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Microwave Kinetic Inductance Detector (MKID)

1." MUX: one pair of 
coaxial cable for 1000 
channels 

2." No bias : high yield 
3." Large dynamic range 
4." Robust over thermal 

and mechanical 
variation 
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MKID2MKID1 MKID3
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Cooper pair

P. Day et al. 2003 Nature 
J. Zmuidzinas 2012 ARCMP 
J. Baselmans 2012 JLTP 

MKID1 MKID2 MKID3
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•" Aluminum on Si substrate
•" 1/4 # CPW resonators
•" 220 GHz double slot antenna 
•" machined Si lens array

1." Nitta T et al. 2014 “Close-Packed Silicon Lens 
Antennas for Millimeter-Wave MKID Camera.” J 
Low Temp 176(5-6):684–90. 

2." Sekimoto Y et al. 2014 “Developments of wide field 
submillimeter optics and lens antenna-coupled 
MKID cameras” SPIE 91532P

3." Mitsui K, et al. 2015 JATIS “Fabrication of 721-pixel 
silicon lens array of a microwave kinetic inductance 
detector camera 1(2):025001
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" Cooper pair breaking detector 
" Millimeter-wave to X-ray

" NEP < 2 x 10^{-18} W/rHz 
" Dynamic Range ~ 10^5
" Frequency Multiplexing with a LNA
" Without bias circuit
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material! Tc [K]!  fg [GHz]! Tbath 
[K]!

Al! 1.2! 88! 0.24!
Nb! 9.3! 678! 1.9!
Ti! 0.4! 29! 0.08!

NbTiN! 14! 1026! 2.8!

TiN! (0.5) - 
4.5! 330! 0.9!



MKID noise�and beam measurements at NAOJ
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M. Naruse+2013 IEEE TST 3, 180

Al MKID

NEP 2 x 10^(-18) W/rHz (Karatsu + 2015 LTD)

220 GHz beam pattern
T. Nitta + 2013 IEEE TST 3, 56
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Si lens

Metal Mesh PTFE&Zitex Zotefoam

Nested Baffle

•" F#1 – F#6 Cryogenic optics
•" Nested baffle reduces stray light
•" 0.1 K was demonstrated
•" S. Sekiguchi et al. 2015 IEEE TST 5, 49
•" T. Tsuzuki et al. 2015 JATIS 1, 025002

Cryogenic (0.1K) Optics
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" 150 mm window (~7 W at 300K)
" Taiyo Nissan dillution 20 $W @ 0.1 K
" Tbath = 88 mK

S. Sekiguchi et al. 2014 IEEE TST



" Yield :  
584 / 608 (~ 95 %) 584 / 608 (~ 95 %) 
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MKID readout�
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H. Kiuchi et al. 2015 IEEE TST 5, 456
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Fig. 3. A block diagram of new scheme.

Fig. 4. A signal readout image of a resonator. (a) Wider bandwidth applica-
tion: step frequency is larger than the FFT bin frequency bandwidth. (b) Higher
frequency resolution application: step frequency is smaller than the FFT bin fre-
quency bandwidth.

From a view of the readout system, the digitally generated
comb signal and the received comb signal are apparently
identical frequency. Due to the LO signals of down-converter
and up-converter being common, the influence (the phase
instability) of the frequency sweep of the LO signal is canceled
out. In this scheme, the DAC (Digital to Analog converter)
signal frequency and the ADC (Analog to Digital converter)
signal frequency are equivalent in any case.
On the other hand, there is a possibility that the frequency

sweep causes a measurement error during FFT processing. It is
also desirable that the probe frequency is unchanged during the
FFT processing period. This means that the frequency sweep
should be step wise and the timing of the step should be syn-
chronized with the FFT processing timing.
The proposed readout system is intended for the following

two instruments: a mm/sub-mm ground based instrument and a
space-based instrument. The frequency swept signal is shown
in Fig. 4, where (a) is the frequency interval of the sweep fre-
quency is greater than that of the FFT bin and (b) is the oppo-
site case; (a) is for the ground-based telescope and (b) is for the
space telescope.

Fig. 5. Wider bandwidth application. MKID operation principle with a swept
frequency probing signal. In the case of the resonant frequency, bandwidth is
larger than the FFT bin frequency bandwidth. This is the main goal of frequency
dynamic range enhancement.

