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Abstract: A compact radio source Sgr A∗ is the nu-
cleus of our Galaxy and harboring a supermassive
black hole with the mass of 4×106 M�. While the
current activity of the Galactic nucleus is extremely
low, an activation subsequent to the infall of the
G2 cloud is expected within several years. In or-
der to search for the flux variation which is caused
by the interaction between the G2 cloud and the
accretion disk, we have been conducting flux mon-
itoring observations of Sgr A∗ at S band (2 GHz)
and X band (8 GHz) using the NICT Kashima-
Koganei VLBI system (109 km baseline) since mid-
Feburuary 2013. Until 3 June 2014, we observed
Sgr A* for 42 days. Four quasars (NRAO 530, PKS
1622–253, PKS 1622–297, PKS 1921–293) were also
observed as flux calibrators. No significant change
nor variation has been detected in the 8 GHz flux
density of Sgr A∗ so far. The 8 GHz flux density
was 0.81±0.06 Jy, while no significant 2 GHz emis-
sion was detected by our system.

1. Introduction

Milky Way has a 4× 106M� supermassive black
hole (SMBH) at its center, which is recognized as
a compact radio source Sgr A∗. Despite the huge
mass, Sgr A∗ is extremely dim and quiet. This ex-
treme dimness suggests a very low mass accretion
rate (< 10−5M� yr−1), and/or a low radiation effi-
ciency. On the other hand, the widespread (∼ 200
pc) distribution of Fe 6.4 keV fluorescent line emis-
sion implies that Sgr A∗ was far brighter (∼ 1039

erg s−1) than the present about several hundred

years ago[1]. It is possible that currently inactive
Sgr A∗ may be active sometime. Such variations
may be caused by intermittent accretion of inter-
stellar gas onto the central SMBH.

Recently, the Max-Plank-Institut für extrater-
restrische Physik (MPE) group has reported the
discovery of a dense gas cloud, G2, which is on
its way toward Sgr A∗[2]. The G2 cloud has the
mass of ∼ 3M⊕ and is on the elliptical orbit with
high eccentricity. The G2 cloud has been stretched
and will be disrupted by the strong tidal force from
the central SMBH. The tidal disruption of the G2
cloud will increase mass accretion rate onto the
central SMBH, causing a multi-wavelength flare.
The interaction between hot plasma around Sgr
A* and the G2 cloud may cause a bow shock, ac-
celerating electrons, which emit synchrotron radi-
ation in centimeter wavelength[3]. The G2 cloud
had been expected to reach the pericenter, ∼ 2400
Schwarzschild radii from the nucleus, in Spring
2014[4][5]. However, according to the most re-
cent report, the G2 cloud has not yet reached its
pericenter[6].

2. Observations

In order to search for the centimeter-wave flux
variations caused by the G2 event, we have con-
ducted flux monitoring observations of Sgr A∗ at 2
GHz and 8 GHz using the NICT Kashima–Koganei
VLBI system since mid-February 2013[7]. This
VLBI system consists of K5/VSSP32 samplers and
two 11-m diameter antennas which are located at
Kashima and Koganei in Japan. The baseline
length is 109.1 km. The observing frequencies are
2.21–2.29 GHz and 8.2–8.5 GHz. The spatial res-
olutions of this VLBI system are � 250 mas and
� 70 mas at 2 GHz and 8 GHz, respectively. Un-
til 3 June 2014, we observed Sgr A∗ for 42 days
in total, about five hours (EL > 15◦) each day.
Since 78th day-of-year (DOY) 2013, four quasars
(NRAO 530, PKS 1622−253, PKS 1622−297, PKS
1921−293) are observed as flux calibrators, while
only NRAO 530 had been used before 78th DOY.
The integration times are, 300 s, 30 s, 240 s, 240 s,
and 30 s, for Sgr A∗, NRAO 530, PKS 1622−253,
PKS 1622−297 and PKS 1921−293, respectively,
in each observing sequence. All the sources were
observed by turns in the observing five hours.

3. Results

Figure 1 shows a plot of the 8 GHz flux densi-
ties of Sgr A∗ and the calibrators. No significant
emission at 2 GHz has been detected so far. We
determined Sgr A∗ flux by using the correlation
amplitudes of calibrators, and the 8 GHz flux of
NRO 530 (5.4 Jy[8]). Note that quasars are variable
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Figure 1. Flux densities of the observed sources at 8 GHz. These flux densities are values averaged over
each observing day. Error bars show 1σ standard deviation for each day.

objects in every wavelength, thus the flux calibra-
tion method employed here is a little controversial.
Nevertheless, the 8 GHz flux of Sgr A∗ is really
stable, exhibiting no significant flare or variation.
We obtained the average flux is 0.81±0.06 Jy.

4. Summary

In order to search for the radio flux variations of
Sgr A∗ associated with the G2 event, we have con-
ducted the flux monitoring observations at 2 GHz
and 8 GHz with the NICT Kashima-Koganei VLBI
system. We obtained the 8 GHz flux densities of
Sgr A∗ from the mid-February 2013 to 3 June 2014
for 42 days, while no significant emission from Sgr
A∗ at 2 GHz has been detected by our system. Sgr
A∗ is very stable at 8 GHz, and the average flux is
0.81±0.06 Jy. These monitoring observations are
very important for studies of SMBHs and active
galactic nuclei. When the flare is detected in our

monitorings, we will alert it to the world as soon as
possible. We intend to continue these monitorings
as often as possible for the next several years.
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A New Verification Method of

Applied Calibrations onto Vis-
ibility Data

Makoto Miyoshi (makoto.miyoshi@nao.ac.jp) ,

National Astronomical Observatory Japan,
2-21-1 Osawa, Mitaka Tokyo, Japan 181-8588

Abstract: Visibility calibrations are essentially im-
portant for VLBI astronomical imagings. In gen-
eral, however, the VLBI data calibrations lack their
verification methods testifying the validation. For
that reason, too much nervous data flagging of-
ten fails to utilize an original spatial resolution
of VLBI. Or adversely, incorrect results from im-
proper calibration and analysis can be reported.
Therefore, it is better to establish an objective in-
dex to show the validity of VLBI data calibrations.
We here show our approach to establish such a ver-
ification method by comparing statistical property
of calibrated visibility data and theoretical predic-
tion from thermal noise property. We have no way
of knowing about the structure of observed astro-
nomical source in advance, while thermal noises
which will be included in calibrated visibility data
can be estimated from measurements of Tsys and
antenna performance during observations. If we
can subtract the components of observed source
structure from calibrated visibility data, the resid-
uals of the calibrated visibility should show a sta-
tistical property as of pure thermal noise (if the cal-
ibrations are correctly performed). If not, the per-
formed calibrations are not sufficient for reducing
systematic errors from visibility data and the resul-
tant synthesis images should be not perfectly cor-
rect. Here we show such a trial using calibrated vis-
ibility data of Miyoshi et al. (2011)[1] and demon-
strate their visibility data calibrations are correctly
performed.

1. Statistical Behavior of Visibility

Statistical behavior of visibility including signal
and thermal noise is theoretically well known. Be-
low we show the equations modified from Thomp-
son et al. (2001)[2] but the definition is modified
suitable for the issue. The measured (and cor-
rectly calibrated) visibility is represented by a
vector Z = V + ε where V and ε represent the
true visibility (the signal) and noise components,
respectively. Because the observed source has a
complex structure in general the signal V is pre-
sented as a vector so that V = (Vx, Vy). The phase
of the measured visibility is here denoted by φ.
The components of ε have independent zero-mean

Gaussian probability distributions in the x and y
coordinates with an rms deviation σ given by Eq.
(6.43) in Thompson et al. (2001)[2]. Z have a
probability distribution given by

p(Zx, Zy) =
1

2πσ2
exp(− (Zx − Vx)2 + (Zy − Vy)2

2σ2
)

(1)
It is often useful to deal with the magnitude and
phase of the visibility, denoted by Z and φ. Re-
spective probability distributions are:

p(Z) =
Z

σ2
exp(−Z2 + |V |2|

2σ2
)I0(

Z|V |
σ2

) (2)

where Z =
√

Z2
x + Z2

y .

p(φ′) =
1
2π

exp(−|V |2
2σ2

)
{

1 +
√

π

2
|V | cosφ

σ

· exp(
|V |2 cos2 φ′

2σ2
)

×[1 + erf(
|V | cosφ′
√

2σ
)]
}

(3)

where I0 is the modified Bessel function of order
zero, and erf is the error function. φ′ is the phase
angle measured from the direction of V vector.
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Figure 1. Definition of Visibility

