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Fig 6 The spectrometer beam pattern. a, Schematic of the beam pattern measurement setup, for more details see

Ref.
42

We use 2 synthesizers at a frequency of 11.25 GHz with an offset frequency ∆f = 17.66 Hz to drive two ×32

multipliers, coupled to horns, to create 2 signals, one at RF1 at 360 GHz and RF2 at 360 GHz + 565.33 Hz. These

are combined and coupled to the spectrometer using a beam splitter. Using mixer (mx1) we create a reference signal

at a frequency ∆f . This signal is fed to the ’tone modulator’ indicated in the figure, which creates a small amplitude

modulation on all readout signals coming from the spectrometer. This modulation creates a phase reference which

allows us to obtain both the phase- and amplitude signal as a function of the position of RF1. b, Far field pattern in

amplitude, obtained from propagating the measured pattern at the plane of RF1 to the far field.
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Fig 4 Instrument sensitivity of the filterbank spectrometer. a, Optical setup for characterizing the instrument

sensitivity. The cryogenic wire grid transmits the linear polarization to which the antenna on the spectrometer chip

is sensitive. The room temperature wire grid is rotated so that the spectrometer sees a mixture of radiation from the

Thot = 300 K black body, and the Tcold = 77 K black body immersed in liquid N2. b, Response in relative MKID

resonance frequency shift of one of the filterbank channels, as a function of the angle of the room temperature wire grid,

and the resulting effective load temperature looking into the grid. The resonance frequency shift is measured relative

to the resonance frequency (f⊥) at which the wires are perpendicular to the polarization the spectrometer is sensitive

to, and the spectrometer sees only the cold black body. The curve is a square-law fit to the data points. c, Measured

phase and amplitude noise power spectral density (PSD) of a representative filterbank channel MKID, measured at

minimum load temperature of Tload = Tcold = 77 K. Note that the spectra are taken from the signal relative to

the circle traced by the frequency sweep around the resonator; see
35

for details. d, Optical Noise Equivalent Power

for all filterbank channels as a function of filter peak frequency. The error bars (1 standard deviation) are combined

statistical uncertainties from the responsivity and noise. e, Optical efficiency of all filter channels (left) and reference

MKIDs (right, see Methods) as a function of the transmission peak frequency. The error bars (1 standard deviation)

are combined statistical uncertainties from the responsivity and noise. The left panel also shows the transmission of

the quasioptical filter stack as a function of frequency (solid curve).
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• NEP ~3 ⨉ 10-16 W Hz-0.5


• ηinst ~ 0.02

the response curve as shown in Fig. 4(b) for each MKID.
To convert the individual filter channel response to a spectral
brightness, we use the measured spectral response of the filter-
bank, obtained using the photomixing CW source, as shown in
Fig. 3(c). The spectral brightness obtained with our spectrom-
eter, Tb is shown in Fig. 5(b). We can compare this response to
a simulation of the expected emission spectrum of methanol gas:
we present the opacity of methanol gas at 17 mbar by the green
dashed line in Fig. 5(b). This spectrum is calculated using the
expected line frequencies and intensities from the JPL line
catalog40 and taking different line broadening mechanisms into
consideration in order to comply with the length (270 mm),
pressure, and temperature of the gas cell.41 By further taking
into account the losses at the gas cell window and convoluting
the intensity spectrum with the bandpass characteristics of the
filters as presented in Fig. 3(c), we can calculate the expected
response of each channel of the filterbank, as shown in Fig. 5(b).
Note that here we have applied to all of the spectral channels a
common multiplication factor and an offset, to compensate for
the uncertainty in the beam spillover at the windows of the gas
cell and at the cold source. Interestingly, we find that we have to
use an overall frequency shift of −0.56 GHz to get a maximum
correspondence between the measured filterbank response and
the methanol spectrum. This is consistent with the 2-GHz abso-
lute accuracy quoted by the supplier of the CW source and
shows that it is possible to use a gas cell as a method to improve
the absolute frequency calibration of the spectrometer.

From the good correspondence between measurement and
simulation as shown in Fig. 5(b), we can conclude that the spec-
tral shape observed by the on-chip spectrometer reproduces very
well the peak frequencies and their relative strengths expected
from the database.

7 Measurement of the System Beam Pattern
The on-chip filterbank spectrometer uses direct detectors,
MKIDs, but the radiation coupling via the filterbank and
lens-antenna is phase coherent. The coupling between the
lens-antenna and finally the telescope is sensitive to the exact
phase- and amplitude distribution of the beam, details of which
are easily overlooked when doing a conventional scalar beam
pattern measurement using thermal sources. To avoid this, and
to be able to predict the coupling to the telescope quantitatively,
we have measured the phase- and amplitude pattern, using a
method pioneered in Ref. 42 and explained in Fig. 6(a). We use
two coherent sources, each driven from a signal generator and a
×32 frequency multiplier. The two synthesizers have a small fre-
quency differenceΔf ¼ 17.66 Hz and a source offset frequency
ofΔF ¼ 565 Hz, well within the bandwidth of the detectors and
readout system, which modulates the detector response in the
time domain. The complex field parameters can be obtained
as a function of the position of RF1 by a complex FFT of the
time-domain data. However, MKIDs are not phase-sensitive
detectors and the phase information is not conserved in the
detection process. To overcome this, we create a stable phase
reference by adding a small amplitude modulation to all the
readout tones coming from the cryostat at a frequency Δf using
the “tone modulator.” The exact technique is described in great
detail in Ref. 43.