!" #$ %&' ()*' +, ) -)./' 01%23)4 -+)52$/67+. )
889*:;<88 =.+:$5<>)*'5 #$*%.:8'$%? There will always be
a telescope/sky background, and this optical loading will cause
the resonator frequencies to shift even in the off-source. These
loadings will be a function of time, due to varying sky condi-
tions, change of source position on the sky, and instrumental
condition (temperature, magnetic field, etc) change.
If the photon arrival rate is much higher than the quasi-par-

ticle lifetime for the no-photon case, then the optically gener-
ated quasi-particles will completely dominate over the thermal
quasi-particles, and the quasi-particle lifetime is then set by the
number density of optically generated particles, which will be
in a steady state (recombination rate equal to optical genera-
tion rate). If the number density of quasi-particles is in steady
state, then the FFT acquisition time is not constrained by the
quasi-particle lifetime. In other words, the FFT data acquisition
rate is of nominal importance. This means that a slow frequency
sweeping is acceptable.
A readout strategy is shown in Figs. 4(a) and 5. In Fig. 5,

the solid line represents the lowest optical loading state, and the
dashed line after photon absorption.
This is the wider bandwidth application (see Figs. 4(a) and 5)

for a large optical loading which causes a small -factor. This
application aims at the frequency dynamic range expansion. The
obtained frequency sweeping range is wider than the highest of
a changed resonant frequency after a large optical loading.

@" #$ %&' ()*' +, ) A8)44 01%23)4 -+)52$/67+. ) A1)3'<
>)*'5 #$*%.:8'$% B*1'32)44C ,+. 0D'. EFF =GH 0;*'.D)%2+$?
In a space application, the assumed spacecraft is the LightBird
[17]. In the case of a small optical loading for a space-based in-
strument especially for over 500 GHz observation, the resonator
keeps a high -factor. The telescope/sky background loading
will presumably be largely independent of time, but will depend
on position.
On the other hand, the resonance frequency calibration is re-

quired, because the resonant frequency depends on the environ-
mental magnetic field. The instrumental condition change will
be a function of time. This can occur only if the photon arrival
rate is slow, or at most comparable, to both the FFT measuring
time and the quasi-particle lifetime. A frequency sweep time

KIUCHI !" #$%: A FREQUENCY SWEEPING READOUT SYSTEM FOR KIDs 461

Fig. 10. Frequency sweep time is 1024 s (4 s 8 32 &"!'). The stepwise
frequency increment is performed every 32 s.

Fig. 11. Frequency sweep time is 128 s (4 s 32 &"!'). The stepwise fre-
quency increment is performed every 4 s.

3) FFT processing is 2 point (250 kHz/bin), LO frequency
is 2.834 GHz;

4) FMmodulation (deviation) frequency on the synthesizer is
250 kHz;

5) number of steps is 32 [see Fig. 4(b)].
In this measurement, adjacent three FFT bins with three probe

signals are used (in normal observation, one tone per resonator is
used). After a frequency sweeping, obtained data of 32 FFT pro-
cesses is synthesized (Fig. 12). Detected trajectory in the com-
plex plane of the complex scattering parameter with fre-
quency sweeping is shown in Fig. 13, and the measured phase
and amplitude responses are shown in Fig. 14. In the ordinary
FFT readout system, it is quite difficult to measure the reso-
nance peak with the FFT bin width of 250 kHz, which is larger
than resonant bandwidth. We show the effectiveness of the fre-
quency sweeping scheme and that there are no problems with
phase/amplitude continuity. As a result, the obtained frequency
resolution is 32 times higher than the FFT bin frequency reso-
lution by the frequency sweeping scheme. The frequency res-
olution is 7.8 kHz in deviation frequency of 250 kHz. It is a
frequency resolution equivalent to a 2 point FFT processing.

Fig. 12. Frequency sweeping with 3 probe signals and 3 FFT bins.

Fig. 13. Trajectory in the complex plane of parameter through a MKID
with frequency sweep.

Fig. 14. Detected phase and amplitude of a resonator with frequency sweep
(FFT bin is 250 kHz).

V. SIGNAL-TO-NOISE RATIO (SNR)

(% )*+ ,-.'#/!0 "- # 1#/2! 3-45" 667 8!"9-0
We will attempt a signal-to-noise ratio (SNR) comparison

between the frequency-swept FFT method and the multi-point
FFT method under an equivalent frequency resolution. We
assume the number of frequency steps to be 32. In this case,

LO Modulation Scheme�

	�

!! Commonly used readout technique for MKIDs: 
FFT, Digital Down Conversion (DDC) 

! Usually probe tones are fixed, and hard to track 
changes of resonances of MKIDs 
!! Solution:  Sweep probe tones by LO 

modulation 

Frequency sweeping tones (comb)
with synchronizing to

FFT 4 µs clock

Bandwidth 1 GHz



700 pixel Si Lens array
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Before Anti-Reflection (AR) Coating
After Mixed Epoxy AR

220 GHz

NAOJ ATC machine shop



 LiteBIRD focal plane 
requirements

1." Optical Quality of feeds
1." Each polarization

1." beam shape (ellipticity, far & near side lobes)
2." polarization alignment 
3." Cross polarization