2. Difference of Visibilities between Chan-
nels

Because the source structure is unknown to us
in general, we cannot predict how the signal V be-
have. If we can subtract the V from the visibility
Z, the residual is a pure noise ε, whose nature can
be estimated from measured system temperatures
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Figure 2. Cancelation of Signal in Visibility

and antenna performance. A difference of visibil-
ities between different video channels recorded at
the same time with the same baseline corresponds
to such quantities. If the applied calibrations to
the visibilities are precisely appropriate, the differ-
ence should statistically show the noise nature.
As for the distribution function of amplitude differ-
ence of visibilities, we found the following formula.
We denote the amplitude difference of visibilities
as t which can be negative.

p(t) = +
√

πt|t|exp(− t2

4σ2 )erf( |t|
2σ )

8σ3

−
√

πtexp(− t2

4σ2 )erf( |t|
2σ )

4σ|t|

−
√

πt2exp(− t2

4σ2 )
8σ3

+
√

πexp(− t2

4σ2 )
4σ

+
texp(− t2

2σ2 )
4σ2

(4)

As for the distribution function of phase difference
of visibilities, we found that the function has no
analysis solution, however, we can make a concrete
table from numerical solution. 1 Here we assumed
the same noise level in respective channel.

3. Real Distribution of Visibility Differ-
ence

By checking the distributions of difference of vis-
ibilities of recording channels, we can verify the ap-

1The equation shown in Miyoshi et al. (2011)[1] is incor-
rect.

plied calibrations are proper or not. If the distri-
butions followed those of difference between ther-
mal noises, the calibrations are proper and the re-
sultant synthesis images are free from systematic
errors. In Figure 3, we show examples of real dis-
tributions of visibility difference both in amplitude
and phase from calibrated visibility data in Miyoshi
et al. (2011)[1]. The data were calibrated in each
channel individually using tasks likes FRING and
CALIB in AIPS, the obtained solutions for delay,
rate, phase and amplitude are totally independent
for each channel. Both of distributions are fitted
the theoretical thermal noise curves quite well so
that the applied calibration solutions to the visi-
bility data reduced systematic errors properly. We
checked not only these but all of differences be-
tween all channels in all base lines except MK-
baselines and found that 92.56% of amplitude dif-
ferences and 87.20% of phase differences are within
95% confidence level of Chi-square test. Which
means almost of data set were well calibrated by
their manner. We further made synthesis images
using visibility data set within 3 − σ distributions
and the resultant images are almost the same as
ones reported in Miyoshi et al. (2011) [1]. These re-
sults demonstrated that their report of QPO detec-
tions in SgrA∗ from VLBA images were not caused
from systematic errors by improper calibrations.

4. Summary

By checking distributions of differences of visi-
bility (both in amplitude and in phase) between
recording channels obtained from the same base-
line at the same time, we can testify the validation
of the applied calibrations to the data. Using this
method we proved that the image-QPO detection
in Miyoshi et al. (2011) [1] are not from improper
calibrations of VLBA data. About the details we
will report in our preparing paper.

5. Acknowledgments

We thank Nitta S. for his kind analytical calcu-
lations for the distributions of difference of visibil-
ities.
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Figure 3. Distributions of Visibility Difference. Those of Phase (left) and Amplitude (right)
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Report of VLBI Experiments

between Australia and Japan
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Abstract: We report on recent VLBI experiments
linking the DSN-Tidbinbilla 70m telescope in Aus-
tralia with the four 20m telescopes of VERA in
Japan in early 2014. The data recorded at each
telescope were shipped to to Mitaka in Japan
and processed using the NAOJ software correlator
(Softcos), resulting to successful fringe detection.
The maximum telescope separation in this experi-
ment was over 8,300 km, and an resultant angular
resolution is 0.38 arcsecond at 22 GHz. The am-
bitious plan for this experiment is to connect the
Tidbinbilla 70m to the East Asia VLBI Network
(EAVN) across the Pacific Ocean.

1. Introduction

VLBI experiments have been conducted by
the radio telescopes in East Asia VLBI Network
(EAVN) in which 14 telescopes in China, Japan,
and Korea participated. Many attempts to orga-
nize the East Asia VLBI Network (EAVN) have
been made for radio astronomy observations. The
EAVN will combine more than 10 radio telescopes
distributed over the countries of China, Japan, and
Korea. One of the aims of the EAVN is to obtain a
better angular resolution that is provided telescope
separation between China and Japan and improved
imaging sensitivity by adding large telescopes such
as the new 65m telescope in Shanghai. It should
be noted that scientific results of astronomy using
the EAVN have been reported [1].

The EAVN has a more ambitious plan to extend
its maximum telescope separation that is currently
limited to at most 5,500 km. In order to extend
telescope separation for obtaining a better angular
resolution, we organized VLBI experiments by link-
ing the Tidbinbilla 70m telescope in Australia with
the VERA (VLBI Exploration of Radio Astrome-
try) in Japan. This might extend outside Asia and
Australia.

2. Experiment Conditions

The experiments were conducted on February
23 in 2014 by employing four 20m telescopes of
VERA and the Tidbinbilla 70m telescope (DSS-
43) located in the Canberra Deep Space Commu-
nication Complex (CDSCC). The experiments were
conducted at 22 GHz for sources of Orion-KL and
0420-014 and total time of the experiments was
about 1 hour. The parameters of the experiments
are summarized in Table 1.

VLBI Data were recorded with 1024 Mbps (16
channels x 16 MHz x 2 bits/sample) recording rate
at each site using the Mark 5C terminal of the
Tidbinbilla 70m and the OCTADISK for VERA.
The data obtained at each site were converted to
files following the VLBI Data Interchange Format
(VDIF) [2]. The data were then transmitted to the
correlator center at the National Astronomical Ob-
servatory of Japan (NAOJ) in Tokyo via network
and processed on the NAOJ soft correlator system
(Softcos) after the experiments. A schematic dia-
gram describing the experiments is shown in Fig.1.

Table 1. VLBI experiments
Telescopes DSN-Tidbinbilla, VERA
Observation date 2014 February 24
Duration 1 hour
Frequency 22.235 GHz
Rec terminals Mark5C(Tid), OCTADISK(VERA)
Sources Orion-KL, 0420-014
Data processor NAOJ Software Correlator

3. Results

Fringes between the 70m and VERA using 8 sec-
onds of data were detected in the both spectral-
line (Orion-KL) and continuum (0420-014) sources
(Fig.2). For example, the peak of the fringe am-
plitude of Orion-KL from the Mizusawa-Iriki base-
line (∼1,200 km) was obtained in signal-to-noise
ratio (SNR) of 620, while the fringe from the Iriki-
Tidbinbilla baseline (∼8,100 km) was detected in
SNR of 430. This demonstrates that the source
structure of the maser in Orion-KL is more re-
solved by the longer Australian baseline. The same
trend can be seen for the fringe of the continuum
source (0420-014): The fringe peak amplitude of
the Mizusawa-Iriki baseline was obtained in SNR
of 15, while that of the Mizusawa-Tidbinbilla base-
line was 10, which shows that the source structure
of the quasar, 0420-014 was certainly more resolved
by the longer baseline.
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Figure 1. Schematic diagram of the VLBI experi-
ment: The data in VDIF format were recorded with
1 Gbps recording rate at Tidbinbilla and VERA
each. After the experiments, data files of the Tid-
binbilla were transmitted to the correlator center at
NAOJ via network and fringe-search was made by
the software correlator (Softcos).

4. Summary

We succeeded in the fringe detection in the VLBI
experiments connecting the 70m telescope at Tid-
binbilla in Australia with 20m VERA telescopes
distributed over Japan. The maximum telescope
separation in this experiment was over 8,000 km,
resulting in a resolution of 0.38 arc seconds, ∼1.5
times better than that of the EAVN or ∼4 times
better than the VERA (Table 2). The ambitious
plan for this experiment is to connect telescopes in
Australia to the EAVN. In future, those telescopes
are expected to be connected via the fiber network
across the Ocean to transmit data for nearly real-
time correlation. This idea might extend to outside
Australia and east Asia.