We show, in Fig. 6(b), the final result of this measurement,
which is the far-field pattern calculated from the measured data.
We observe a reasonably clean pattern, which can be fitted well
to a Gaussian beam, yielding a Gaussicity of 0.82, angular off-
sets in x and y given by offx ¼ −4.0 deg and offy ¼ −0.3 deg,
and Gaussian beam far-field divergence angle θx ¼ 4.4 deg and
ωy ¼ 5.1 deg, corresponding to the 1∕e2 value in power of
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Fig. 6 The spectrometer beam pattern. (a) Schematic of the beam pattern measurement setup, for more
details see Ref. 43 We use two synthesizers at a frequency of 11.25 GHz with an offset frequency
Δf ¼ 17.66 Hz to drive two ×32 multipliers, coupled to horns, to create two signals, one at RF1 at
360 GHz and RF2 at 360 GHz + 565.33 Hz. These are combined and coupled to the spectrometer
using a beam splitter. Using mixer (m × 1) we create a reference signal at a frequency Δf . This signal
is fed to the “tone modulator” indicated in the figure, which creates a small amplitude modulation on all
readout signals coming from the spectrometer. This modulation creates a phase reference that allows us
to obtain both the phase- and amplitude signal as a function of the position of RF1. (b) Far-field pattern in
amplitude, obtained from propagating the measured pattern at the plane of RF1 to the far field.
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EQ-TARGET;temp:intralink-;e002;63;752NEPexpðT loadÞ ¼
ffiffiffiffiffi
Sx

p "
dx

dPrad

#−1

¼
ffiffiffiffiffi
Sx

p "
dx

dT load

#−1"dT load

dPrad

#−1
;

(2)

where Sx is determined from the flat phase noise floor at
>20 Hz of the power spectral density (PSD) as shown in
Fig. 4(c). The amplitude noise shown in Fig. 4(c), at a level
of −18 dB compared to the phase noise, corresponds to the
noise in the readout system,28 proving that the phase noise level
is not affected by the readout noise. It has to be noted that both
Sx and dx ∕dPrad depend on background load Prad. We plot in
Fig. 4(d) the experimental NEP obtained using Eq. (2) at
T ¼ Tcold. In the range of 345 to 365 GHz, where the quasiop-
tical filter stack has its highest transmission of ∼ 40%, the instru-
ment has an optical NEP of ∼ 3 × 10−16 WHz−0:5.

By equating the measured optical NEP to the theoretical opti-
cal NEP of photon-noise limited MKIDs,21,37 one can obtain
the total coupling efficiency between the calibration load and
the detector:

EQ-TARGET;temp:intralink-;e003;63;522ηopt ¼
2PradhF þ 4ΔPrad∕ηpb

NEP2
exp − 2PradhFñðF; TÞ

: (3)

Here, h is the Planck constant, ñðF; TÞ is the Boltzmann
occupation number of the radiation outside of the cryostat win-
dow, and ηpb ∼ 40% is the pair-breaking efficiency.38 We show
the optical efficiency in Fig. 4(e), together with the band-pass
characteristics of the quasioptical filter stack. The figure shows
that the instrument optical efficiency in the passband of the filter
stack is ηopt ∼ 2%. This is close to the product of the following
transmissions: (1) quasioptical filter stack with a transmission of
ηqof ¼ 40%, (2) coupling of the cryogenic optics of ηco ¼ 80%,
simulated with physical optics using GRASP,39 (3) radiation
efficiency of the lens-antenna of ηla ¼ 70%, simulated in CST

Microwave Studio, (4) ohmic loss of the 30 bridges across the
terahertz line in between the antenna and the filterbank of
ηtl ¼ 93%, estimated from an independent measurement of the
loss of the bridges, and (5) on-chip filter has a mean peak trans-
mission of ∼ 8% as shown in Fig. 3(c).

It is informative to calculate the optical efficiency for the
reference MKIDs, by approximating tðFÞ with the full passband
of the quasioptical filter stack normalized to unity at the maxi-
mum. The results are shown in the right panel of Fig. 4(e). The
optical efficiency of the wideband MKIDs at the input of the
filterbank is consistent with the designed value of −27 dB when
multiplied with ηqofηcoηlaηtl. The wideband MKIDs at the output
of the filterbank receive ∼ 5 times less power than those at the
input because of the fraction of power taken out by the filter-
bank, including radiation losses, ohmic losses, and reflections.
The dark MKIDs receive 30 to 40 dB less power than the filter
channel MKIDs, showing that the amount of stray light that cou-
ples to the MKID detectors is sufficiently small for constructing
a filterbank with 103–104 channels.

6 Detection of Methanol Gas Emission
Spectrum

To demonstrate that the system can spectroscopically observe
emission or absorption lines from molecular gas, we have mea-
sured the emission spectrum of methanol gas at 17 mbar using
the experimental configuration as shown in Fig. 5(a). We couple
the system beam to a gas cell that can be filled with methanol
gas at 293 K so that the spectrometer looks through the gas
cell into a black body cooled to 77 K with liquid N2. Initially,
the gas cell is pumped to a near vacuum of 0.014 mbar. While
the spectrometer is continuously observing with all channels at
a sampling rate of 160 Hz, we increase the methanol pressure to
17 mbar. The relative frequency shift Δx ¼ jf − f0j∕f0, where
f0 is the initial MKID frequency with the gas cell at vacuum,
is converted to an effective brightness temperature Tb by using

(b)(a)

CH3OH

Gas cell

LPF

BPF
LPF120 mK

4 K wire grid

Cryostat

parabolic 
mirrors

spectrometer
chip

Tcold = 77 K

Fig. 5 Detection of methanol gas with a single shot of a wideband terahertz spectrometer.
(a) Experimental setup. The spectrometer looks through a gas cell filled with methanol gas, into a black
body load cooled with liquid N2. (b) Wideband emission spectrum of methanol measured with the on-chip
filterbank spectrometer in a single shot. The circles indicate the brightness temperature measured using
the response of the spectrometer. The dashed curve is the calculated opacity (defined as 1 − e−τ where τ
is the optical depth) of methanol at a pressure of 17 mbar. The solid curve is the brightness temperature
spectrum calculated by convoluting this opacity with the bandpass characteristics of the on-chip filters,
with the overall amplitude and offset fitted to the measured data. The horizontal error bars represent
the full-width half-maximum of the filter transmission of each channel. The vertical error bars represent
the uncertainty in the optical spillover as estimated from the fitting in Fig. 4(b).
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window, respectively, as shown in Fig. 4(a). Looking into the
wire grid, the spectrometer sees an effective load brightness
temperature of T load ¼ rThot þ ð1 − rÞTcold , where r is the
reflectance in copolarization to the cryogenic wire grid and
on-chip antenna.

Figure 4(b) shows the relative frequency response x ≡ ðf⊥ −
fÞ∕f⊥ (f⊥ is the MKID resonant frequency for T load ¼ Tcold ) of
a representative filter-channel MKID, as a function of T load .
From a square-root-law fit (expected if the responsivity is
scaling as P0.5

abs, where Pabs is the absorbed power,35 and the
total optical loading is dominated by the variable thermal load
outside of the cryostat), we determine the temperature response
x ðT load Þ. To be able to measure the spectrometer sensitivity
expressed in the noise equivalent power (NEP), we convert the
load temperature to radiation power Prad ðT load Þ, which is defined

as the single-mode, single polarization radiation power outside
of the cryostat window that can couple to a single filter channel:

EQ-TARGET;temp:intralink-;e001;326;204Prad ðT load Þ ¼
1

2

Z
∞

0

c2tðFÞBðF; T load Þ
F2

dF: (1)