2." Differential Beam 
1." Differential beam pointing (beam squint)
2." Differential gain (Main & Side lobes)

2." Sensitivity
1." Map-noise

1."  <10 uK-arcmin (< 100 GHz))
2." <5 uK-arcmin (100 – 200 GHz)
3." <10 uK-arcmin (>200 GHz)

2." Dynamic range for calibration 
3." Stability (1/f knee)

3." Environment
1." Power Consumption (0.1K, 4K, 20K)
2." Microphonic 
3." Cosmic ray
4." Weight
5." Volume

14

Optics
(Antenna, HWP,

Baffle, Cold stop, filters)

Feeds

Sensors

Cryogenic Amplifiers

Readout Circuits

Y. Sekimoto NAOJ�
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Direct machined corrugated horn array�
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1)"Larger effective area than platelet/stacked horn without fixing bolts
2)"Lighter weight by carving unnecessary part
3)"Low standing wave with chamfer
4)"Superconducting electro-magnetic shield



Planar OMT!
with circular waveguide

G. Engargiola & R. Plambeck 2003 RSI 74, 1380

Fundamental Mode: TE11(Odd mode)

Higher Modes: TM01 TE21 TE01 TM11 (Even modes)

are cancelled with 180° Hybrid

Y. Sekimoto NAOJ� 19 

David Pozer Microwave engineering!

Broadband OMT (80 - 160 GHz)
J. McMahon + 2012 JLTP 167, 879
R. Datta + 2014 JLTP 176, 670

Tests of a planar L-band orthomode transducer in circular waveguide
G. Engargiolaa) and R. L. Plambeck
Radio Astronomy Laboratory, University of California, Berkeley, California 94720

!Received 17 September 2002; accepted 6 November 2002"

This note describes tests made of a planar L-band orthomode transducer consisting of four probes
symmetrically arranged in a circular waveguide and two wideband baluns, made from back-to-back
slotline-to-microstrip transitions. We designed this device to model at large scale !!50:1" the
performance of a compact millimeter wave transducer for use in an astronomical receiver where
probes and baluns are microfabricated with SiON thin-film dielectric deposited on a quartz
substrate. In the L-band model, probes and baluns are printed on 0.010-in.-thick Duroid 6006,
mounted on a 0.25-in.-thick piece of fiberglass and placed flush against the waveguide. Each pair of
opposite probes is coupled through a balun to a 50 # microstrip output. Measurements show that,
from 1.2 to 1.9 GHz, the orthomode transducer has an output return loss less than "18 dB and cross
polarization less than "35 dB. It should be possible to scale this design to cover bands of high
atmospheric transparency at 100, 230, or 345 GHz. © 2003 American Institute of Physics.
$DOI: 10.1063/1.1535741%

Conventional dual polarization receivers used for detect-
ing astronomical sources at millimeter wavelengths use wire
grids to separate the orthogonal linear polarizations, coupling
them to independent feed horns. This scheme is awkward to
implement with the straight-through design of receivers used
at the Berkeley–Illinois–Maryland Array.1,2 Converting such
compact receivers to dual polarization would be made easier
if the two polarizations could be split in a waveguide ortho-
mode transducer that followed a single feed horn.

Although a number of designs exist for waveguide
orthomode transducers,3,4 machining them is difficult for 3
mm wavelengths and nearly impossible for 1 mm wave-
lengths. A much simpler approach might be to arrange four
planar probes symmetrically in a square or round waveguide
!Fig. 1". Electric fields generated by opposite probes driven
180° out of phase should couple to the TE11 waveguide
mode. By symmetry, orthogonal pairs of probes should be
uncoupled. Bock reported a preliminary test of this simple
arrangement using freestanding metal probes and a packaged
180° hybrid.5 Unfortunately, these elements would be diffi-
cult to mass produce at millimeter wavelengths. The goal of
the work described here is to determine if the probes and
hybrids can be printed onto a dielectric substrate that can be
inserted across the waveguide. MMIC amplifiers or SIS mix-
ers could then be wire bonded to the 50 # microstrip outputs
of this circuit.

Our approach presents two technical challenges: !1" to
design a low-loss planar hybrid or balun which will cover a
full waveguide bandwidth; !2" to insert a dielectric substrate
across the waveguide without launching unwanted surface
modes or exciting parasitic resonances.

First we consider the problem of fabricating a planar
balun. It is difficult to build microstrip components at milli-
meter wavelengths because the width of the microstrip lines

becomes a substantial fraction of a wavelength on even the
thinnest commercially available substrates. For example, on
0.005-in.-thick Duroid 5880, a 50 # line has a width of
0.014 in., while a quarter wavelength at 230 GHz is just
0.009 in.

