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Abstract—An MKID focal plane array has been designed
for LiteBIRD, which is a future satellite to probe B-mode
polarization of cosmic microwave background radiation. Octave-
band corrugated horn arrays and planar OMTs are designed for
the feed. Three kinds of feed modules detect photons from 55
GHz to 330 GHz with 6 frequency bands. This focal plane array
consists of 2780 MKID detectors.

I. INTRODUCTION

L ITEBIRD is a future satellite mission for probing B-mode
polarization of cosmic microwave background radiation

(CMB) to study the cosmological inflation [1]. The science
goal of LiteBIRD is to measure the tensor-to-scalar ratio
r = 0.002, with 2σ sensitivity. It surveys all-sky with linear
orthogonal polarization from 55 GHz to 330 GHz with 6
frequency bands (Table 1). Its optics is modified Mizuguchi
Dragon reflectors with the aperture diameter of 450 mm and
field-of-view (FoV) of ±15 degrees [2]. LiteBIRD is planned
to be launched in the early of 2020th by JAXA.

High sensitivity, high beam qualities, and broadband ca-
pability are required for the focal plane array. The detector
noise is less than CMB photon noise. The stability or 1/f
knee in the noise spectrum is longer than the modulation
period of the continuously rotating achromatic halfwave plate
[3]. For polarization observations, differential beam shape and
differential pointing from the feeds are critical as well as beam
shape and cross polarization of each pixel[4]. The TES option
of the focal plane array with broadband sinuous antenna and
lens has been also proposed for LiteBIRD[5].

II. MKID
Microwave Kinetic Inductance Detector (MKID) is a

Cooper-pair breaking photon detector, which consists of super-
conducting micro-resonators[6]. The resonators with slightly
changing their center frequencies (∼ GHz) enable frequency
multiplexing. No bias line is required, so many pixels camera
is easily realized. Because of a kind of quantum detector
using Cooper-pair breaking, MKID is relatively robust over
temperature variation and microphonic interferences.

We made antenna-coupled 1/4 wavelength CPW MKIDs
similar as the one developed by SRON/TU Delft [7]. The dark
noise equivalent power (NEP) has been measured to 5×10−18

W/
√
Hz [8].

A 600 pixels 220 GHz MKID camera with Si lens array has
been developed [9]. Double slot antenna and1/4 wavelength

CPW MKIDs with Al 50 nm thickness are patterned on a
high resistivity Silicon substrate (t = 300µm). The Si lens
array and mixed-epoxy anti-reflection coating (ARC) have
been machined by a high-speed spindle with ceramic endmills
in the mechanical engineering shop of NAOJ[10]. The lens
diameter and the lens spacing are 1.2λ [11], which is coupled
to an F#1 focus [12] .

III. CORRUGATED HORN ARRAY AND PLANAR OMT

Corrugated horns have been widely used for CMB obser-
vations and millimeter astronomy due to their excellent beam
properties. The near side-lobe level is less than -30 dB and the
cross polarization level is less than -30 dB. For polarization
observations, differential beam pointing or beam squint is
critical. The beam shape of a conical horn is determined by
the metal wall, so the differential pointing of dual polarizations
coincides in a first order of approximation. On the other hand,
differential pointing of the lens coupled antenna is determined
by the alignment between the lens and the planar antenna.

Although corrugated horns have some merits compared to
lens feeds, there are two demerits: larger fabrication costs of
a horn and its narrow bandwidth. Corrugated horn arrays have
been developed for a focal plane array with stacked plates
[13], [14], [15]. Horn coupled MKIDs have been developed
[16], [17].

We designed a broadband corrugated horn as shown in Fig.
1. It has been directly machined from an Aluminum block by
the machine shop of NAOJ. The beam pattern was simulated
with HFSS and CST softwares. A prototype of this direct
machined horn array was confirmed to has a good beam shape
and low cross polarization from 120 - 270 GHz.

OMTs have been used for polarization observations. Waveg-
uide OMTs have been developed for ALMA receivers [18],
but it was bulky for array detectors. A planar solution for
array detectors has been demonstrated by [19], which can also
suppress higher modes of a circular waveguide with 180 degree
hybrid [20]. Octave bandwidth with a corrugated horn and a
planar OMT has been demonstrated for ACT pol[21].

We designed a planar OMT on an SOI (Silicon-on-isulator)
wafer for the horn array. The SOI wafer has 6µm thick device
layer, 1µm thick SO2 layer, and 400µm thick handle layer. A
prototype has been designed to cover frequencies from 80 GHz
to 160 GHz and has two frequency bands separated with planar
bandpass filters, which will be tested on a ground telescope.
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Fig. 1. A schematic drawing of a corrugated horn array and its beam pattern
simulation. The horn diameter is 8 mm.

IV. FOCAL PLANE

A focal-plane with MKIDs is designed with corrugated
horns as shown in Fig. 2. Each hexagonal module has a
diameter of 150 mm. It is optimized to the telecentric focal
plane of modified Mizuguchi - Dragon reflectors of LiteBIRD
[2]. It consists of three frequency modules as tabulated in
Table 1. Each horn has an octave bandwidth and detects two
frequency bands with two planar bandpass filters.

The direct machined horn array has several merits. It is
possible to reduce stray lights from finite temperature of 4
- 10 K loads of the cold aperture stop and gaps of the

Fig. 2. Conceptional design of an MKID focal plane array with direct
machined corrugated horn arrays for LiteBIRD

reflectors. It also reflects these radiation with emissivity of
∼ 0.03, so the radiative heating for this large area is kept to be
enough low (∼ 0.1µ W). Unnecessary parts of the Aluminum
horn block are reduced to decrease the weight of the horn
array. The Aluminum horn block plays an important role of
superconducting electromagnetic shield of MKIDs at 0.1 K.

Schematic diagram of the MKID focal plane is shown in Fig.
3. Ten low noise amplifiers corresponding to each module are
installed on the 20 K stage. Coaxial low pass filters (LPF) (eg.
[22]) reduce stray lights from warm stages, which may break
Cooper pairs.

V. TECHNICAL CHALLENGES

There are several technical challenges for this focal plane
array. Al-MKID has been already demonstrated to have high
performance [23], however, lower frequencies than the gap
frequency of 90 GHz has not been demonstrated with NEP
around 10−18 W/

√
Hz. MKIDs work at higher frequencies

than the gap frequency νg which is derived from the transition
temperature Tc of a superconductor with the BCS theory.

ν > νg =
2∆

h
=

3.5kBTc

h
= 73[GHz]

Tc

1K
. (1)

MKIDs have low NEP at the bath temperature Tb less than
Tc/7 [8]. With the bath temperature of 100 mK of LiteBIRD,
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TABLE I. AN MKID FOCAL PLANE DESIGN OF LITEBIRD.

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%
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Fig. 3. Block diagram of an MKID focal plane array for LiteBIRD

an appropriate material of Tc = 700 mK is required to detect
lower frequency bands.

νg = 51[GHz]
Tb

100mK
. (2)

A promising candidate is a multilayer TiN/Ti/TiN film,
where Tc is controlled with layer thickness [17]. It is noted that
NEP of TiN film is improved with higher radiation powers[24].

Stability of the detectors or low frequency 1/f noise is
also important for CMB observations. Common mode noise
of MKIDs can be subtracted. Current baseline design of
LiteBIRD uses a rotational half-wave plate [3], which will
mitigate this requirement.

High energy particles or cosmic rays in the satellite orbit
cause glitches with various time scales in the detector [25].
These events are potential dead time of the detector. Some
techniques have to be developed to mitigate them.

ACKNOWLEDGMENT

The authors would like to thank Wenlei Shan, Jochem Basel-
mans, Akira Endo, Masahiro Sugumito, and LiteBIRD working
group for their kind supports. This work was supported by

JSPS KAKENHI Grant Number 25247022. TN was supported
by a Grant-in-Aid for JSPS Fellows (No. 25001164).

REFERENCES

[1] M. Hazumi et al., “LiteBIRD: a small satellite for the study of B-mode
polarization and inflation from cosmic background radiation detection,”
in SPIE Astronomical Telescopes + Instrumentation, 2012, p. 844219.