Here, tðFÞ is the transmission of the filter channel, as shown
in Fig. 3(c), with the peak transmission normalized to unity.
Note that we have limited the integral bounds of Eq. (1) to the
bandwidth of the quasioptical filter to avoid integrating noise as
signal. Furthermore, c is the speed of light in vacuum, and
BðF; T load Þ is the Planck brilliance as a function of T load and
frequency F. The NEP can now be determined experimentally
by combining the responsivity dx ∕dPrad with MKID photon
noise level Sx using
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Fig. 4 Instrument sensitivity of the filterbank spectrometer. (a) Optical setup for characterizing the instru-
ment sensitivity. The cryogenic wire grid transmits the linear polarization to which the antenna on the
spectrometer chip is sensitive. The room temperature wire grid is rotated so that the spectrometer sees
a mixture of radiation from the T hot ¼ 300 K black body, and the T cold ¼ 77 K black body immersed in
liquid N2. (b) Response in relative MKID resonance frequency shift of one of the filterbank channels, as a
function of the angle of the room temperature wire grid, and the resulting effective load temperature look-
ing into the grid. The resonance frequency shift is measured relative to the resonance frequency (f⊥) at
which the wires are perpendicular to the polarization the spectrometer is sensitive to, and the spectrom-
eter sees only the cold black body. The curve is a square-root-law fit to the data points. (c) Measured
phase and amplitude noise PSD of a representative filterbank channel MKID, measured at minimum load
temperature of T load ¼ T cold ¼ 77 K. Note that the spectra are taken from the signal relative to the circle
traced by the frequency sweep around the resonator; see Ref. 36 for details. (d) Optical NEP for all
filterbank channels as a function of filter peak frequency. The error bars (1 standard deviation) are com-
bined statistical uncertainties from the responsivity and noise. (e) Optical efficiency of all filter channels
(left) and reference MKIDs (right) as a function of the transmission peak frequency. The error bars
(1 standard deviation) are combined statistical uncertainties from the responsivity and noise. The left
panel also shows the transmission of the quasioptical filter stack as a function of frequency (solid curve).
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Fig. 3 Terahertz frequency response of the spectrometer chip. (a) The experimental configuration for
measuring the frequency response. The terahertz CW signal beam from the photomixer source is
reflected off a beam splitter made of a sheet of Mylar. The reflected signal enters the cryostat into
the 4-K optics. The beam passes through a stack of LPFs, two parabolic mirrors, a wire grid, and finally
the 120 mK LPF and BPF before it reaches the spectrometer chip. (b) The measured and simulated
frequency-dependent three-port scattering parameters. At the peak of the measured jS31j2, we indicate
an error bar derived from the error in the optical efficiency measurement shown in Fig. 4(e). The
simulation is for one filter in isolation, with the three ports terminated with a matched load. The inset
shows the simulated electric field distribution jEj2 around the filter, together with the port definitions:
Port 1 is the input from the terahertz through line, port 2 is the output toward the subsequent filters,
and port 3 is the output toward the MKID. The plot also includes the simulated fractional power
absorbed by ohmic loss in the aluminum bridges, and radiation loss into the substrate. The measured
data are fitted with a Lorentzian curve, yielding a Q-factor of 361 for this filter. (c) Measured scattering
parameters jSi1j2 of all 49 channels (i ¼ 3;4; : : : ; 52), from the filterbank entrance (port 1) to the MKID.
(d) The measured peak frequency Fmeas, determined from individual Lorentzian curve fitting, compared
to an ideal geometric sequence of F calc ¼ 332 × ð1 þ ΔF∕F Þi , where the frequency spacing is
F∕ΔF ¼ 380 and i is the channel index. The solid line indicates Fmeas ¼ F calc. (e) Residual of
Fmeas − F calc, plotted as a function of F calc. (f) Filter Q determined from a Lorentzian fitting to the peaks,
plotted against Fmeas. The solid line and the shaded area indicate the mean and standard deviation ofQ,
respectively.
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Fig. 3 Terahertz frequency response of the spectrometer chip. (a) The experimental configuration for
measuring the frequency response. The terahertz CW signal beam from the photomixer source is
reflected off a beam splitter made of a sheet of Mylar. The reflected signal enters the cryostat into
the 4-K optics. The beam passes through a stack of LPFs, two parabolic mirrors, a wire grid, and finally
the 120 mK LPF and BPF before it reaches the spectrometer chip. (b) The measured and simulated
frequency-dependent three-port scattering parameters. At the peak of the measured jS31j2, we indicate
an error bar derived from the error in the optical efficiency measurement shown in Fig. 4(e). The
simulation is for one filter in isolation, with the three ports terminated with a matched load. The inset
shows the simulated electric field distribution jEj2 around the filter, together with the port definitions:
Port 1 is the input from the terahertz through line, port 2 is the output toward the subsequent filters,
and port 3 is the output toward the MKID. The plot also includes the simulated fractional power
absorbed by ohmic loss in the aluminum bridges, and radiation loss into the substrate. The measured
data are fitted with a Lorentzian curve, yielding a Q-factor of 361 for this filter. (c) Measured scattering
parameters jSi1j2 of all 49 channels (i ¼ 3;4; : : : ; 52), from the filterbank entrance (port 1) to the MKID.
(d) The measured peak frequency Fmeas, determined from individual Lorentzian curve fitting, compared
to an ideal geometric sequence of F calc ¼ 332 × ð1 þ ΔF∕F Þi , where the frequency spacing is
F∕ΔF ¼ 380 and i is the channel index. The solid line indicates Fmeas ¼ F calc. (e) Residual of
Fmeas − F calc, plotted as a function of F calc. (f) Filter Q determined from a Lorentzian fitting to the peaks,
plotted against Fmeas. The solid line and the shaded area indicate the mean and standard deviation ofQ,
respectively.
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Fig. 3 Terahertz frequency response of the spectrometer chip. (a) The experimental configuration for
measuring the frequency response. The terahertz CW signal beam from the photomixer source is
reflected off a beam splitter made of a sheet of Mylar. The reflected signal enters the cryostat into
the 4-K optics. The beam passes through a stack of LPFs, two parabolic mirrors, a wire grid, and finally
the 120 mK LPF and BPF before it reaches the spectrometer chip. (b) The measured and simulated
frequency-dependent three-port scattering parameters. At the peak of the measured jS31j2, we indicate
an error bar derived from the error in the optical efficiency measurement shown in Fig. 4(e). The
simulation is for one filter in isolation, with the three ports terminated with a matched load. The inset
shows the simulated electric field distribution jEj2 around the filter, together with the port definitions:
Port 1 is the input from the terahertz through line, port 2 is the output toward the subsequent filters,
and port 3 is the output toward the MKID. The plot also includes the simulated fractional power
absorbed by ohmic loss in the aluminum bridges, and radiation loss into the substrate. The measured
data are fitted with a Lorentzian curve, yielding a Q-factor of 361 for this filter. (c) Measured scattering
parameters jSi1j2 of all 49 channels (i ¼ 3;4; : : : ; 52), from the filterbank entrance (port 1) to the MKID.
(d) The measured peak frequency Fmeas, determined from individual Lorentzian curve fitting, compared
to an ideal geometric sequence of F calc ¼ 332 × ð1 þ ΔF∕F Þi , where the frequency spacing is
F∕ΔF ¼ 380 and i is the channel index. The solid line indicates Fmeas ¼ F calc. (e) Residual of
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plotted against Fmeas. The solid line and the shaded area indicate the mean and standard deviation ofQ,
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substrates (for example, silicon), can bring the transmission from 
the window to the on-chip antenna feed point from the current 
0.22 to .