One alternative is to use coplanar waveguide !CPW".
Since the impedance of CPW depends on the ratio of the
central conductor width to the ground-plane separation, the
central conductor can be made arbitrarily narrow, at least in
principle. Since CPW is uniplanar, the substrate thickness
can remain fixed. Finally, since the characteristic wavelength
is somewhat longer than for microstrip, resonant circuit ele-
ments are larger. CPW has some drawbacks, however. Since
it is physically equivalent to a pair of coupled slotlines, both
odd and !unwanted" even modes can propagate. To short out
the even mode, one couples the two ground planes with regu-
larly spaced capacitive bridges,6 which require additional
fabrication steps.

Another approach—the one we currently prefer—is to
manufacture the microstrip components on an extremely thin
dielectric, which may be deposited as part of the fabrication
process. Tokumitsu et al. demonstrated that miniature mi-

a"Electronic mail: greg@astron.berkeley.edu FIG. 1. Basic design of the orthomode transducer.
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Corrugated horn aperture!Readout!

180° Hybrid!

MKID!

OMT Probe!

Circular waveguide aperture!

Membrane inside!

Bandpass diplexer!

Planar OMT on SOI
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1." OMT Probe 80 - 160 GHz
2." 180 degree Hybrid : CPW

1." 80 - 160 GHz
2." C.-H. Ho + 1994 IEEE MTT 42, 2440

3." CPW —> microstrip (MS)
4." Diplexer and bandpass filters : MS

1." Bandpass stub filters
2." J. McMahon + 2012 JLTP 167, 879 

5." MS —> CPW MKID
1." P. Day + 2006 NIM PR-A 559, 561

Backshort

6$m Si Membrane 

probe

Aluminum

Aluminum

~400$m 
Si Substrate

SOI

choke
device metal layer

1$m SiO2

Corrugated horn 
circular waveguide

S. Shu+ poster

SOI



��Prototype�
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!" 4 pixels x two bands (90 and 140 GHz) x dual polarization
!" Frequency : 80 – 160 GHz
!" Directly machined corrugated Horn : Al 6063-T5
!" OMT/filters : Nb
!" Al MKID on SOI wafer
!" Light tight
!" Light weight



MKID focal plane for LiteBIRD
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*%J9294K%L-/8213'#MN;7=#835'338�

Total weight ~ 8 kg�

�� Pixel Pixel module detector low high BW
�� [mm] Num Num Num GHz GHz %

Low 24 36 5
360 55 77 33%
360 78 108 32%

Mid 16 61 4
488 80 113 34%
488 117 160 31%

High 8 271 1
542 165 227 32%
542 233 330 34%



Challenges�
•  Low frequency MKID: 50 – 90 GHz 

–  Ti/Al bilayer (Catalano + arxiv1504.00281)
–  TiN/Ti multilayer (Hubmayr + 2015 apl 106, 073505; Bueno + 2014 apl 

105, 192601)
–  �lMn [D. Moore 2012]
–  �l/Cu bilayer (A. Dominjon + 2015: Poster)

•  1/f noise
–  knee 0.01 Hz

•  Space qualified readout
•  Mitigation of cosmic rays

–  D’Addabbo + arxiv1505.01647
•  High optical efficiency

–  Horn-planar OMT/bandpass filters
–  For TES; Datta + 2014 JLTP 176, 670�

Y. Sekimoto NAOJ� 27 



Summary�

•" MKID focal plane for LiteBIRD
–" Corrugated horn array
–" Planar OMT-MKID

Y. Sekimoto NAOJ� 28 



Collaborators
•" National Astronomical Observatory of Japan

–" T. Noguchi, W. L. Shan, A. Dominjon, H. Kiuchi, M. Sugimoto, H. Matsuo, N. 
Okada, M. Fukushima, Y. Obuchi, K. Mitsui

•" Department of Astronomy, University of Tokyo
–" M. Sekine, S. Sekiguchi, S. Shu

•" Institute of Physics, University of Tsukuba
–" T. Nitta, N. Nakai, N. Kuno, M. Nagai, H. Imada, Y. Yamada, S. Hisamatsu

•" Graduate School of Science and Technology, Saitama University
–" M. Naruse, H. Myoren, T. Taino

•" Institute of Space and Aeronautical Science (ISAS), JAXA
–" A. Miyachi, M. Mita, S. Kawasaki, T. Matsumura

•" RIKEN
–" C. Otani, S. Mima

•" KEK
–" M. Hazumi, O. Tajima, S. Oguri

•" Kavli IPMU, University of Tokyo
–" �. 	atayama, H. Sugai

•" �kayama University
–" �. Ishino, A. Kibayashi

29Y. Sekimoto NAOJ�


