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Abstract We are developing a superconducting camera based on microwave kinetic
inductance detectors (MKIDs) to observe 100-GHz continuum with the Nobeyama
45-m telescope. A data acquisition (DAQ) system for the camera has been designed to
operate theMKIDswith the telescope. This system is required to connect the telescope
control system (COSMOS) to the readout system of the MKIDs (MKID DAQ) which
employs the frequency-sweeping probe scheme. The DAQ system is also required to
record the reference signal of the beam switching for the demodulation by the analysis
pipeline in order to suppress the sky fluctuation. The system has to be able to merge
and save all data acquired both by the camera and by the telescope, including the
cryostat temperature and pressure and the telescope pointing. A collection of software
which implements these functions and works as a TCP/IP server on a workstation was
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developed. The server accepts commands and observation scripts from COSMOS and
then issues commands toMKIDDAQ to configure and start data acquisition.Wemade
a commissioning of the MKID camera on the Nobeyama 45-m telescope and obtained
successful scan signals of the atmosphere and of the Moon.

Keywords Microwave kinetic inductance detectors · Readout · Telescope · Radio
continuum observation

1 Introduction

The Nobeyama 45-m radio telescope is a well-established facility for mm-wavelength
astronomy up to 150-GHz band. The telescope, with its large aperture size, can detect
and survey small radio sources (∼ 15′′) like distant galaxies if a powerful continuum
camera is installed. For this purpose, a background-limited detector array of ∼ 100
pixels at 100-GHz band is desired so that their beams fill the field of view (FoV) of
the telescope (∼ 3′).

We are developing such a camera for 100-GHz bandswithmicrowave kinetic induc-
tance detectors (MKIDs) [1]. MKIDs can be multiplexed in a single readout line and
are suitable for large detector arrays (e.g., [2–4]). The MKID made of aluminum is
a lens antenna-coupled 1/4-wavelength coplanar waveguide (CPW) resonator on a
3-inch silicon (Si) substrate [5]. Each MKID pixel is fed by a double slot antenna
coupled with a 5.7-mm-diameter Si lens[6]. The Si lens array and its anti-reflection
coating based on the epoxy are fabricated at Advanced Technology Center (ATC) of
NAOJ by an ultraprecision cutting machine and a high speed spindle [7,8]. The cryo-
stat of the MKID camera consists of a dilution refrigerator (Taiyo Nippon Sanso Co.)
and a Gifford-McMahon refrigerator (Sumitomo Heavy Industries, Ltd.) as a cooling
system, and a refractive optical system with 154-mm and 300-mm Si lenses so that
the beams are coupled with the 45-m telescope relay optics. The readout system is
based on FFTS [9,10] with frequency sweeping [11]. The characteristics of MKIDs,
especially its high sensitivity and ease of frequency multiplexing, are suitable for
application as a radio continuum camera.

When the MKID camera is installed on the Nobeyama 45-m radio telescope, the
readout system of theMKIDs has toworkwith the telescope control system, COSMOS
[12]. Since all the data taken with the MKID camera are to be analyzed with the
telescope information, such as the pointing in azimuth and elevation, the state of beam
switch, the state of calibration loads, the whole data acquisition (DAQ) system is
required to collect and save the information synchronously.Wedesigned and integrated
a DAQ system to operate the MKID camera with the telescope. The components and
their relation are explained in this report.

2 Design of Data Acquisition System

Major requirements for the DAQ system are as follows. The DAQ system makes the
MKID camera work harmoniously with COSMOS. The system is also required to
record the reference signal of the beam switch for the demodulation by the analysis
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Fig. 1 Schematic figure of the data acquisition system. MKIDs in the cryostat are the detectors on the focal
plane. Sensors are for cryostat temperature and vacuum pressure monitoring (Color figure online)

pipeline. The system has to be able to merge and save all data acquired both by the
camera and by the telescope, including the cryostat temperature and vacuum pressure
and the telescope pointing. In addition, the system is desired to provide quick-look
data that observers would check.

An important point is the synchronization between the telescope and the MKID
camera.The telescope scans canbedone in on-the-fly (OTF)mode [13]with a sampling
rate of 10 sps. A beam switch is equipped to suppress the effect of the sky fluctuation
for radio continuum observations, whose switching rate is set to be 10–15 Hz. The
requirement of synchronization, thus, is better than 10-ms precision.