m
~0.5. As indicated in Fig.  4c, an instrument optical effi-

ciency of 0.4 and a telescope aperture efficiency of 0.4 would 
allow easy detection of the unlensed ultra-luminous infrared gal-
axy (ULIRG) population at z = 4.2–4.5 with the [C ii] line. In this 
case, the full system sensitivity on-sky becomes comparable to a 
state-of-the-art heterodyne receiver instrument26, because both 
systems are limited mainly by the atmosphere. The ISS technol-
ogy is highly scalable towards ultra-wide bandwidths and many 
spatial pixels. Half-wave microstrip resonators12 are intrinsically 
able to be used as filters in a 1:2 bandwidth spectrometer coupled 
to a wideband antenna15,16, a similar filter design with an open and 
a shorted end could be used in a 1:3 .

m
bandwidth. With the current 

density of channels in the filterbank, a 500 channel filterbank cov-
ering a 1:3 instantaneous bandwidth (for example, 240–720 GHz) 
at a resolution of F/ΔF = 500 would still be as small as ~5 cm2. The 
wide instantaneous bandwidth and sensitivity will easily allow 
simultaneous detection of multiple emission lines (for example 
CO, [C ii])5 that is required to determine an unambiguous spec-
troscopic redshift. Furthermore, 3D integral field spectrographs27 
can be formed naturally with a 2D array of such spectroscopic 
pixels3..

m
 Such an instrument will allow the exploration of cosmic 

large-scale structures with an unprecedented sensitivity and spa-
tial scales, depicting the 3D distribution of galaxies with abun-
dant molecular and atomic lines across the cosmological volume  
and time1–3,28.

Q16

Q17

Q18

Methods
Calibration of the sky signal response. Conversion from the relative frequency 
response of the MKID to the line-of-sight brightness temperature of the sky 
(Tsky) is based on a model that uses the atmospheric transmission measured by 
DESHIMA itself. We conducted fast and wide scans of the telescope elevation 
(‘skydip’ observations) 22 times throughout the observing session, with an 
elevation range of 32–88°. The precipitable water vapour (PWV) values were 
typically in the range of 0.4–3.0 mm, with a mean value of 0.9 mm, according to 
the water vapour radiometers mounted on each telescope of the Atacama Large 
Millimeter/submillimeter Array (ALMA)29, located in the vicinity of ASTE. 
We define x as the fractional change in MKID readout resonance frequency 
f, from when the instrument window is facing the blackened absorber on the 
chopper wheel at ambient temperature Tamb (Fig. 2a) to when the instrument 
looks at the sky with a brightness temperature Tsky through the telescope optics: 
x ≡ {f(Tsky) − f(Tamb)}/f(Tamb). Tsky was calculated from