[2] T. Matsumura et al., “LiteBIRD: mission overview and design trade-
offs,” in SPIE Astronomical Telescopes + Instrumentation, 2014, p.
91431F.

[3] T. Matsumura, “Mitigation of the spectral dependent polarization angle
response for achromatic half-wave plate,” p. 8, Apr. 2014. [Online].
Available: http://arxiv.org/abs/1404.5795

[4] W. Hu, M. M. Hedman, and M. Zaldarriaga, “Benchmark parameters
for CMB polarization experiments,” Phys. Rev. D, no. 4, p. 43004, 2003.

[5] A. Suzuki et al., “Multi-chroic Dual-Polarization Bolometric Focal
Plane for Studies of the Cosmic Microwave Background,” Journal of
Low Temperature Physics, vol. 167, no. 5-6, pp. 852–858, Mar. 2012.

[6] J. Zmuidzinas, “Superconducting Microresonators: Physics and Appli-
cations,” Ann. Rev. of Cond. Matter Phys., vol. 3, p. 169, 2012.

[7] S. J. C. Yates, J. J. a. Baselmans, A. Endo, R. M. J. Janssen, L. Ferrari,
P. Diener, and a. M. Baryshev, “Photon noise limited radiation detection
with lens-antenna coupled microwave kinetic inductance detectors,”
Applied Physics Letters, vol. 99, no. 7, p. 073505, 2011.

[8] M. Naruse et al., “Optical Efficiencies of Lens-Antenna Coupled Kinetic
Inductance Detectors at 220 GHz,” IEEE Transactions on Terahertz
Science and Technology, vol. 3, no. 2, pp. 180–186, Mar. 2013.

[9] Y. Sekimoto, T. Nitta, K. Karatsu, M. Sekine, S. Sekiguchi, T. Okada,
S. Shu, T. Noguchi, M. Naruse, K. Mitsui, N. Okada, T. Tsuzuki,
A. Dominjon, and H. Matsuo, “Developments of wide field submillime-
ter optics and lens antenna-coupled MKID cameras,” in SPIE Astronom-
ical Telescopes + Instrumentation, W. S. Holland and J. Zmuidzinas,
Eds. International Society for Optics and Photonics, Jul. 2014, p.
91532P.

[10] K. Mitsui, T. Nitta, N. Okada, Y. Sekimoto, K. Karatsu, S. Sekiguchi,
M. Sekine, and T. Noguchi, “Fabrication of 721-pixel silicon lens array
of an MKID camera,” Journal of Astronomical Telescopes, Instruments,
and Systems, vol. 1, no. 2, p. 025001, Feb. 2015.

[11] T. Nitta et al., “Close-Packed Silicon Lens Antennas for Millimeter-
Wave MKID Camera,” Journal of Low Temperature Physics, vol. 176,
no. 5-6, pp. 684–690, 2014.

[12] S. Sekiguchi, T. Nitta, K. Karatsu, Y. Sekimoto, N. Okada, T. Tsuzuki,
M. Sekine, T. Okada, S. Shu, M. Naruse, A. Dominjon, T. Noguchi,
S. Kashima, M. Sekine, T. Okada, S. Shu, M. Naruse, A. Dominjon,
T. Noguchi, and H. Matsuo, “Development of a Compact Cold Optics
for Millimeter and Submillimeter Wave Observations,” IEEE Transanc-
tions on terahertz science and technology, vol. 5, no. 1, p. 49, 2015.

[13] J. P. Nibarger, J. A. Beall, D. Becker, J. Britton, H.-M. Cho, A. Fox,
G. C. Hilton, J. Hubmayr, D. Li, J. McMahon, M. D. Niemack, K. D.
Irwin, J. Lanen, and K. W. Yoon, “An 84 Pixel All-Silicon Corru-
gated Feedhorn for CMB Measurements,” Journal of Low Temperature
Physics, vol. 167, no. 3-4, pp. 522–527, Dec. 2011.