5. Acknowledgments

We are grateful to Dr. Shinji Horiuchi and other
staff for support for this experiment at the Tid-

Figure 2. The fringe plot of the Tidbinbilla-
Mizusawa (VERA) baseline for the source of 0420-
014: Fringe was detected in SNR of 10 using 8
seconds data. The data were processed using the
Softcos at NAOJ.

binbilla 70m telescope in the Canberra Deep Space
Communication Complex.
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Table 2. Array performance
Telescope Diameter Tsys SEFD Ba θb σc

[m] [K] [Jy] [km] [arcsec] [mJy]
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VERA 20 150 2400 8336 0.38 2.2
(Kashimad 34 140 304 7990 0.41 0.78 )

a) Baseline length
b) Angular resolution
c) One sigma baseline sensitivities, assuming 256 MHz bandwidth and 60 seconds integration time
d) Estimation by assuming that the NICT Kashima 34m telescope participated to this experiment
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Abstract: The Geospatial Information Authority of
Japan (GSI) has started a new project for con-
structing a VGOS station in Japan. The con-
struction of the antenna (radio telescope) has been
complete and the necessary equipments (Front-end,
Back-end, H-maser, and so on) have also been de-
livered. The name of the new site is Ishioka, which
is located 17 km away from Tsukuba 32-m antenna.

We briefly report the current status of the con-
struction of the new antenna, and the initial re-
ceiving performance of the antenna and front-end
system.

1. Introduction

The Geospatial Information Authority of Japan
(GSI) has carried out VLBI observations since
1981. In the first period from 1981 to 1994, we
developed transportable VLBI systems with a 5-
m antenna and a 2.4-m antenna, and carried out
domestic observations by using them. As a result,
8 sites in Japan were observed and precise posi-
tions determined. In addition, Japan-Korea VLBI
observations were carried out by using a trans-
portable 3.8-m antenna in 1995. In these obser-
vations, the Kashima 26-m antenna, which was re-
moved in 2002, was used as a main station. Next,
in the second period from 1994 to 1998, GSI es-
tablished four permanent stations: Tsukuba 32-
m, Sintotsukawa 3.8-m, Chichijima 10-m and Aira
10-m antennas. Up to the present, regular VLBI
observations by using the four stations have been
carried out. Especially, Tsukuba 32-m antenna is
a main station for not only domestic but also in-
ternational VLBI observations now.

In 2011, GSI started a project for constructing
a new antenna following the VLBI2010 concept,
which is recommended by the International VLBI
Service for Geodesy and Astrometry (IVS) as the
next-generation VLBI system.

This paper gives the outline of the project, the
current status of the construction of the new an-
tenna, and the receiving performance of the an-
tenna and front-end system as the initial result of
the performance measurement.

2. Observing Facilities

In the new project, observing facilities are now
being constructed. The conceptual design consist-
ing of the six components is depicted in Figure
1. The temporary operations rooms are installed
instead of the Operations Building, which will be
complete by the end of 2015.

Figure 1. Conceptual design of the new observing
facilities

3. Receiving Performance

3.1 Antenna

The antenna (radio telescope) is the main part
of the observing system (Figure 2). Since a single
antenna is employed, very high slew rates are spec-
ified in order to be compliant with the VLBI2010
concept. In addition, Ring Focus optics is applied
for the antenna design in order to match the beam
pattern of the broadband feed. The receiving per-
formance of the antenna with tri-band feed sys-
tem was measured by receiving some strong ra-
dio stars (Cas-A, Taurus-A, Virgo-A). As a result,
the SEFDs for S and X band are approximately
1,700Jy and 1,300Jy, respectively. This means that
the aperture efficiencies for S and X band are 59%
and 77%, respectively, if the system noise tempera-
ture is assumed as 50K. High receiving performance
for X band is confirmed as the feature of the Ring
Focus optics.

On the other hand, RFI is more serious than ex-
pected because of the feature of Ring Focus optics.
In the case of Ring Focus optics, the aperture ef-
ficiency is better but the artificial radio signal can
be reach the feed more easily than the usually-used
optics like Cassegrain. In the new station, the ra-
dio signal for cellular phone is so strong in the fre-
quency range less than 2.1GHz that the saturation
of the amplifier for S band may occur. Installation
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of the High Pass Filter to cut the frequency less
than 2.2GHz is necessary to avoid the saturation
of the S band amplifiers. The specifications and
the performance of the antenna are listed in Table
1.

Figure 2. Photo of the new antenna.

Table 1. Specifications and performance of the new
antenna.

Parameter Value
Diameter 13.2 m
RF frequency range 2–14 GHz
Optics Ring Focus
Surface accuracy ≤ 0.1 mm (rms)
Measured SEFD 1,700Jy (S band)

1,300Jy (X band)
Measured Aperture ef-
ficiency

59% (S band)
77% (X band)

AZ maximum slew rate 12◦/sec
EL maximum slew rate 6◦/sec
AZ maximum accelera-
tion rate

3◦/sec2

EL maximum accelera-
tion rate

3◦/sec2

Special feature Reference point can
be measured directly
from the ground for co-
location.

3.2 Front-end

According to the VLBI2010 concept, a broad-
band feed is necessary to achieve high aperture ef-
ficiency over 2–14 GHz. At present the Eleven feed,
which has been developed at Chalmers University

of Technology in Sweden, and Quadruple-Ridged
Flared Horn (QRFH), which is developed at Cal-
ifornia Institute of Technology (Caltech), are the
practical as a broadband feed, so both feed sys-
tems are purchased. The employment of the feed
will be determined after the evaluation of the an-
tenna performance with these two feeds. For the
design of the antenna optics, employing the Eleven
feed was assumed.

In the both cases, the feeds and Low Noise Am-
plifiers (LNAs) are integrated into the each cryo-
genic system, whose physical temperature is less
than 20K. The measured receiver noise tempera-
tures for QRFH system are less than approximately
30K for the both polarizations (see Figure 3.). In
addition, in order to achieve the compatibility with
the legacy S/X band observation, tri-band feed sys-
tem is also purchased, and used for the measure-
ment of the initial receiving performance. (See the
above section)

The phase and cable calibration system are also
installed. A new type of P-cal unit is developed
and employed. In addition, instead of the present
D-cal a new cable calibration system developed by
NICT is also employed. The specifications of the
front-end are shown in Table 2.

Table 2. Specifications of the front-end.

Parameter Value
RF frequency range 2–14 GHz
Polarization Dual linear polariza-

tion
Feed Eleven feed or QRFH
Dewar Feed, LNAs, and other

devices should be in-
cluded and cooled by
cryogenic system.

Physical temperature ≤ 20K
Receiver noise temper-
ature

≤ 30K

Total gain ≥ 45 dB
Output frequency
range

2–14 GHz

Number of output 2 (for dual linear polar-
ization)

Phase and delay cali-
bration

New-type P-cal unit
New cable calibration
system developed by
NICT

Injection of P-
cal/noise-source

In the front of the feed
(Eleven feed) or the
front of LNA (QRFH)
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Figure 3. Receiver noise temperature for QRFH system (Upper: Horizontal polarization, Lower: Vertical
polarization.)

4. Site Information

The site name is Ishioka, which is near Tsukuba
(about 17km-NE from GSI). The location is shown
in Figure 4. According to the results of a soil in-
vestigation of the site, the bedrock is located near
to the surface at less than 3 meter depth, which
could avoid the groundwater effects in contrast to
Tsukuba 32-m station.

5. Summary

A new project for constructing a new antenna in
Japan has started. The new station will be fully
compliant with the VLBI2010 concept. The con-
struction of the antenna was complete by the end
of March 2014. The measurement of the receiving
performance of the antenna was done, and high
aperture efficiency for X band is confirmed. Imple-
mentation of the station will be done continuously
to start regular VLBI observation from April, 2015,
and this station will play an important role as a
main station in the Asian region in the future.

Figure 4. Location of the site of the new observing
facilities.
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Regular Geodetic VLBI Ob-

servation with a Wide-band
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Takahiro Wakasugi (t-wakasugi@gsi.go.jp),
Ryoji Kawabata

Geospatial Information Authority of Japan,
Kitasato-1, Tsukuba, Ibaraki, Japan

Abstract: Aira VLBI Station, which is one of the
VLBI stations operated by the Geospatial Informa-
tion Authority of Japan (GSI), had taken part in
IVS-R1 sessions while Tsukuba VLBI Station could
not participate in all IVS sessions due to damage to
the substructure of the antenna during 2013. For
this purpose, we installed a wide-band recording
system. After the improvement of the initial in-
stability of the system, we succeeded in obtaining
good data and showed the usefulness of the system
for regular VLBI experiments.

1. Introduction

The Geospatioal Information Authority of Japan
(GSI) has participated in a lot of international
VLBI sessions under the framework of Interna-
tional VLBI Service for Geodesy & Astrometry
(IVS) in order to maintain the International Ter-
restrial Reference Frame and to observe the Earth
Orientation Parameters. GSI has also carried out
domestic (JADE) sessions to determine the posi-
tion of Japanese land on ITRF and to monitor plate
motions around Japan by using four domestic ra-
dio telescopes (Figure 1).
Tsukuba VLBI Station is not only main facility of
GSI but also one of the central stations in east-
ern Asia. It has regularly taken part in IVS-R1,
IVS-INT2, IVS-INT3, IVS-T2 and JADE sessions.
However, Tsukuba had suspended all the sessions
from early May to the end of November 2013 due
to damage to the substructure of the antenna[1].
Instead of Tsukuba, we decided to take part in
IVS-R1 sessions with Aira VLBI Station (Figure
2), which had mainly participated in IVS-T2 and
JADE so far. The specifications of the Aira VLBI
Station are summarized in Table 1.

2. Recording System

Before participating IVS-R1 sessions, we had to
modify the recording system of Aira because the or-
dinary recording system, which is usually used for
JADE, could not record the frequency sequences
of IVS-R1 sessions. Especially, the video converter
had a selection of 2MHz or 4MHz bandwidth for

one channel, but it was necessary to select 8MHz
in order to participate in IVS-R1 sessions. In ad-
dition, we also modified down converter a little to
be adaptable for IVS-R1 frequency sequences.
In order to record the frequency sequence of IVS-
R1 sessions, we employed high speed A/D sampler
ADS3000+ and the versatile data recording system
K5/VSI (Figure 3) instead of K5/VSSP record-
ing system with the video converter. ADS3000+
is a high speed A/D sampler, which is devel-
oped by NICT, JAXA/ISAS and COSMO RE-
SEARCH Corp[2]. ADS3000+ can sample ana-
log data 1Gsps*4ch and output digitized signal
64Msps*16ch for maximum by Digital Base-Band
Converter (DBBC) with VLBI Data Interchange
Format (VDIF). K5/VSI is a data recording and
transferring system, which is also developed by
NICT[3]. K5/VSI system is configured by a com-
mercial Linux PC with PC-VSI board and RAID
controller board that are both inserted into the ex-
pansion bus slot. It can record data with up to
2Gbps at the maximum recording speed. The data
sampling and recording process with a set of digital
back-ends are adaptable for the coming new VGOS
observations.
The sampled data by ADS3000+ were recoded into
the RAID 0 system that was configured by some of
hard disks with K5/VSSP format by VDIF/SUDP
recording control software. The recorded data was
converted to mark5b format and simultaneously
transfered to the hard disks attached by USB. The
hard disks were shipped to Tsukuba soon after fin-
ishing sessions. Finally, the data were e-transfered
to the correlator from Tsukuba via Internet.

Figure 1. Geodetic VLBI network of GSI.
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Table 1. Aira VLBI antenna specifications.
Owner and operating agency Geospatial Information Authority of Japan
Approximate position 130◦ 35’ 59.51” E, 31◦ 49’ 25.66” N
Year of construction 1997
Radio telescope mount type Az-El
Antenna optics Cassegrain
Diameter of main reflector 10 m
Azimuth range 20 – 700◦

Elevation range 5 – 88◦

Az/El drive velocity 3◦/sec
Tsys at zenith (X/S) 120 K / 150 K
SEFD (X/S) 10300 Jy / 7400 Jy
RF range (X1) 8180 – 8680 MHz
RF range (X2) 8580 – 8980 MHz
RF range (S) 2120 – 2520 MHz
Recording terminal K5/VSSP, ADS3000+ with K5/VSI

Figure 2. Aira VLBI Station.

3. Result

Aira participated in IVS-R1 sessions 20 times
from R1604 (Sep 2013) to R1613 (Nov 2013) and
from R1621 (Jan 2014) to R1630 (Mar 2014). How-
ever, we missed large number of scans at the ini-
tial sessions because of the insufficient memory ca-
pacity of the PC that composed K5/VSI recording
system. Moreover, the RAID controller board that
was also installed in the PC was unstable. We oper-
ated multiple K5/VSI system as recording servers
and replaced the RAID controller boards with new

Figure 3. ADS3000+ and K5/VSI recording sys-
tem in Aira.

ones. Finally, we were able to record most of ob-
servations successfully.
The number of the missed scans is shown in Figure
4. The missed scans were drastically decreased by
the addition of recording servers and the improve-
ment of the RAID controller board.
Furthermore, the help of NICT with new, more
stable recording control software enabled us to
perform later sessions certainly. As a result, the
missed scans became almost zero from the latter
half sessions. The percentage of the correlated
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baseline to the scheduled are also shown in Figure
4. The percentage has certainly increased in ac-
cordant with the improvement and been kept with
high level after that.

4. Summary

We carried out some VLBI experiments of IVS-
R1 sessions by using Aira VLBI Station instead of
Tsukuba, which faced to serious trouble of the sub-
structure. We recorded the observation data with
high-speed A/D sampler ADS3000+ with DBBC
and K5/VSI data recording system. The improve-
ment of the performance of the PC that composed
recording system allowed us to obtain good data
stability. We showed that the system was useful
for regular VLBI experiments.
Finally, we sincerely thank for the NICT VLBI
members who gave us very kindly help.
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The Tian Ma 65-m radio tele-
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1. Introduction

The Tian Ma 65-m radio telescope (Fig. 1) was
constructed in 2012 and was started in the oper-
ation in 2013. Now it was primary used in the
space project (Chinese moon exploration project,
ChangE) in frequency bands of 2- and 8-GHz.
It was operated for radio astronomy observations,
Pulsars, Hydrogen and Carbon recombination lines
in 1.6-, 2.3- and 5-GHz. The telescope is the largest
and the most sensitive radio telescope in the east
Asian region, and is expected as a major telescope
in the EAVN, East Asian VLBI Network.

In this paper I present the recent activities on
developing new facilities to be installed into the
65m telescope. New frequency bands of Ka, K and
Q-band are going to be added to the 65-m. In
order to keep aperture efficiency in such high fre-
quency bands, it is inevitavble to keep the best
optimized shape at low and high elevation angles
by compensating the unexpected gravitational de-
formation caused on a large main reflector. In this
paper an active surface control system is also pre-
sented.

The sheshan campus of the shanghai observatory
was established very recentry scince 2013. So also
the breif introduction of the new campus is pre-
sented here.

Figure 1. The Tian Ma 65m telescope

Figure 2. The Tian Ma 65m telescope

1.1 Location

The geometry around the Sheshan is shown in
fig.2. The 65-m telescope is located at 3-km west
to the Sheshan Campus, opposite side of the 25-m
telescope. The 25-m telescope was founded almost
25 years ago but still has been working for the in-
ternational VLBI observation. The 65-m telescope
is connected to the 25-m with an optical fiber ca-
ble and near-real-time fringe detection is possible
on the baseline between the 65-m and the 25-m
telescopes. The DiFX correlator is working at the
Sheshan Campus.

1.2 Sheshan Campus

The sheshan campus was opened in 2013, where
research staffs and students have just started work-
ing. In this campus we have a main hall (Fig.3) and
research offices (Fig.4). In the main hall computer
fasilities for VLBI correlation and space data anal-
ysis are installed. A big conference room with a
large display attached on the all span of the wide
wall. In the reserch building offices of the research
staffs and students are prepared.

Figure 3. The main hall of the Sheshan Campus
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Figure 4. The research building of the Sheshan
Campus

2. Toward High Frequency Observation

The 65-m telescope is now working in fre-
quency bands lower than 9GHz, i.e. L-band (1.25-
1.75GHz), S-band (2.2-2.4GHz), C-band (4-8GHz)
and X-band (8.2-9GHz). New frequency bands,
i.e. Ku-band (12-18GHz), K-band (18-26.5GHz),
Ka-band (30-34GHz) and Q-band (35-50GHz) are
going to be added. In such high frequency bands,
however, the gravitational deformation of the main
reflector is a serious problem to keep the high effi-
ciency. On the 65-m telescope many actuators are
set behind the pannels to compensate the gravi-
tational deformation. Before starting the active
surface control, the measurements of the surface
accuracy were started.