A schematic figure of the system is shown in Fig. 1. One workstation can connect
the camera system and telescope system. A collection of software implements these
functions andworks as aTCP/IP server on aworkstation. The server accepts commands
and observation scripts from COSMOS and then issues commands to MKID DAQ to
configure and to start data acquisition. The workstation is placed in the lower cabin
of the telescope, near to the port of the MKID camera. Observers use COSMOS
workstations and a computer for MKID camera quick-look in the observing building.
All the computers are connected in a local area network (LAN) as shown in Fig. 2.

2.1 MKID Readout System

The key component of MKID readout system, shown in Fig. 3, is a prototype
frequency-sweeping probe (FSP) circuit [11]. The FSP circuit has a pair of a digital-to-
analog (D/A) converter and an analog-to-digital (A/D) converter to measure scattering
parameter S21 for MKIDs on the feedline with probe tones. The both converters
have a sampling rate of 4096 Msps and a bit width of 10 bit. The D/A converter
generates a specified set of probe tones whose frequency is a multiple of 250 kHz
below 1 GHz. The time-ordered data from the A/D converter are transformed into
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Fig. 2 Network diagram of Ethernet connection (Color figure online)

Fig. 3 MKID readout system (Color figure online)

the frequency domain by fast Fourier transformation (FFT), and the complex ampli-
tudes at the probe tone frequencies are selected to save in the hard disk drives
(HDDs).

The probe tones from the FSP circuit are up-converted to the frequency range
of the MKIDs (3–4 GHz) with a local oscillator (LO) signal of frequency about
3 GHz. To sweep the probe tone frequencies at the MKIDs by changing the LO
frequency, a ramp signal generated by another A/D converter is sent to the exter-
nal input port for frequency modulation of the synthesizer (Agilent Technologies,
Inc., E8663D). These operations are done by four field-programmable gate arrays
(FPGAs).

The FSP circuit has an embedded Linux system, and the data acquisition is
controlled through an application software on the system (MKID DAQ). In order
to control the FSP circuit from remote, a simple interface of remote control via
TCP/IP is added to MKID DAQ. The available commands are only three: a com-
mand to start a data acquisition with a specified time, a command to stop the data
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Fig. 4 Interface of the control workstation

acquisition immediately, and a query to check whether data are being acquired or
not. File transfer and other remote operations can be done through Secure Shell
(SSH).

2.2 Camera Control Workstation

The workstation runs processes to control data taking and to collect and store all data
and runs the analysis pipeline (see Fig. 1). The ‘Command Receiver’ process receives
commands as TCP/IP server fromCOSMOS,which triggers a data taking. Then, ‘DAQ
Control’ sends commands to MKID DAQ on the FSP circuit.

The workstation also monitors the device status and the beam switch status through
hardware interfaces, as shown in Fig. 4. The cryostat temperatures are collected
through a temperature monitor (Lake Shore Cryotronics, Inc., Model 218) and a tem-
perature controller (Model 350), and the cryostat pressure is measured with a vacuum
gauge (Pfeiffer Vacuum, TPG 361). Their serial interface is converted to Universal
Serial Bus (USB) and connected to the control workstation. A digital input and output
(DIO) device (National Instruments Corporation, USB6211) is also connected to the
control workstation to record the beam switch reference signal and the 1PPS signal
in a sampling rate of 80 ksps. These information is collected by the ‘Status Monitor’
process.

2.3 Synchronization

Since the components have each internal clock, keeping synchronization and correct-
ing timing offset between the components are the task in system integration. For this
purpose, a clock pulse 1PPS and a 10-MHz reference signal provided from the tele-
scope are used. The 10-MHz reference is received by the synthesizer and distributed
to the FSP circuit. The 1PPS signal is distributed to the DIO device of the control
workstation and the FSP circuit. The FSP circuit generates an internal 1PPS signal
from the 10-MHz reference signal.