T3-526TH INTERNATIONAL SYMPOSIUM ON SPACE TERAHERTZ TECHNOLOGY, CAMBRIDGE, MA, 16-18 MARCH, 2015



[14] F. D. Torto, M. Bersanelli, F. Cavaliere, A. D. Rosa, O. D’Arcangelo,
C. Franceschet, M. Gervasi, A. Mennella, E. Pagana, A. Simonetto,
A. Tartari, F. Villa, and M. Zannoni, “W-band prototype of platelet
feed-horn array for CMB polarisation measurements,” Journal of In-
strumentation, vol. 6, no. 06, pp. P06 009–P06 009, Jun. 2011.

[15] L. Lucci, R. Nesti, G. Pelosi, and S. Selleri, “A Stackable Constant-
Width Corrugated Horn Design for High-Performance and Low-Cost
Feed Arrays at Millimeter Wavelengths,” IEEE Antennas and Wireless
Propagation Letters, vol. 11, pp. 1162–1165, 2012.

[16] H. McCarrick, D. Flanigan, G. Jones, B. R. Johnson, P. Ade, D. Araujo,
K. Bradford, R. Cantor, G. Che, P. Day, S. Doyle, H. Leduc,
M. Limon, V. Luu, P. Mauskopf, A. Miller, T. Mroczkowski, C. Tucker,
and J. Zmuidzinas, “Horn-coupled, commercially-fabricated aluminum
lumped-element kinetic inductance detectors for millimeter wave-
lengths.” The Review of scientific instruments, vol. 85, no. 12, p.
123117, 2014.

[17] J. Hubmayr, J. Beall, D. Becker, H.-M. H.-M. Cho, M. Devlin, B. Dober,
C. Groppi, G. C. Hilton, K. D. Irwin, D. Li, P. Mauskopf, D. P. Pappas,
J. Van Lanen, M. R. Vissers, J. Gao, Y. Wang, L. F. Wei, and J. Gao,
“Photon-noise limited sensitivity in titanium nitride kinetic inductance
detectors,” Applied Physics Letters, vol. 106, no. 7, p. 073505, Jun.
2015.

[18] M. Kamikura, M. Naruse, S. Asayama, N. Satou, W. Shan, and Y. Seki-
moto, “Development of a Submillimeter Double-Ridged Waveguide
Ortho-Mode Transducer (OMT) for the 385-500 GHz Band,” JOURNAL
OF INFRARED, MILLIMETER AND TERAHERTZ WAVES, vol. 31,
no. 6, pp. 697–707, 2010.

[19] G. Engargiola and R. L. Plambeck, “Tests of a planar L-band orthomode
transducer in circular waveguide,” Review of Scientific Instruments,
vol. 74, no. 3, p. 1380, 2003.

[20] E. J. Wollack, “Millimeter Wave Orthomode Transducers,” Journal of
Physics: Conference Series, vol. 155, no. 1, p. 42, 2009.

[21] R. Datta et al., “Horn Coupled Multichroic Polarimeters for the Ata-
cama Cosmology Telescope Polarization Experiment,” Journal of Low
Temperature Physics, 2014.

[22] E. J. Wollack, D. T. Chuss, K. Rostem, and K. U-Yen, “Impedance
matched absorptive thermal blocking filters.” The Review of scientific
instruments, vol. 85, no. 3, p. 034702, Mar. 2014.

[23] R. M. J. Janssen, J. J. A. Baselmans, A. Endo, L. Ferrari, S. J. C.
Yates, A. M. Baryshev, and T. M. Klapwijk, “High optical efficiency
and photon noise limited sensitivity of microwave kinetic inductance
detectors using phase readout,” Applied Physics Letters, vol. 103, no. 20,
p. 203503, 2013.

[24] J. Bueno, P. C. J. J. Coumou, G. Zheng, P. J. de Visser, T. M. Klapwijk,
E. F. C. Driessen, S. Doyle, and J. J. A. Baselmans, “Anomalous
response of superconducting titanium nitride resonators to terahertz
radiation,” vol. 105, no. 19, p. 192601, Nov. 2014.

[25] Planck Collaboration, “Planck 2013 results. X. HFI energetic particle
effects: characterization, removal, and simulation,” Astronomy & Astro-
physics, vol. 571, p. A10, Oct. 2014.

T3-5 26TH INTERNATIONAL SYMPOSIUM ON SPACE TERAHERTZ TECHNOLOGY, CAMBRIDGE, MA, 16-18 MARCH, 2015




