticles, and so Γopt and ΓR will be approximately equal, yielding

nqp
n?

=

√
1 + 2

ηqpPoptτmax

Vsc∆n?
− 1. (16)

In terms of nqp, the relation

τqp =
τmax

1 + nqp/n?
(17)

has been found to provide a good description of the quasiparticle response time.

Using Mattis-Bardeen theory (Ref. 33), changes in quasiparticle density (δnqp) can be converted to changes
in the frequency (δfres) and dissipation (δQ−1res) of the resonator. These changes produce orthogonal signals in
a quadrature readout system (e.g., Ref. 34). The δfres signal is connected with the surface kinetic inductance,
and generally produces a larger signal (which is often the only one considered).

In the thin film limit, the fractional change in surface impedance is given by

δLs/Ls = κ2(ω, T,∆)nqp (18)
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where

κ2(ω, T,∆) =
1

2N0∆

(
1 +

√
2∆

πkBT
exp

(
− ~ω

2kBT

)
I0

(
~ω

2kBT

))
(19)

and N0 is the single spin density of states, T is the temperature of the superconductor, ω = 2πfres, and I0 is the
Bessel function. A change in surface impedance can be converted to a fractional frequency shift according to

δx =
δfres
fres

= −α
2

δLs

Ls
(20)

where α is the kinetic inductance fraction which is set by the superconducting material and the resonator
geometry. For a change in optical power δPopt, the fractional frequency shift is given by

R =
δx

δPopt
= −α

2
κ2(ω, T,∆)

ηqpτqp
Vsc∆

(21)

5.3 Detailed KID Noise Model

In a well designed detector, the noise should be limited by the irreducible fluctuations caused by the random
arrival of photons from the target and its surroundings. For the single-moded detectors generally used at
millimeter wavelengths, these fluctuations have a noise equivalent power given by

NEP 2
γ,amb = 2Pambhν0

(
1 +

Pamb

Nphν0∆ν

)
(22)

where ν0 is the millimeter-wave band center, ∆ν is the millimeter-wave bandwidth, Pamb is the power incident
on the detector from the target and its surroundings, and Np is the number of polarizations.

There are four main types of non-idealities in a KID imager that can potentially degrade its performance
relative to the limit set by NEP 2

γ,amb. As in the previous section, we largely follow the convention of Ref. 27 in
describing these noise terms. The first is due to the randomness of quasiparticles recombining into Cooper pairs,
with

NEP 2
REC = 4Popt∆/ηqp. (23)

Next, the readout electronics produce noise, generally dominated by the cryogenic low-noise amplifier located
immediately after the KID array in the readout chain. For a readout power Pread at the resonator,

NEP 2
LNA =

kBTN
Pread

Q2
c

4Q4
rR2

, (24)

where TN is the noise temperature of the amplifier, Qc is the coupling quality factor between the resonator
and the readout line, Qi is the internal quality factor of the resonator, and the total resonator quality factor is
Q−1r = Q−1c +Q−1i . In addition, there is noise due to the motion of TLSs associated with tunneling states in the
dielectric material supporting the resonator. While there is no fully descriptive theory for this noise, extensive
measurements have been made to determine scaling relations, with

NEP 2
TLS =

STLS

R2
(25)

and STLS ∝ T−1.7P−0.5read f−0.5 for f corresponding to temporal frequency in the time-ordered data from the KID (see
Refs. 34,35). Finally, non-idealities in the optical system can lead to the detector coupling to an incident optical
power above what is produced by the target and its surroundings, mainly from emitting surfaces at non-zero
temperature inside the cryostat and/or stray light from outside the cryostat. In this scenario, Popt = Pamb+Pexc,
where Pexc is the excess optical power. The total photon NEP , NEPγ,opt, can thus be computed using Eqn. 22
by replacing Pamb with Popt.

In sum, the total noise equivalent power of a single detector will thus be

NEP 2
tot = NEP 2

γ,opt +NEP 2
REC +NEP 2

LNA +NEP 2
TLS. (26)
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Figure 7. Left: photograph of one of the imager detector modules, with 480 feedhorns and 960 KIDs. Right: photograph
of one of the metal-mesh filters installed behind the cryostat window to block out-of-band high frequency radiation.

It is possible to convert from NEP 2 (in units of W2/Hz) to a noise equivalent temperature difference NETD
(which specifies an RMS in units of K for a particular sampling rate Fs), with

NETD =

√
NEP 2Fs

NpkBηopt∆ν
, (27)

where ηopt is the overall optical efficiency of the imager.

6. MILLIMETER-WAVE IMAGER CONCEPT

6.1 Overall Design

We are currently developing a 150 GHz imager using KIDs. The detector geometry is based on a feedhorn-
coupled design widely in use for astronomical applications at similar wavelengths (e.g., Refs. 36, 37). In this
design, the waveguide section of the each feedhorn couples to two separate KIDs, each sensitive to an orthogonal
linear polarization. A single hornplate contains 480 feedhorns, and couples to a single tile with 960 KIDs (see
Fig. 7). The full focal plane is comprised of four such assemblies, giving a total detector count of 3,840.

Our KID design requires operation at . 200 mK, and we achieve these temperatures using a commercial sys-
tem from STAR Cryoelectronics that uses a combination of a Gifford-McMahon (GM) cryocooler and an adiabatic
demagnetization refrigerator (ADR). To accommodate the focal plane, which is approximately 205 mm × 205 mm
in size, a 300 mm diameter optical window has been installed in the cryostat. To minimize the radiative load on
the GM and ADR, a series of dielectric and capacitive metal-mesh filters have been installed behind this window
(Ref. 38, see Fig. 7), and the resulting hold-time at 200 mK is approximately 10 hours.

The readout electronics for our imager are based on designs currently in use for astronomical applications (e.g.,
Refs. 39, 40). In brief, an FPGA is used to generate a set of probe tones centered on each resonance frequency
within a given tile (i.e., 960 tones). These tones are presented to an analog-to-digital converter, and then mixed
up from the digital baseband to the KID baseband. The probe tones are then sent past the KID array, amplified
by a cryogenic SiGe low-noise amplifier, and mixed back down to the digital baseband. An analog-to-digital
converter presents the result to the FPGA, which then demodulates the signal into time-ordered data (TOD)
corresponding to the transmitted amplitude and phase of each probe tone. These TOD can be collected at any
desired cadence up to ∼ 10 kHz, and calibration sweeps are used to convert the amplitude and phase to the
frequency shift of each resonator. Using the known position and polarization angle of each KID, these TOD can
then be converted to real-time imaging data that are continuously streamed to the screen.

Proc. of SPIE Vol. 11411  114110H-9
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 19 May 2020
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Figure 8. Left: model of the telescope with the optical path shown as a shaded cylinder and the main optical components
labeled with green arrows. The mount can scan in azimuth and elevation at up to 1

◦
/s. Right: photograph of the

assembled telescope structure with four of the authors for scale.

Figure 9. Left: measured locations and polarization selectivity of the detectors in one of the 960-KID arrays. Right:
measured spectral response of the detectors in the 128-KID prototype array.

The imager will be paired with a telescope that has a 1.5 m diameter primary mirror. The optics have been
designed so that the imager focal plane covers a field of view 3.5

◦ × 3.5
◦

in size with a diffraction-limited angular
resolution of 0.09

◦
. The telescope features a crossed Dragone geometry, which provides a highly telecentric and

flat focal surface to efficiently couple to the horn arrays. The Strehl ratio is ≥ 0.99 over the entire field of view
at 150 GHz. A custom az/el mount has been built for the telescope, with the ability to scan at up to 1

◦
/sec

with positional tolerances and deformations that negligibly impact the optical performance. The primary and
secondary mirrors have been fabricated, with a surface RMS of ' 50 µm, corresponding to ' λ/40. Software to
control the drive motors is currently being developed.

6.2 Detector Characterization

In order to validate our detector design, we performed a detailed characterization of a test array consisting of 64
feedhorns and 128 KIDs. First, we measured the position and polarization selectivity of each detector using a
custom-built mapper consisting of a chopped thermal source and wire grid mounted to a X/Y translating stage
and coupled to the detector array via an off-axis elliptical mirror. As expected, each detector is sensitive to
a single linear polarization (either H or V), with excellent co-alignment of the detector pairs located behind a
single feedhorn and overall positions corresponding to a hexagonal close-pack array (see Fig. 9).

Next, we measured the spectral response of each detector using a custom-built Fourier transform spectrometer
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(FTS). The band edges are in good agreement with expectations, set at ' 130 GHz by the waveguide section
of the feedhorn and ' 170 GHz by the series of filters placed behind to optical window. The measured spectral
shape of the in-band transmission is slightly different from the prediction, although the measured band center
of 146.4 GHz is close to the expected band center of 148.4 GHz (see Fig. 9).

In order to characterize the detector parameters, such as responsivity, optical efficiency, and excess optical
loading from stray light and emission from within the cryostat, we follow the general procedure detailed in Ref. 41
including the open-source fitting software described in Ref. 42. In brief, the resonance frequency of each KID
is measured over a range of detector temperatures in three different optical configurations (enclosed within a
sub-K dark box, exposed to a 77 K thermal source outside the cryostat window, and exposed to an ambient
temperature thermal source outside the cryostat window). These data are then fitted to a model described by:

δx = −α
2
κ2(ω, T,∆) ×[(

CkB(Tamb + Texc)

RAsc∆
+ n2qp,th(Tqp,∆) +

1

Rτmax

(
nqp,th(Tqp,∆) +

1

4Rτmax

))1/2

− 1

2Rτmax

]
(28)

where

C =
ηoptηqp∆ν

tsc
(29)

includes degenerate parameters related to the conversion between incident optical power and response, tsc is the
thickness of the superconductor, R is the recombination constant for the superconductor, Asc is the surface area
of the superconductor, and

nqp,th(Tqp,∆) = 2N0

√
2πkBTqp∆ exp(− ∆

kBTqp
) (30)

is the thermal quasiparticle density for a quasiparticle temperature given by

Tqp =

[
Tn +

(
Popt

g

)]1/n
, (31)

which allows for a slightly elevated quasiparticle temperature compared to the superconductor. This formalism is
more general than what was presented in Sec. 5.2, and includes the effects of thermally-generated quasiparticles.

We use a two step process to fit for the free parameters in the above equations. First, we fit solely to the
dark data, where Tamb and Texc are equal to 0 and Tqp = T . The value of R is taken from measurements in the
literature (e.g., Ref. 41), thus leaving four free parameters: the resonant frequency at infinitely low temperature
fres(0), the kinetic inductance fraction α, the superconductor bandgap ∆, and the maximum quasiparticle lifetime
τmax. There is a strong degeneracy between α and ∆, although their values can generally be tightly constrained
as long as the dark data cover a sufficiently large temperature range (see Fig. 10). In our case, sweeps ranging
from 75 mK to 450 mK were sufficient to obtain percent-level constraints, with an array median α = 0.22 and
∆ = 0.201 meV (see Fig. 11).

The second step in the process is to fit the optical data using the posteriors on α, ∆, and τmax from the
dark fits as priors. Because of the optical reconfiguration necessary between collecting dark data and optical
data, the value of fres(0) generally shifts, and so its posterior from the dark fits cannot be used. Again following
the general procedure of Ref. 41, we fit the frequency difference between the ambient temperature and 77 K
optical loads, (δx(amb) − δx(77K), see Fig. 10). The additional free parameters in this fit are the response C,
the excess optical load Texc, and the two parameters related to quasiparticle heating, n and (Popt/g). We use
Eqn. 29 to obtain the optical efficiency of the imager ηopt, assuming a value of ηqp = 0.60, ∆ν = 30 GHz, and
tsc = 40± 10 nm. The array-median optical efficiency is 0.27 (see Fig. 11), slightly lower than the prediction of
0.38, which includes losses in the dielectric and metal-mesh filters and the coupling between the waveguide and
detector. The cause of this difference is not known, but we note that 0.27 is comparable to the best achieved
optical efficiencies at these wavelengths (e.g., 0.24 for Ref. 43, 0.32–0.33 for 44, and 0.26–0.37 for Ref. 45). The
median excess loading for the array is 41 K (see Fig. 11), which is small compared to the ambient load of ' 300 K
and, as detailed below, negligibly impacts the noise performance of the imager.
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Figure 10. Example temperature sweeps for two resonators. Left: measured values of fres for three different optical
configurations. Center: difference in the measured fres between the 295 K ambient temperature load and the 77 K load,
with the best-fit model overlaid in red. Right: fitted model parameters.