Tsky ¼ ηfwdð1 # ηatmÞTatm þ ð1 # ηfwdÞTamb ð1Þ

where ηfwd = 0.93 is the telescope forward efficiency of ASTE. ηatm is the 
transmission coefficient of the atmosphere calculated30 from the PWV and 
telescope elevation, taking into account the frequency response of each channel 
(Fig. 2i). We have assumed the physical temperature of the atmosphere Tatm to be 
equal to the outside ambient temperature Tamb measured with the weather monitor 
at the ASTE site. From a least-χ2 fitting to the square-law Tsky ∝ x2 dependence for 
an aluminium-based MKID response6, we obtain a calibration model curve as 
shown in Supplementary Fig. 1b. We perform an iterative estimation of the PWV 
using all channels of the filterbank with ηatm, and from that the PWV, as a single, 
common free parameter. In this way we obtain a calibration model that has a 
dispersion of ~4% for all skydip measurements. The error is significantly smaller 
than the initial model that directly uses the PWV from the ALMA radiometer 
data (Supplementary Fig. 1a). This calibration model is used for all astronomical 
measurements reported in this Letter.
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Fig. 4 | Foreground photon-noise-limited sensitivity of the ISS and its fundamental limits. a, Broadband DESHIMA spectrum of IRC+10216. The 
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blue solid bars are the theoretical NEFD for the photon-noise-limited case (see Methods section ‘Sensitivity’). The span in the model NEFD indicates the 
range of NEFD for a PWV in the atmosphere in the range of 0.5–1.5"mm. The area shaded in cyan represents a possible future improvement in which the 
instrument optical efficiency is improved from 0.02 (this work) to 0.4, and the telescope aperture efficiency is improved from 0.17 (see Methods section 
‘Beam efficiency’) to 0.4. For comparison, the area shaded in pink indicates the sensitivity of a coherent receiver that has a receiver noise temperature of 
TRX"="3hF/k"~"50"K. We have assumed the same spectral resolution in the calculation of the shaded areas, corresponding to a filter Q "="F/FWHM of 300 
that is equal to the average Q  factor of the filters of DESHIMA6. The dashed curves indicate the NEFD level required to detect redshifted [C II] lines with 
line luminosities as indicated, at a SNR of 5 in 8"h.
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able to be used as filters in a 1:2 bandwidth spectrometer coupled 
, a similar filter design with an open and 

looks at the sky with a brightness temperature 
x ≡ {f(Tsky) − f(Tamb)}/f(Tamb). 
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FIG. 1. Integrated superconducting spectrometer detection of redshifted CO(3–2) line
emission from the luminous infrared galaxy VV 114. a, Schematic of the integrated su-
perconducting filterbank (ISS) chip of DESHIMA. The flow of a redshifted CO signal (339 GHz)
is indicated in red. The filterbank consists of 49 spectral channels, of which five are depicted
here. Each spectral channel consists of a bandpass filter and an MKID. Only the filter with a
passband that matches the redshifted astronomical line frequency resonates, and delivers power
to the MKID at its output. The MKID measures the amount of signal power that is absorbed
in the aluminium section. The astronomical signal line is terminated with a coplanar waveguide
(CPW) with an aluminium center strip to prevent reflective standing waves by absorbing the re-
maining power. The flow of the readout signal (5.1–6.0 GHz) is indicated in green. All MKIDs
are read out simultaneously through a common microwave readout CPW. b, Spectrum of VV 114
measured with the ISS. The response of each channel of the ISS is plotted as a function of the
peak frequency of the response curves presented in Fig. 2i. The previously reported peak frequency
of CO is indicated14. The horizontal error bars and the yellow shades under them indicate the
full width at half maximum of the channel response. The vertical error bars indicate the 1� noise
level per channel. The right-side vertical axis is calculated from antenna temperature T ⇤

a assuming
frequency-independent values of ⌘MB = 0.34 for the main beam e�ciency and ⌦MB = 1.9 ⇥ 10�8

str for the main beam solid angle. The channels above 365 GHz have a low signal-to-noise ratio
because of the low atmospheric transmission. The instantaneous bandwidth of ALMA band 7 is
indicated for comparison15.
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only one filter intercepts the signal and delivers power to the MKID at its output. The121

responding channel has a passband of 1.0 GHz around 339.0 GHz, which is consistent with122

the CO(3–2) rest frequency of 345.796 GHz and the redshift z = 0.0200 of VV 11414.123

We evaluated DESHIMA on the ASTE telescope in the period from October to November124
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1:2 or even 1:3 bandwidth11–13,15,16. Many spectrometers could be 
integrated on a single wafer, allowing for monolithic spectroscopic-
imaging focal-plane architectures. Because the detectors are inco-
herent (that is, they measure only the power and not the phase), the 
sensitivity of the ISS is not subject to quantum noise, giving ISSs a 
fundamental sensitivity advantage over heterodyne receivers5 when 
operated in low-foreground/background conditions typical for a 
space observatory17,18. Key technological ingredients of the ISS have 
been demonstrated in the laboratory, including the filterbank19,20, 
antenna coupling16,20 and detection of emission lines from a gas cell6.

In this Letter, we present the astronomical spectra obtained with 
an ISS, from the on-sky test of Deep Spectroscopic High-redshift 
Mapper (DESHIMA)6 on the Atacama Submillimeter Telescope 
Experiment (ASTE) 10 m telescope21..

m
 DESHIMA instantaneously 

observes the 332–377 GHz band in fractional frequency steps of 
F/ΔF ~ 380, matched to the ~330–365 GHz atmospheric window 
(Fig.  2h,i). The instrument sensitivity is photon-noise-limited, 
reaching a noise equivalent power (NEP) of ~3 × 10−16 W Hz−0.5 
under optical loading power levels representative of observing con-
ditions on a ground-based submm telescope. The detailed design 
and laboratory characterization of DESHIMA have recently been 
reported6. Here we will focus on the on-telescope measurements.