2.1 Holographic Surface Measurement by
a Satellite Signal

To see the potential accracy of the main reflec-
tor, the holograhic surface measurements were con-
ducted to receive a signal from a geosynchronous
satellite orbiting just above the Shanghai city,
which locates at azimuth angle 180degree and the
elevation 52degree. The result is shown in Fig. 5
and at this fixed elevation angle we can see that
the 65-m telescope has good surface accuracy of
0.32mm-rms. The surface accuracy is good enough
in the highest observing frequency of 50GHz, one
twentyth of the wavelength (λ=6mm).

2.2 A test 22-GHz receiver

The main reflector of the 65-m telescope has the
potential surface accuracy of 0.32mm, which is con-
firmed by holographical surface measurement de-
scribed in the previous section. It is necessary,
however, to know the gravitational deformation at
the different elevation angles. The holographical

Figure 5. The Tian Ma 65m telescope

surface measurements by using a celestial strong
masers as a reference signal are planned. The
strongest water maser source, W49N, will be ob-
served with two radio telescopes of 25-m and 65-m
and the interferometer fringes will be analyzed to
meausre the surface accuracy of the 65-m telescope,
which is scanned around the W49N while the 25-m
telescope keeps tracking on the W49n at the center
beam. For the W49N holography, a test 22-GHz
receiver is prepared as shown in Fig.6. It is used
under a room temperature environment but has
enough performance to detect W49N with enough
signal-to-noise ratio.

Figure 6. A configuration of a 22-GHz test receiver

The perfomance was tested and shown in Fig. 7
and Fig. 8.

2.3 Holographic Surface Measurement by
a strong maser

The flux density of the W49N is confirmed with
a VERA telescope and found to be 40KJy. The
baseline sensitivity between 25-m and 65-m tele-
scopes at Sheshan has well been estimated to be
2200Jy. The SNR of 8000 is expected with integra-
tion time of one second. The hollography test with
the dynamic range of more than 30dB is possible
to do. The test result will be reported later.
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Figure 7. The system gain of an LNA and
a mixer

Figure 8. Noise performance at a room
temperature environment
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Status of Broadband VLBI Ob-

servation System (Gala-V) De-
velopment
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Abstract: The Gala-V is a broadband VLBI sys-
tem composed of two small diameter antennas and
large diameter one for precise time and frequency
transfer over intercontinental distances. The proto-
type of the broadband feed for the Gala-V has been
newly designed for the 34m radio telescope. First
light observation has been successfully made as si-
multaneous observation of 6.7GHz and 12.2GHz
Methanol maser line spectrum from W3OH in Jan-
uary 2014. Pair of small diameter antenna MAR-
BLE1 (1.6m diameter) and MARBLE2 (1.5m di-
ameter) are ready for broadband observation with
single linear polarization. The MARBLE1 antenna
has been moved to National Metrology Institute of
Japan (NMIJ) at Tsukuba in March 2014. Since
both the NMIJ and NICT are time keeping labo-
ratory of UTC(k), thus time comparison between
NICT and NMIJ is good test bed for evaluation
of the time comparison techniques. Three sessions
of 24 hours geodetic VLBI experiments were con-
ducted in April - May 2014, and their station co-
ordinates are determined within 5 mm horizontal
and within 5cm in vertical repeatability.

1. Introduction

Counting microwave frequency emitted from Cs
atoms is used for standard unit of length of time
at present. More accurate clock based on count-
ing optical emission from particular atoms are in-
vestigated and will become atomic time standard
in the next generation(e.g.[1]). For establishing
re-definition of second, precise frequency compari-
son between laboratories over intercontinental dis-
tances is required. For the purpose of distant
frequency comparison, we are developing trans-
portable broadband VLBI system (Gala-V). The
data acquisition of the system is made by acquir-
ing signal of 4 bands of 1 GHz width each in the
frequency range of 3.2–14 GHz. Fixed frequency
array is designed in the Gala-V at present, and the
frequency array is selected based on (1) RFI survey
and (2) minimum redundancy array for high delay
resolution [2]. Although the frequency array is ten-
tatively fixed in our project whereas flexible choice
of the band is specification of VGOS[3], compati-
bility with the VGOS observing system is always in

Figure 1. Prototype of Iguana Feed install at
Kashima 34m antenna. SEFD is 1000 – 1500 Jy
in 6.5–14 GHz frequency range.

Figure 2. Frequency Spectra 6.7GHz and 12.2 GHz
of Methanol maser source W3OH observed with
Iguana prototype Feed of Kashima 34m antenna.

mind. Following section describes the progress of
broadband system development and time and fre-
quency transfer project since the last issue of TDC
News[2].

2. Broadband system Development

Known broadband feeds such as eleven feed[4]
and QRFH[5] have wide beam size, thus we had
to develop new broadband feed for our Cassegrain
type 34 m antenna, whose viewing angle from
the focal point to the sub reflector is 34 degrees
wide. The first prototype of the broadband feed
(Named ’Iguana Feed’) developed by NICT, whose
frequency range is 6.5–14GHz, was installed in Dec.
2013(Fig.1). The first light observation was suc-
cessfully made in January 2014, where two emis-
sion lines of methanol maser at 6.7 GHz and 12.2
GHz were simultaneously observed from the radio
source W3OH(Fig.2). Current system equivalent
flux density of the broadband system of Kashima
34m antenna is 1000–1500 Jy in 6.5–14GHz range.
Though this feed will be used by the end of 2014 for
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Figure 3. MARBLE1 station installed at the top of
3-7 building of NMIJ at Tsukuba.

evaluation, upgrade of the feed design is under the
plan to enable 3.2–14 GHz observation with better
efficiency.

3. Moving MARBLE1 to Tsukuba (NMIJ)

The Gala-V system is composed of pair of small
antennas and Kashima 34m telescope. Two small
antennas (MARBLE1 and MARBLE2) have prime
focus parabolic antenna with 1.6 m and 1.5 m di-
ameter dishes, respectively. Quad Ridge Horn An-
tenna (QRHA)[6] is used for the feed, and has been
ready for broadband single linear polarization ob-
servation. The MARBLE2 antenna has been in-
stalled at the top of the second building of NICT
headquarters at Koganei. The MARBLE1 antenna
was moved from Kashima Space Technology Center
(KSTC) to National Metrology Institute of Japan
(NMIJ) at Tsukuba in the end of March 2014
(Fig.3). Both NICT and NMIJ have been keeping
their own time scale by atomic time standards, and
their UTC(k) are regularly compared with UTC
determined by the BIPM (Bureau International des
Poids et Measure). Therefore time comparison be-
tween NICT (Koganei) and NMIJ (Tsukuba) is a
good test-bed for development of frequency com-
parison technique. After installation of MARBLE1
to NMIJ(Tsukuba), 24 hours geodetic VLBI exper-
iments were conducted three times with X-band.

Table 1. Station coordinates determined by five
VLBI experiments (22-13 April 14-15 May, 30-31
May, 26-27 Jun., and 1-3 Aug.). Station Coor-
dinates are estimated with Kashima 34m station
coordinates fixed. Its epoch is MJD=56808.0.

Station XYZ [mm] σerr [mm]
X -3962276706.9 8

MARBLE1 Y 3308884000.7 10
(Tsukuba) Z 3733538093.0 6

X -3942062034.9 6
MARBLE2 Y 3368277053.9 7
(Koganei) Z 3702003875.0 8
(Fixed) X -3997650058.0

KASHIM34 Y 3276690071.0
Z 3724278461.0

Table 1 shows the station coordinates determined
by 34m antenna station coordinates fixed.

4. Three station experiments and fre-
quency Comparison

Since baseline of small diameter antenna pair
does not have enough sensitivity, VLBI data of AB
baseline was formed by linear combination of ob-
servable of OA,OB baseline, where A:MARBLE1,
B:MARBLE2, O:KASHIM34. The converting
from two baseline data of OA,OB to single base-
line AB data is given by following equation:

τAB(tprt)
= τOB(tprt − τOA(tprt)) − τOA(tprt − τOA(tprt))∼= τOB(tprt) − τOA(tprt) − ˙τAB(tprt)τOA(tprt)

where tprt is Epoch of data to be analyzed. Latter
equation is expression of the first order approxi-
mating with respect to τOA with observed values
τOA, τOB and computed values of ˙τAB. This equa-
tion has precision better than 1 pico second on any
ground based VLBI observation.

By using the geodetic VLBI data in April and
May, clock difference between NICT and NMIJ
was examined. Clock difference estimated by using
VLBI, GPS, and difference of UTC(k) published
from BIMP1 are displayed in Fig. 4. Vertical po-
sition of the GPS and VLBI data in the plot are
indicated with offsets to be in the same range with
UTC rapid and final data of the BPIM. These plots
demonstrating that VLBI and GPS have similar
performance on clock rate comparison and both
data shows good agreement with the difference of
UTC(k) rate reported from BIPM. Although this
equation is neglecting the source structure effects,
there are no significant problem at present because
of relatively short baseline.