Computer system clocks (COSMOS, the control workstation, and the FSP circuit)
are synchronized with NTP servers of the observatory. The control workstation and
the FSP circuit gives the timestamp on the 1PPS signal by using the system clock. The
timing of the beam switch reference signal is determined by the 1PPS data obtained by
the DIO device. The timing offset of the FSP circuit between the external and internal
1PPS signals is measured before operation. These offsets are corrected in the pipeline
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Fig. 5 Diagram of data processing. a Data flow. b Process of analysis pipeline (Color figure online)

analysis, which gives an accuracy better than 0.1 ms. Thus, this method satisfies our
requirement (< 10 ms). Still the synchronization of 1-s scale is need to be checked
during operation because the time tagging for 1PPS could shift by ±1 s among the
instruments.

2.4 Data Flow and Analysis Pipeline

The data flow of the acquisition system is shown in Fig. 5a. The data sources are
COSMOS and Camera DAQ, i.e., the MKID DAQ and ‘Status Monitor’. The data are
generated in real time, merged in near real time, and analyzed as batch process.

The steps of the analysis pipeline are summarized in Fig. 5a. A desired output is
OTF data in Flexible Image Transport System (FITS) file format, suitable for existing
analysis tools, such as Nobeyama OTF Software Tools for Analysis and Reduction
(NOSTAR). The pipeline does all process to obtain NOSTAR files of radiation tem-
perature.

3 Test Measurements

The functions of the camera workstation, communication with COSMOS and oper-
ations of beam switching, were tested on the 45-m telescope before MKID camera
installation. The continuum output was taken from a receiver (H22) instead of the
MKID camera. Beam-switched data of a celestial point source (NRAO 530) and its
demodulated signals are obtained successfully.

For the first commissioning, the MKID camera was installed on the 45-m telescope
on 22 December 2016. A test device with 19 MKIDs (19 beams) was used. After
5 days of cooling, the device temperature reached 65 mK. The test measurements
were taken 5 days from December 30, 2016, to January 5, 2017, 4h each day. The
optical response of the device was confirmed by the shift of the MKID resonance
frequencies induced by beam chopping by a hot-load. Tipping scans for atmospheric
opacity were done, and the Moon was observed for the first light. Measurements both
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Fig. 6 MKID response for go-and-return scan of the Moon. The resonance frequency of an MKID (#10)
at the A/D converter is plotted to the azimuth offset of the telescope direction from the center of the Moon.
The Moon signal appears in the same position in go scan (purple) and return scan (green), which indicates
the time difference between the telescope and the camera is small (Color figure online)

with and without beam switching were taken. Basic functionality of the DAQ system
was checked during these measurements.

The Moon was observed with go-and-return scan. Each scan is 1◦ in length and
60 s in duration. Signals of the Moon were obtained successfully. Figure 6 shows an
example of resonance frequency data for the Moon signal of azimuth scan without
beam switching. We also checked that the off-resonance data shows no response to the
Moon. The azimuth offset (dAz) in horizontal axis was taken from the antenna log.
The position difference in theMoon signal between go scan and return scan is less than
0.02 degree. This corresponds to the timing offset between the telescope motion and
the MKID data less than 1 s. Thus, we found no significant time difference between
the telescope and the camera system and confirmed that the time tagging for 1PPS is
correct during the observation.

In Fig. 6, the sky levels obtained by go scan and return scan are different, and those
of the east side and the west side are also different. These differences are likely to be
due to the time and spatial variation of atmospheric radiation, though we could not
exclude the possibility that there is systematic drift of the camera response. Intensity
calibration by the chopper-wheel method and beam switching are expected to remove
these effects.

4 Summary

A data acquisition system has been developed to operate the MKID camera with the
Nobeyama 45-m telescope. The system connects the readout system of MKIDs based
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on FFTS with frequency sweeping and the telescope control system COSMOS. We
made the first commissioning of the MKID camera on the Nobeyama 45-m telescope
and obtained successful scan signals of the atmosphere and of the Moon.

For the next step, a 109-pixel MKID camera is being developed. The design of
the DAQ system is scalable on the number of MKIDs, and the scalability will be
demonstrated in the next commissioning. On the other hand, the data rate will reach
the limitation by the hardware of the prototype FSP circuit; upgrades of its hardware
and/or firmware to improve the effective data rate are practical for largerMKID arrays.
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