The design and working principle of the DESHIMA ISS chip is 
illustrated in Fig. 1, using the detection of a redshifted extragalactic 
emission line using this technique from VV 114, a luminous infra-
red galaxy .

m
(LIRG). First, the lens-antenna on the chip receives the 

astronomical signal from the telescope and optics, and couples it 
to a small transmission line. The signal then enters the filterbank 
section that consists of 49 spectroscopic channels. Micrographs of 
a few spectral channels are presented in Fig. 2c–g. Each filter is a 
superconducting submm-wave resonator, with a resonance fre-
quency that sets the peak of its passband. Because the signal from 
VV 114 contains only a single strong CO(3–2) line, only one filter 
intercepts the signal and delivers power to the MKID at its output.  

Q8

Q9

The responding channel has a passband of 1.0 GHz around 
339.0 GHz, which is consistent with the CO(3–2) rest frequency of 
345.796 GHz and the redshift z = 0.02 of VV 114 (ref. 22).

We evaluated DESHIMA on the ASTE telescope in the period 
from October to November 2017. The layout of DESHIMA in the 
ASTE cabin is schematically presented in Fig. 2a. Before the mea-
surements on sky, we verified that the instrument optical sensitivity 
of DESHIMA in terms of the NEP was not affected by the ASTE 
cabin environment using the same hot–cold measurement tech-
nique as used in the laboratory tests6..

m
 The response of the MKIDs to 

the sky signal was calibrated and linearized using skydip measure-
ments (see Methods section ‘Calibration of the sky signal response’). 
The telescope beam shape and main beam efficiency were measured 
on Mars (see Methods section ‘Beam efficiency’).

We demonstrate the key applications of this instrument, as a red-
shift machine and as a fast multi-line spectral imager of large areas, 
by utilizing the on-sky measurements, which we also analyse to 
demonstrate the sensitivity achieved. The measurement of a cosmo-
logically redshifted molecular line with an instrument of this type 
is shown in Fig. 1b..

m
 The width of the line is comparable (~0.5 GHz;  

ref. 22) to the spectrometer resolution, which is an optimum con-
dition for achieving both high sensitivity and a wide instanta-
neous band for a fixed number of detectors (see Methods section 
‘Optimum frequency resolution’). Using a combination of a chop-
per wheel and slow (0.5 Hz) nodding of the ASTE telescope (see 
Methods section ‘Position-switching observations’), we obtained 
a CO line signal-to-noise ratio (SNR) of ~9 in an on-source inte-
gration time of 12.8 min. This method can be applied to targeted, 
wideband multi-line spectroscopy of high-z SMGs to identify their 
redshift and study their emission line spectra.

The second result is the successful acquisition of wideband spec-
tral maps using on-the-fly (OTF) mapping. In Fig.  3a we show a 
three-colour composite map of the Orion nebula, which combines 
channel maps of CO(3–2), HCN(4–3) and HCO+ (4–3), as presented  
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Fig. 1 | ISS detection of redshifted CO(3–2) line emission from the LIRG VV 114. a, Schematic of the integrated superconducting filterbank (ISS) chip of 
DESHIMA. The flow of a redshifted CO signal (339!GHz) is indicated in red, whereas the flow of signal at all other frequencies is indicated in blue. The 
filterbank consists of 49 spectral channels, of which five are depicted here. Each spectral channel consists of a bandpass filter and an MKID. Only the filter 
with a passband that matches the redshifted astronomical line frequency resonates, and delivers power to the MKID at its output. The MKID measures the 
amount of signal power that is absorbed in the aluminium section (black). The astronomical signal line is terminated with a coplanar waveguide (CPW) 
with an aluminium centre strip (black) to prevent reflective standing waves by absorbing the remaining power. The flow of the readout signal (5.1–6.0!GHz) 
is indicated in green. All MKIDs are read out simultaneously through a common microwave readout CPW. b, Spectrum of VV 114 measured with the ISS. 
The response of each channel of the ISS is plotted as a function of the peak frequency of the response curves presented in Fig. 2i. The previously reported 
peak frequency of CO is indicated22. The horizontal error bars and the yellow shading under them indicate the FWHM of the channel response. The 
vertical error bars indicate the 1σ noise level per channel. The right-hand vertical axis is calculated from the antenna temperature T*

a
I

 assuming frequency-
independent values of ηMB!=!0.34 for the main-beam efficiency and ΩMB!=!1.9!×!10−8!str for the main-beam solid angle. The channels above 365!GHz have a 
low SNR because of the low atmospheric transmission. The instantaneous bandwidth of ALMA band 7 is indicated for comparison43.
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FIG. 1. Integrated superconducting spectrometer detection of redshifted CO(3–2) line
emission from the luminous infrared galaxy VV 114. a, Schematic of the integrated su-
perconducting filterbank (ISS) chip of DESHIMA. The flow of a redshifted CO signal (339 GHz)
is indicated in red. The filterbank consists of 49 spectral channels, of which five are depicted
here. Each spectral channel consists of a bandpass filter and an MKID. Only the filter with a
passband that matches the redshifted astronomical line frequency resonates, and delivers power
to the MKID at its output. The MKID measures the amount of signal power that is absorbed
in the aluminium section. The astronomical signal line is terminated with a coplanar waveguide
(CPW) with an aluminium center strip to prevent reflective standing waves by absorbing the re-
maining power. The flow of the readout signal (5.1–6.0 GHz) is indicated in green. All MKIDs
are read out simultaneously through a common microwave readout CPW. b, Spectrum of VV 114
measured with the ISS. The response of each channel of the ISS is plotted as a function of the
peak frequency of the response curves presented in Fig. 2i. The previously reported peak frequency
of CO is indicated14. The horizontal error bars and the yellow shades under them indicate the
full width at half maximum of the channel response. The vertical error bars indicate the 1� noise
level per channel. The right-side vertical axis is calculated from antenna temperature T ⇤
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because of the low atmospheric transmission. The instantaneous bandwidth of ALMA band 7 is
indicated for comparison15.

line. The signal then enters the filterbank section that consists of 49 spectroscopic chan-117

nels. Micrographs of a few spectral channels are presented in Fig. 2c-g. Each filter is a118

superconducting submm wave resonator, with a resonance frequency that sets the peak of119

its passband. Because the signal from VV 114 contains only a single strong CO(3–2) line,120

only one filter intercepts the signal and delivers power to the MKID at its output. The121

responding channel has a passband of 1.0 GHz around 339.0 GHz, which is consistent with122

the CO(3–2) rest frequency of 345.796 GHz and the redshift z = 0.0200 of VV 11414.123

We evaluated DESHIMA on the ASTE telescope in the period from October to November124

5

Proof of ISS key applications 1: 
Efficient Redshift Machine

OFF

ON
1 ′

Telescope nodding (0.5 Hz)  
atmosphere noise removal

Room-temperature  
Calibrator (10 Hz)  
KID 1/f noise removal

✴ ISS detection of a CO line from a luminous IR galaxy

VV 114

VV 114

# data reduced with decode:  
# github.com/deshima-dev/decode  
# Akio Taniguchi et al.



Point-source sensitivity: 
Foreground Photon-noise Limited

Here, h is the Planck constant, ∆F is the effective bandwidth of the filter channel, ∆Al =

188 µeV is the superconducting gap energy of aluminium, and ηpb ∼ 0.4 is the pair-breaking

efficiency
42
. The foreground photon-noise limited noise equivalent flux density (NEFDph),

evaluated on-sky, has to take into account the instrument coupling, aperture efficiency ηA,

and the physical area of the ASTE telescope Ap, and is given by

NEFDph =
NEPph√

2ηpolηinstηfwdηatmηAAp∆F
. (4)

Here, the factor
√
2 accounts for the NEP being defined for 0.5 s integration time, and

ηpol = 0.5 accounts for the fact that DESHIMA is sensitive to a single linear polarization.

Optimum frequency resolution

Here we will show that the signal-to-noise-ratio (SNR) for a single ISS channel matched

to the center frequency of an astronomical line is maximum when the channel frequency

width ∆Fch is equal to the line width ∆Fline, under the assumption that the measurement

is limited by the foreground/background photon-noise. In the following analysis we adopt a

frequency width ratio r ≡ ∆Fch/∆Fline, and assume a rectangular frequency profile for both

the line and the channel transmission for simplicity.

The SNR for r = 1 after an integration time of t is

SNR =
Pline

√
2t

NEPph

(5)

Here, Pline is the total power from the line absorbed by the MKID, and NEPph is given

by equation 3.

If r > 1, then Pline stays constant, but the NEP increases with
√
r according to equation 3,

because PMKID ∝ r and ∆F ∝ r. In other words, the MKID receives more sky loading but

the signal power from the line stays constant. Therefore the SNR drops.

If r < 1, then Pline decreases in proportion to r because the channel receives only part of

the spectral power of the line. At the same time the NEP decreases but with
√
r, so the net

change in SNR is a decrease proportional to
√
r.

From these two arguments we can conclude that the SNR for a single channel is maximized

for r = 1.

18

Photon  
(Poisson)

Photon  
(Bunching)

quasiparticle  
recombination

NEPph = 2PMKID(hF + PMKID/ΔF ) + 4ΔAlPMKID/ηpb

✴ Photon-noise NEP of an MKID
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Conclusion
DESHIMA 1.0 Success:  
On-sky demonstration of the Integrated Superconducting Spectrometer 
1. As an efficient redshift machine

2. As a multi-line spectral imager

Together, these features enable  
spectral surveys of large cosmological volumes

2017 2020

(this work) (poster Pascual Laguna)

chip

F 332-377 GHz 220-440 GHz

Nchannels 49 347

filters Coplanar Microstrip

antenna double-slot leaky-lens

readout SpaceKIDs

cryostat Entropy ADR
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