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Supplementary Fig. S1. Conversion from the relative MKID frequency response
x to sky brightness temperature Tsky. a, Sky temperature Tsky as a function of rela-
tive MKID frequency shift x for a representative filterbank channel. x is defined relative to
when an ambient temperature black body is loading the beam coming out of the cryostat:
x ⌘ {f(Tsky) � f(Tamb)}/f(Tamb). The analysis is based on time-dependent PWV values taken
directly from the ALMA radiometer31 without any correction. Each solid curve is taken with one
skydip measurement. The dashed curve is a square-law fit to all measurements. b, Improved cal-
ibration model, after an iterative parameter fit which takes the PWV as a fitting parameter that
is common to all filterbank channels.
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Supplementary Fig. S2. The beam pattern of ASTE/DESHIMA. a, The DESHIMA
350 GHz image of Mars. The response of all spectral channels are added together. The color
scale represents antenna temperature. b, The radial profile of the 350 GHz image of Mars with
an apparent diameter of 3.9900. Since the beam shape is elliptical, the normalized intensities (blue
dots) are measured with elliptical annuli as a function of their minor radii. The radius of each
pixel in the image is defined as minor axis of an ellipse (corresponding to the beam shape of panel
a) which crosses it, and the blue data points indicate the normalized intensities at each pixel in the
image. The black points and error bars show the mean and standard deviation of the normalized
intensity at a radial bin in steps of dr = 4.500 (inset). After correcting for the ellipticity, the main
beam is well described by a Gaussian with a FWHM of 22.8 ± 3.1 arcseconds (orange line). c,
Normalized far-field beam pattern, simulated assuming a 4� o↵set from the ideal optical axis at
the lens-antenna on chip.

Supplementary Note 1. MAIN BEAM SIZE AND EFFICIENCY

We measure the main-beam shape and e�ciency on a Mars image where Mars cannot

be considered as a point source (i.e., ⌦source ⌧ ⌦MB, where the former and latter are the

solid angles of the source and the main beam, respectively). The Mars image is produced by

putting time-stream data, which are already flux-calibrated by the standard chopper-wheel

method, into 2-dimensional pixels (Supplementary Fig. S2a). Then we fit a 2-dimensional

Gaussian to this continuum map to measure the intrinsic beam size and amplitude. We

obtain a peak antenna temperature of T ⇤
a = 1.06 ± 0.1 K and the half-power beam width

(HPBW) of 31.400 ± 2.800 by 22.800 ± 3.100 with a position angle of 145 degrees. The beam

radial profile is presented in Supplementary Fig. S2b. The antenna temperature is related

to the main beam e�ciency as the equation

T
⇤
a =

R
source Pn(✓,�) d⌦R
4⇡ Pn(✓,�)d⌦

Tbrightness = ⌘MB
⌦source

⌦MB
Tbrightness , (S1)

where Pn is the power pattern, ⌦MB and ⌦source are the solid angle of main beam and the

source, respectively, and ⌘MB is the main beam e�ciency. The solid angle of an elliptical
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main beam is expressed as ⌦MB = ⇡✓major✓minor

4 ln 2 , where ✓major and ✓minor are the FWHMs of

the main beam measured along the major and minor axes, respectively. We regard the

brightness distribution of Mars as a disk with a uniform intensity of Tbrightness = 210 K and

an apparent diameter of 3.9900, and obtain ⌘MB = 0.34± 0.03 at 350 GHz.

Supplementary Note 2. JACK-KNIFE ESTIMATION OF THE NOISE

LEVEL

Since each MKID is an independent detector, the noise level of each ISS channel is

determined by applying an iterative integration method with random sign inversion (the

jack-knife method). In this method we apply the following steps to the time-stream data of

each channel, independently. First, we subtract the time-integrated signal of the source from

the entire time-stream data. Then we divide this source-subtracted time-stream data into

blocks that contain one cycle of the telescope nodding, and randomly invert the sign of the

signal cotained in each block. The time-integration of this randomized set of data yields a

single estimation of the source-subtracted intensity of each channel. We repeat this process

for 100 times, and use the standard deviation as the estimation for the noise level at that

channel. The channel-dependent error of the broadband spectra of VV 114 and IRC+10216

as shown in Fig. 1b and Fig. 4a, as well as the NEFDs shown in Fig. 4c, are determined

using this method.
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