1http://www.bipm.org/jsp/en/TimeFtp.jsp?TypePub=

publication
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Figure 4. Clock comparison between UTC(NMIJ)- UTC(NICT) via VLBI(’+’) and GPS(’×’). Rapid
UTC comparison UTCr and final UTC(k) comparison data published from BIPM are over plotted with
solid and dashed lines, respectively. Left panel is data during 22-24 Apr. and right panel is from 29th
May to 2nd Jun.
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Figure 5. Clock comparison via VLBI(’+’) and
GPS(’×’) performed during 1 – 3rd Aug. Vertical
position of the GPS and VLBI plots are adjusted
by arbitrary offset.

Continuous VLBI experiment for frequency com-
parison was conducted during 1st - 3rd of August.
The clock data estimated by VLBI observation,
GPS, and UTCr data provided from BIPM were
displayed in Fig.5. As the same with the results of
Apr. - May, it is confirming that the VLBI analysis
gives the consistent results with others. The scat-
tering of the VLBI data is slightly larger than GPS
in this experiment. Since the VLBI data is not al-
ways obtained in uniform interval, then statistics
such as Allan variance is not applicable. Other
statistical evaluation such as sigma-z[7] have to be
considered.
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Abstract: We have been studying a frequency com-
parison technique with VLBI between 34 m in
Kashima, Ibaraki and two 1.5 m compact anten-
nas located in Koganei, Tokyo and in Tsukuba,
Ibaraki, respectively. Therefore, it is necessary to
have a broad-band system to get better signal to
noise ratio because of the compact antenna small-
ness. To improve the performance of VLBI between
the compact antennas and Kashima 34 m, we have
developed digital filters using a signal processor of
ADS3000+. Here we describe the techniques of
digital equalizer to compensate a steep band-pass
profile and digital band-pass filter for a VLBI ob-
servation of a maser.

1. Introduction

National Institute of Information and Commu-
nications Technology (NICT) has been not only
developing VLBI observation system as the IVS-
TDC, but also maintenance and keep the Japanese
time standard. Recently NICT, AIST and Tokyo
university have been developing an optical-lattice
clock for the next generation time standards and
for the redefinition of ”the Second”. Thus, it is nec-
essary to compare the distant clocks somehow with
several techniques. If two stations are close in a few
hundreds kilometer, optical-fiber transmission [4]
is the best technique for the comparison. However
distant stations comparison over thousand kilome-
ter and inter-continent is needed some technique
through space for example GPS, Two-Way Satel-
lite Time and Frequency Transfer (TWSTFT) and
VLBI.

As for the Time and Frequency transfer (T&F)
by VLBI, the order of 10−16 in a few days is tar-
geted. Since our two compact 1.5 m antennas are
quite small for VLBI, it is necessary to have a
broad-band system such as a VLBI2010 Global Ob-
serving System (VGOS).

For the next generation of the geodetic VLBI,
VGOS has been specified a fast moving antenna
and broad-band receivers. Some antennas, which

meet the VGOS requirements, have been con-
structed for example GGAO 12 m antenna and
18 m Westford in the United States, TWIN Ra-
dio Telescope Wettezell (TTW) in Germany,the
RAEGE telescope at Yebes in Spain and Ishioka
telescope in Japan.

We, NICT/Kashima, has been also develop-
ing a broad-band system from 3 GHz to 15
GHz to our Kashima 34 meter antenna and two
small/transportability antennas. The broad-band
project is named “Gala-V”. The most different
things from other VGOS antenna, first we use
a 30 m class antenna, a feed horn (proto-type
No.2) was installed on December 2013, has a sharp
beam pattern of 12 degree to illuminate the sub-
reflector. Moreover, We decided that no-redundant
frequency array of 3.2 GHz, 4.8 GHz, 9.6 GHz, 12.8
GHz is fixed. This array has fine delay resolution
with minimum side-lobes and the array is got int
line straightly in case of sampling speed at 16 GHz
without DBBC. [1].

Out two compact antennas have 1.5 and 1.6 m
diameter, thus it is not easy to obtain fringes.

2. Digital signal processing for the broad-
band receiver

Figure 1 shows an internal signal flow of
ADS3000+[3]. Two Intermediated frequency (IF)
signals are sampled simultaneously at speed of
2048MHz and 8-bits quantization. Then, Finite
Impulse Responce filter (FIR), whose coefficient
are manually loaded through LAN-based telnet, are
applied to sampled stream in real-time. If the co-
efficient of the FIR is made within 65 taps, any
designs of the filter such as low-pass, high-pass,
band-pass, band-rejection and equalizer are possi-
ble to realize. ADS3000+ has other FPGA core
of the digital base-band conversion, a comaprison
test between other Digital-Backend (DBE) was re-
ported by Whitney [5].

Figure 1. Signal flow of ADS3000+, FPGAs re-
alize any FIR filters.
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2.1 Digital equalizer

Since our vlbi experiment are carried out over 1
GHz bandwidth, a band-profile has a difficulty to
keep flat. For the purpose of the band-profile to
be flat, We made a digital equalizer to compensate
a bad band-profile. Actually the digital equalizer
is made by a “bad-profile” itself. Firstly we take
that spectrum as a template. Secondly we make a
matched filter by inversing the template. Thirdly a
coefficient of FIR completes after the matched fil-
ter converts into 8-bits length. A wider bit length
has wider dynamic range. Equation 5 shows the
relation-ship between dynamic range (here it is
same as SNR) and bit length [6],

SNR = 6.02N + 1.76[dB], (5)

where N is bit length. Since ADS3000+ has a dy-
namic range of 50 dB ( 6.02*8+1.76 ), the realized
digital filter becomes also high dynamic range even
1 or 2-bits re-quantization. Figure 2 shows before
and after the applied digital equalizer. A 10 dB
difference on the X-band of the 34 m could be re-
duced to a few dB. There are still some ripples
on the band-profile. However, the ripple must be
much flat when the number of the coefficient tap
can increase.

Figure 2. The digital equalizer is demonstrated to
X-band of the Kashima 34 m.

Then we carried out VLBI observation for the
digital equalizer between the compact antenna and
Kashima 34 m. Figure 3 and 4 show the results.
A effect of the digital equalizer can be seen on the
cross-spectrum even the VLBI. The cross-spectrum
of the figure 4 became much flat comparing with
figure 3. The SNR of the fringes also increased the
strength of 20 % with three times on-off operations.
Therefore, We could use the sampling bits with flat
spectrum much effectively.

2.2 Digital band-pass filter

In case of observing a maser source with wide-
band VLBI, RFI signals become major issues.
To suppress the RFI, we realize a digital band-
pass filter with ADS3000+. We make the digital
BPF, which focused on a spectral line 6.7GHz of
methanol maser emission.

Figure 5. The digital band-pass filter is demon-
strated the spectral line of methanol maser. Dy-
namic range was slighly improved when digital BPF
was applied.

Figure 5 shows the on-off operation of the digi-
tal BPF. Most RFI could be removed. Moreover,
dynamic range of the maser line (ground level-to-
peak) increased 1.65 dB to 2.23 dB. Since the time
difference of the on-off operation was only 2 min,
we considerd that the improvement was caused
by effective sampling. We carried out the maser
source observation between the compact antenna
and Kashima 34 m

3. Summery

We have been developed the digital equalizer and
digital band-pass filter to improve a performance
of VLBI and to suppress RFIs. Since the digi-
tal equalizer compensates the band-profile to be
flat, we could obtain better fringes. The digital
BPF suppressed the RFI and we could focus on the
spectral line of the maser emission which becomes
slighly wide dynamic range. The other digital filter
can be created to satisfy other requirements.
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Figure 3. Result of a VLBI experiment without the digital equalizer

Figure 4. Result of a VLBI experiment with the digital equalizer. The SNR was improved about 20 %.

Figure 6. Result of VLBI with digital BPF. RFIs could be suppressed outside the bandwidth of the
BPF.
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1. Introduction

The bandwidth synthesizing software named
“KOMB” is a software package to obtain de-
lay residual and delay rate residual from cross-
correlation data [Kondo and Kunimori, 1984;
Kondo et al., 1999]. KOMB was initially devel-
oped for treating the correlated data consisting of
a number of channels (14 or 16) where each chan-
nel has a narrow frequency bandwidth of 2 – 32
MHz and is distributed in dual RF bands (S-band
(2 GHz) and X-band (8 GHz)).

