
DESHIMA Statistical method of sky removal for 
submm ultra-wideband spectrometers

We present a new data analysis pipeline to remove sky emission from ultra-wideband (UWB) submillimeter wave spectra, measured 
with emerging instruments such as DESHIMA (DEep Spectroscopic HIgh-redshift MApper). DESHIMA has an instantaneous 
bandwidth of 45 GHz (Endo et al. 2019b, NatAstron), and is being upgraded to 220 GHz. When the instantaneous frequency 
coverage is so wide, the sky baseline becomes a non-linear spectrum and therefore requires an atmospheric model for fitting. We 
demonstrate that the method reduces the non-flatness of an astronomical spectrum better than the conventional methods. As this 
method can also estimate a continuum spectrum, it may offer a new way of sky removal for astronomical continuum observations.
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2. End-to-end data analysis pipeline of DESHIMA data

3. New UWB sky removal method 4. Applications of the UWB sky removal
The UWB spectral baseline (sky level) of a spectrum is not constant but has 
a strong frequency dependence, even after a chopper wheel calibration. 
The calibrated antenna temperature, Tcal, can be expressed in detail as:

Tcal
ν (t) = TA*

ν (t) + Tatm d τν

d PWV
δ PWV (t) non-linear

linear

where δPWV(t) is a precipitable water vapor (PWV) change in a scan (on-
source) from its off-source. We find that dτν/dPWV has a non-linear 
spectrum which can be calculated by the ALMA atmospheric model.

Using the non-linearity, we develop a UWB sky removal method which 
estimates δPWV(t) instead of baseline itself: It removes only UWB sky 
emission and keep continuum and line emission in astronomical signals. 
Statistically, the method can be expressed as a linear regression problem.
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sky coefficient (i.e., δPWV) Linear regression problem 
can be expressed as a matrix 
decomposition, where Φ is a

design matrix (known) and W is a coefficient matrix 
(to be solved). With some regularization, f(W), the 
problem to solve is: Ŵ = argmin |T − ΦTW |2

2 + f (W )

4.1 Simple simulation of a continuum observation

4.2 Mapping observation of Orion by DESHIMA

A simulation of a continuum observation in DESHIMA 
frequency range. The model continuum level is 50 mK 
while δPWV changes ± 10-3 mm in a scan.

We demonstrate that the new UWB 
sky removal can estimate continuum 
emission at the exact level (50 mK), 
while a conventional sky removal by 
a constant baseline fitting does not.

We demonstrate that the new UWB baseline subtraction can remove the 
scanning effect and keep the both continuum and line emission from 
Orion-KL region better than the conventional constant-baseline fit.

Spectra of Orion-KL after baseline 
subtraction of different methods: (a) 
constant baseline. (b) the UWB baseline.

CO (3-2) maps of Orion-KL region by DESHIMA 1.0 with different 
reduction methods: (a) Reduced with only R-SKY calibration. (b) R-
SKY and constant baseline fit. (c) R-SKY and the UWB baseline fit.
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The PWV-to-τν relation can be expressed as a linear 
function τν = aν PWV + bν, where aν = dτν / dPWV.

Atmospheric τν spectra as a function of PWV 
(0.5-5.0 mm) calculated by the ALMA ATM model.
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integration time of ton ~ 103 s, a HCN line SNR of ~67 was reached, as 
presented in Fig. 4a,b. The SNR / t0:5on

I
 dependence shows good sta-

bility during integration. The noise equivalent flux density (NEFD) 
per channel has been estimated from this dataset (Fig. 4c). For the fre-
quency range in which the atmosphere is most transparent (Fig. 2h),  
a NEFD of ~2–3 Jy s0.5 beam−1 is reached. The NEFD inferred from 
the observation of VV 114 is similar, as can be seen in Fig. 4c, con-
firming that the estimation depends little on the observing condi-
tions or on the properties of the source. This sensitivity would allow 
for example a 5σ detection of a [C ii] line from a hyper-luminous 
infrared galaxy (HyLIRG) at redshift 4.2–4.7, with an on-source 
integration time of 8 h, as indicated in Fig. 4c. Furthermore, the blue 
bars in Fig. 4c indicate the on-sky NEFD predicted from the optical 
efficiency of DESHIMA measured in the laboratory6, in combina-
tion with the aperture efficiency we measured on Mars in this work 
(see Methods section ‘Beam efficiency’).

The excellent agreement between the instrument design, labo-
ratory sensitivity and on-sky sensitivity shows that DESHIMA 
on ASTE reaches the foreground photon-noise limit. This means 
that the sensitivity is limited only by the foreground photon noise 
and by the coupling efficiency between the source and detector. 
The limiting factors here are the ISS chip design and the intrinsic 
coupling between the warm optics and the chip. The efficiency of 
the chip is currently ~0.08, due to the design of the coplanar filters 
and the oversampling6. This can be improved to ~0.5 by adopting 
microstrip filters20 based on amorphous silicon: we recently mea-
sured a loss tangent of tanδ = 10−4 at ~35 GHz (S. Hähnle, private 
communication). Additionally, a more advanced filter geometry is 
needed to couple more than 50% of power into a single filter: an 
example would be to couple the power from several oversampled 
filters12 into a single MKID25. These developments12,20,25 provide a 
path to improving the chip efficiency. Regarding the optics, a careful 
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Fig. 3 | DESHIMA spectral maps of the Orion nebula and the barred spiral galaxy NGC 253. a, DESHIMA CO(3–2)/HCN(4–3)/HCO+ (4–3) RGB 
image of the Orion nebula. The box at the bottom left shows the size of the 43″-diameter circular aperture used for photometry (black), together with 
the best-fit 2D Gaussian beam at half-power level (grey). The ellipse is set at the typical position angle of the beam, which rotated by up to ~±45° with 
respect to the map during the observations of both Orion and NGC 253 (f). The effective resolution of the images shown in a–d and f is ~39″, given by 
the convolution of the aperture and the beam. b–d, Individual DESHIMA CO(3–2), HCN(4–3) and HCO+ (4–3) maps used in the RGB map. The images 
are continuum-subtracted. e, DESHIMA spectrum of the Orion KL region based on aperture photometry (blue circle in a). The spectrum is plotted in the 
same manner as the spectrum in Fig. 1b. (Many of the vertical error bars are smaller than the points.) The horizontal dashed line indicates the continuum 
flux at each position derived by averaging assumed emission-free channels. f, DESHIMA CO(3–2) map (contours) of NGC 253 on a 2MASS JHK RGB 
image. The contour levels are 3, 6, 9 and 12σ. The position offset between the CO brightest point and the brightest point in the 2MASS image is ~4.5″, 
which is comparable to the typical pointing error of the observations presented in this Letter. The yellow dashed line shows the coverage of the DESHIMA 
observations. g, The DESHIMA spectrum for the CO brightest point of NGC 253 based on aperture photometry. The 1σ noise level is derived from the map, 
after smoothing with the 43″-diameter circular aperture.
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(a) Filter design and (b) chip design 
of the upgraded DESHIMA in 2020. 
which demonstrates  a blind redshift 
search of dusty star-forming galaxies 
at the early Universe.
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