Figure 11. Histogram of fitted values for each detector in the prototype array.
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White Noise NETD (30 Hz Sampling)

Ambient Optical Load 77 K
Predicted NETD (30 Hz Sampling)
  • Photon (amb) = 13.8 +- 3.0 mK
  • Photon (tot) = 15.6 +- 3.4 mK
  • Recombination = 3.2 +- 1.2 mK
  • LNA = 3.9 +- 1.2 mK
  • Total = 16.4 +- 3.8 mK
Measured NETD (30 Hz Sampling)
  • Total = 14.1 +- 6.7 mK

Predicted NETD (30 Hz Sampling)
  • Photon (amb) = 4.0 +- 1.2 mK
  • Photon (tot) = 5.8 +- 1.8 mK
  • Recombination = 1.9 +- 0.9 mK
  • LNA = 2.0 +- 0.9 mK
  • Total = 6.4 +- 2.2 mK
Measured NETD (30 Hz Sampling)
  • Total = 5.2 +- 1.3 mK

Figure 12. Top: NETD for the prototype array, with the array median in dark blue, the range enclosing 68% of the
detectors in light blue, and the predicted NETD in red. Bottom: histogram of the measured white NETD for each
detector with the predicted and measured NETDs shown in the legend in the upper right with the ± values indicating
the variation over the array.

In addition to performing temperature sweeps under different optical loads, we also collected TOD to char-
acterize the noise performance of the KIDs. These data were collected at a base temperature of 200 mK using
probe tones centered on each resonance. Short frequency sweeps near each fres were performed to calibrate the
mapping from δP and δθ to δf . After converting the TOD to units of δf , the fitted resonator model described
above was then used to convert from δf to δT . Finally, noise spectra were computed from these TOD in units
of NETD for a sample rate of 30 Hz (see Fig. 12).

The noise spectra are flat, other than discrete pickup lines associated with the GM cooler and an upturn at
very low frequency due to thermal fluctuations in the optical load. There is no evidence for noise with a spectral
shape corresponding to NETDTLS ∼ f−0.25, which is expected for TLS noise. Therefore, we conclude that the
TLS noise is negligible. The amplitude of the measured white NETD is 14.1±6.7 mK when viewing an ambient
temperature load (295 K) and 5.2 ± 1.3 mK when viewing a 77 K load, where the second value corresponds
to the variation over the array and not to the measurement uncertainty. These values are consistent with the
predicted NETD values of 16.4 ± 3.8 mK and 6.4 ± 1.3 mK, where the values of NETDγ,opt and NETDREC

were estimated from the fitted resonator model described above and the the value of NETDLNA was directly
measured via probe tones located away from KID resonances (see Fig. 12). Particularly for the case of an ambient
temperature optical load, the total noise, NETDtot, is strongly dominated by the ambient photon NETDγ,amb

of 13.8±3.0 mK, indicating our detector performance is close to the ideal condition of NETDtot ' NETDγ,amb.

Proc. of SPIE Vol. 11411  114110H-13
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 19 May 2020
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



6.3 Future Development Plans

While the imager is in a highly advanced state, several tasks remain to complete it. We are currently in the
process of fabricating, screening, and characterizing the full-scale 960-KID arrays. Fabrication has proven to be
challenging, with some new techniques still being pursued to improve the reliability of the process. However,
the arrays that do function have shown a high detector yield (∼ 900). Initial characterizations of these devices
indicate performance similar to what was measured for the prototype array, although with a slightly lower median
optical efficiency of 0.22 and an excess loading a factor of 2–3 higher. Both of these degradations are likely due
to a higher fraction of the time-reverse beam from each feedhorn being truncated by the optical opening in the
cryostat, since a larger fraction of the feedhorns are close to the edges of the opening with the full-scale arrays
compared to the prototype. These degradations do not significantly impact the noise performance of the imager,
with the total predicted photon NETD increasing from 16.4 mK to 18.6 mK.

The telescope frame is fully assembled, but the mirrors still need to be installed and aligned. In addition, we
have developed the software to control the telescope motors, but further development is needed to enable precise
scanning. Similarly, we have created a relatively basic software package for real-time imaging, but we still plan
to add a range of features, such as optimal filtering, signal-to-noise estimation, user-defined refresh rates, etc.

We plan to fully test and characterize the imager at an outdoor maritime site later this year to determine
how the real-world performance compares with our lab-based measurements.

7. SUMMARY

In the presence of optical obscurants, which often occur in marine environments, millimeter-wave photometric
imaging presents an attractive option for long-range target detection. Based on this motivation, we are currently
developing a 150 GHz imager using KIDs, a relatively new type of superconducting pair-breaking detector. The
imager includes 3,840 polarization-sensitive detectors, which cover a 3.5

◦
field of view with an angular resolution

of 0.09
◦

when paired with the 1.5 m diameter telescope we have constructed. Our detailed characterization of
a prototype KID array shows that the detectors perform as expected, with a noise NETD strongly limited by
the irreducible fluctuations in the ambient temperature background. Full-scale detector arrays are now being
fabricated and tested for a planned maritime demonstration later this year.
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