Recently it becomes possible to sample signals
with a sampling frequency of 1024 MHz (corre-
sponding to 512MHz bandwidth) and higher be-
cause of a remarkable progress in the performance
of a sampling device. Now a wide band observation
system exceeding a band width of 10 GHz is under
the development. The current version of KOMB
cannot process such wide-band observation data.
We are, therefore, investigating a realistic method
to obtain delay residual and delay rate residual
from wide-band data to revise the software KOMB.

2. Search function

A “coarse search” and a “fine search” were ini-
tially developed by Whitney [1974] and have been
used for long time to obtain delay and delay rate
residuals from correlated data.

2.1 Coarse search function

Eq.(6) shows the integration of a cross-spectrum
S(f, t) over time t and frequency f with correcting
a trial phase θ for a cross-spectrum. This equation
is called a search function, and a θ which maximizes
F (θ) is a solution, i.e., a search result.

F (θ) =
∣∣∣∣
∫ ∫

S(f, t) exp{−iθ}dfdt

∣∣∣∣ (6)

When θ is expressed by using a residual delay (Δτ)
and a residual delay rate (Δτ̇ ) as follows,

θ = 2πf(Δτ + Δτ̇ t), (7)

eq.(6) can be written as

F (Δτ, Δτ̇ ) =
∣∣∣∣
∫ t1

t0

∫ f0+fB

f0

S(f, t)

· exp{−i2πf(Δτ + Δτ̇ t)}dfdt

∣∣∣∣. (8)

Changing an integration range for frequency from
f0 ∼ f0+fB to 0 ∼ fB, i.e., introducing fv = f−f0,
eq.(8) can be re-written as

F (Δτ, Δτ̇ ) =
∣∣∣∣exp(−i2πf0Δτ)

·
∫ t1

t0

∫ fB

0

S(fv, t) exp(−i2πfvΔτ)

· exp(−i2πf0Δτ̇ t) exp(−i2πfvΔτ̇ t)dfvdt

∣∣∣∣ (9)

Here, | exp(−i2πf0Δτ)| ≡ 1 and the last term
exp(−i2πfvΔτ̇ t) is considered as 0 under the con-
dition of conventional VLBI observation, i.e., fB ∼
10 MHz and t1 ∼ 100 sec. Finally, we get

F (Δτ, Δτ̇ ) =∣∣∣∣
∫ t1

t0

{∫ fB

0

S(fv, t) · exp(−i2πfvΔτ)dfv

}

· exp(−i2πf0Δτ̇ t)dt

∣∣∣∣. (10)

Eq.(10) is a two-dimensional (2-D) Fourier trans-
form with respect to Δτ and f0Δτ̇ , so we can use a
2-D fast Fourier transform (FFT) to calculate the
search function.

2.2 Fine search function

A bandwidth synthesis combines a number of
channels. A search function of a bandwidth syn-
thesis is defined as

F (Δτ, Δτ̇ ) =
∣∣∣∣

N∑
n=1

∫ t1

t0

∫ fB

0

Sn(fv, t)

· exp[−i{2π(fn + fv)Δτ + φn}]
· exp{−i2π(fn + fv)Δτ̇ t}dfvdt

∣∣∣∣
≈

∣∣∣∣
N∑

n=1

exp(−i2πfnΔτ)

·
∫ t1

t0

∫ fB

0

Sn(fv, t) exp{−i(2πfvΔτ + φn)}

· exp(−i2πfnΔτ̇ t)dfvdt

∣∣∣∣ (11)

where a frequency range for channel n is fn ∼
fn +fB and φn is an additional instrumental phase
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at each channel, and exp(−i2πfvΔτ̇ t) ≈ 0 is as-
sumed again. Let Δτ = Δτm + Δτs and Δτ̇ =
Δ ˙τm +Δτ̇s where Δτs and Δτ̇s corresponds to the
residual obtained by the coarse search and assum-
ing |2πfvΔτm| 
 1, eq.(11) can be re-written as

F (Δτ, Δτ̇ ) =
∣∣∣∣

N∑
n=1

exp(−i2πfnΔτ)

·
∫ t1

t0

(∫ fB

0

Sn(fv, t)

· exp{−i(2πfvΔτs + φn)}dfv

)

· exp(−i2πfnΔτ̇st)

· exp(−i2πfnΔτ̇mt)dt

∣∣∣∣. (12)

We, now, define Ds(n, t) as

Ds(n, t) = exp(−iφn)
(∫ fB

0

Sn(fv, t)

· exp(−i2πfvΔτs)dfv

)

· exp(−i2πfnΔτ̇st), (13)

then we have

F (Δτ, Δτ̇ ) =
∣∣∣∣

N∑
n=1

exp(−i2πfnΔτ)

·
∫ t1

t0

Ds(n, t) exp(−i2πfnΔ ˙τmt)dt

∣∣∣∣. (14)

Eq.(14) can be re-written as

F (Δτ, Δτ̇ ) =
∣∣∣∣

K∑
k=1

( N∑
n=1

Ds(n, k)

· exp(−i2πfnΔτ)
)

· exp(−i2πfnΔτ̇Δtk)
∣∣∣∣ (15)

where k(= 1, 2, · · · , K) is an index number in the
time domain, Δt is its interval period, and Δτ̇ is
now used instead of Δ ˙τm. Eq.(15) is called a fine
search function. By using the lowest RF frequency
f1, eq.(15) can be further re-written as

F (Δτ, Δτ̇ ) =
∣∣∣∣

K∑
k=1

( N∑
n=1

Ds(n, k)

· exp(−i2πfnΔτ)
)

· exp(−i2πf1Δτ̇Δtk)

· exp{−i2π(fn − f1)Δτ̇Δtk}
∣∣∣∣. (16)

If 2π(fn−f1)Δτ̇Δtk 
 1, eq.(16) can be expressed
as

F (Δτ, Δτ̇ ) =
∣∣∣∣

K∑
k=1

( N∑
n=1

Ds(n, k)

· exp(−i2πfnΔτ)
)

· exp(−i2πf1Δτ̇Δtk)
∣∣∣∣. (17)

Eq.(17) is a two-dimensional (2-D) Fourier trans-
form with respect to Δτ and f1Δτ̇ , so we can use
a 2-D FFT again to calculate this function.

2.3 Condition for 2-D FFT

A 2-D FFT cannot be used for calculating a fine-
search function when |2π(fn − f1)Δτ̇Δtk| 
 1 is
not satisfied. Let’s investigate a condition allowed
to use a 2-D FFT. Assuming an X-band, let a band-
width be 1 GHz (i.e., fn − f1 = 1 GHz), and in-
tegration time Δtk(= T ) be 100 sec, then solving
the condition

|2π(fn − f1)Δτ̇ T | 
 1 (18)

regarding Δτ̇ , we get the condition as follows.

|Δτ̇ | 
 1
2π(fn − f1)Δτ̇ T

≈ 1.6×10−12 (s/s) (19)

Namely, residual delay rate must be sufficiently less
than 1.6×10−12(s/s) to use an FFT. If in the case of
a residual delay rate of about 1.6×10−12(s/s), this
is often occurred in an actual observation, a band-
width should be sufficiently smaller than 1 GHz.

Actual processing in KOMB is performed as fol-
lows. At first, a coarse-search is carried out. Fol-
lowed by coarse search results are reflected to cross
spectra through eq.(13), and then a fine-search, i.e.,
a bandwidth synthesis is carried out. Hence rate
residual at the bandwidth synthesis is thought to
be close to zero. Thus we can use an FFT for cal-
culating a fine-search function in the time domain.
Although if there exists a large rate residual, an er-
ror due to this rate residual can be avoided, because
a final calculation to find out a peak is carried out
by calculating a search function directly (without
use of an FFT).

When rate residual is sufficiently small to sat-
isfy the condition discussed above, considering fB

in eq.(10) as a total bandwidth of an X-band and
using the sufficient number of FFT points in a fre-
quency domain, it is possible to carry out a band-
width synthesis by a 2-D FFT without a coarse-
search process. When KOMB was developed, the
number of FFT points suitable for ptactical use was
limited to at most 8192 or so. It was, therefore,
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unable to execute a bandwidth synthesis without
a coarse-search process efficiently at that time. So
that, a search process was divided into two steps,
such as a coarse-search and a fine-search. How-
ever, it was a quite reasonable processing method
considering from the case that large rate residual
remained.

The discussion so far is the case considering a
bandwidth of at most 1 GHz. If we consider the
case of a bandwidth of up to several GHz with an
ionospheric delay, how a search function can be ex-
pressed?

3. Wide band search function

In order to discuss a search function in the case of
wide band under the existence of ionospheric delay,
eq.(7) is modified as

θ = 2πf{Δτ + Δτ̇ t + Δτion(f)} (20)

where Δτion(f) denotes an ionospheric delay and
it is expressed as

Δτion(f) = αf−2ΔD (21)

for a frequency range sufficiently higher than the
plasma frequency of ionosphere (≈ 10 MHz) [see,
e.g., Ratcliffe, 1959], where ΔD is the difference of
total electron content (TEC) in ray pathes to two
stations (unit is electron/m2), and α = ±1.34 ×
10−7 where a positive sign is for a group delay and
negative for a phase delay.

Figure 1. Relation between total electron con-
tent (TEC) and frequency for various ionospheric
(group) delays.

Fig.1 shows a relation between total electron
content (TEC) and frequency for various iono-
spheric (group) delays. For an example we can
read from the figure that the difference of iono-
spheric delays between S-band (2GHz) and X-band

(8GHz) is about 3 nsec for the difference of TECs
of 1017/m2 (this TEC difference can occur some-
times). Using eq.(20), we can write a search func-
tion as

F (Δτ, Δτ̇ ) =
∣∣∣∣
∫ t1

t0

∫ f1

f0

S(f, t)

· exp{−i2πf(Δτ + αf−2ΔD)}
· exp(−i2πfΔτ̇ t)dfdt

∣∣∣∣.
(22)

Now we assume a wide band such as from 2 GHz
(f0) to 14 GHz (f1). In this case effect of iono-
sphere can no longer be neglected. Therefore we
should use eq.(22) as a search function. In other
words, it has the possibility of estimating TEC as
well as a residual delay. However the frequency de-
pendency of the term exp(−i2πfΔτ̇ t) in the time
direction becomes large, and it is difficult to adopt
an FFT for calculating the integration in the time
domain.

In the mean time, the term of frequency integral
in eq.(22) is called a delay resolution function, i.e.,

D(Δτ) =
∫ f1

f0

S(f)

· exp{−i2πf(Δτ + αf−2ΔD)}df. (23)

Let’s investigate an ionospheric effect on a wide-
band observation by using the delay resolution
function.

3.1 Examples of delay resolution function

Fig.2 shows an example of frequency allocation
at a wide-band observation. Fig.3 shows the

0 3.21.6 4.8 6.4 8.0 9.6 11.2 12.8 14.4 GHz

1 2 3 4

0 3.21.6 4.8 6.4 GHz

1 234

Figure 2. An example of frequency allocation at
a wide-band observation (upper panel). The lower
panel shows a frequency allocation after sampled
with a sampling frequency of 12.8 GHz. As shown
in the figure, the frequency allocation is a no-
redundant allocation.

delay resolution function (eq.(23)) without iono-
sphere (i.e., ΔD = 0) for the case of the frequency
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Figure 3. A delay resolution function without iono-
sphere (i.e., ΔD = 0) for the frequency allocation
given by Fig.2 for a bandwidth of 1.6 GHz (upper)
and for 0.5 GHz (lower). In case of 0.5 GHz band-
width, an ambiguity of 0.625 nsec appears caused
by the least common multiple of frequency spacing
(1.6 GHz) of each band.

allocation given by Fig.2 and for bandwidths of
1.6 GHz and 0.5 GHz for each frequency channel
(band). In case of 0.5 GHz bandwidth, an am-
biguity of 0.625 nsec appears caused by the least
common multiple of frequency spacing (1.6 GHz).

Fig.4 shows the case of a TEC of 4.0×1016el/m2.
The shift of the main peak occurs. Moreover, sym-
metry of the function is lost and a larger peak ap-
pears at a position different from the original de-
lay position. Fig.5 shows the case for larger TEC
(10.0 × 1016el/m2: this situation can occur com-
monly). Peak amplitude is weakened by half for
the case of a 1.6 GHz band width.

As shown in these examples, it is difficult to de-
termine residual delay by calculating a delay res-
olution function. Furthermore, the frequency de-
pendency of the term exp(−i2πfΔτ̇ t) cannot be
neglected for a large delay rate residual, then we
cannot calculate a wide-band search function effi-
ciently by using a 2-D FFT. In this case, what kind
of a search method is realistic?

Figure 4. Same as Fig.3 for a TEC of 4.0 ×
1016el/m2.

4. Realistic approach

4.1 Integration period available to use 2-D
FFT

As have mentioned, we cannot use a 2-D FFT
for calculating a search function in the case of a
bandwidth of exceeding several GHz. However, an
integration period of 100 sec has been assumed in
the discussion. Thus, let’s investigate the maxi-
mum integration period that 2-D FFT can be used
for the calculation of a search function. A condi-
tion equation eq.(18) is shown below, but fn − f1

is replaced by fB.

|2πfBΔτ̇T | 
 1 (24)

Fig.6 shows a relation between delay rate resid-
ual (Δτ̇ ) and frequency range (bandwidth) (fB)
for various integration periods (T ). Their relation
satifies the condition of |2πfBΔτ̇T | = 1. For an
example, we can read from the figure that in case
of a bandwidth of 1.6 GHz an integration period
is about 100 sec for Δτ̇ of 1 ps/s. This is derived
from the condition of |2πfBΔτ̇T | = 1, so that a
band width should be small enough than 1.6 GHz
to satisfy the condition of |2πfBΔτ̇T | 
 1 for the
same integration period and rate residual. We can
also read from the figure that Δτ̇ should be small
enough than 1.6ps/s for the case of a bandwidth of
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Figure 5. Same as Fig.3 for a TEC of 10.0 ×
1016el/m2.

10 GHz and an integration time of 10 sec. If the
condition is not satisfied, we cannot use a 2-D FFT
for the calculation of a search function.

4.2 Realistic search method

Here we consider a realistic search method. The
most realistic method is a two-step search that is
conventionally carried out in the current version of
KOMB, i.e., at first a coarse search, then followed
by a fine search. Delay rate residual is determined
by a coarse search under the condition of a band-
width of at most 1 GHz (ionospheric effect is not
so large unless Δτ̇ is not so large), and then a re-
sult is fed back to the correction of cross-spectra
to calculate a wide-band search function by a 2-D
FFT. If Δτ̇ is determined accurately enough at a
coarse search process, rate search at a wide-band
search can be omitted.

As for a fine delay search, two methods are con-
sidered as follows.

1. at first estimate TEC from each band results,
then combine each band data with correcting
ionospheric delays to obtain a fine delay.

2. calculate a delay resolution function directly
for various combinations of TEC and delay,
then find a peak to obtain a fine delay.

Method 1 will not work properly when a signal
to noise ratio (SNR) of each band data is low. We

Figure 6. Relation between delay rate residual (Δτ̇)
and frequency range (bandwidth) (fB) for various
integration periods (T ) where their relation satifies
|2πfBΔτ̇T | = 1.

can avoid this situation by scheduling an observa-
tion span length properly, so that we will develop
a software program under the assumption that an
SNR is assured for each band data.

5. Conclusion

Effects of delay rate residual and ionosphere on
a wide-band bandwidth synthesis of which band-
width reaches upto 10 GHz have been investigated.
We have concluded that a two-step search consist-
ing of a coarse search and a fine search is a realistic
method so far, which is adopted in the current ver-
sion of band width synthesizing software KOMB.
However sufficient SNR at each band should be
guaranteed to perform the search successfully. As
for the case of insufficient SNR, we will continue to
investigate a possible method.
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1. Status of development

No other wideband feed fits for our antennas in
beam size. Thus, two different types of wideband
feeds were developed and now in production for
Kashima 34m and MARBLE.

One was named IGUANA feed after our Gala-
V(Galapagos VLBI) project in Kashima and aimed
for cassegrain focus of conventional radio telescope
with bandwidth of 2.2-18GHz(or 22GHz in plan).
This feed is consisted with a smaller Daughter
feed for higher frequency(above 6.5GHz) and big-
ger Mother feed for lower frequency(Fig.1).

Figure 1. Simulation model of IGUANA feed
in COMSOL Physical dimensions : φ400mm ×
L800mm, more or less.

The daughter feed is a multimode horn(Fig.2),
which realizes nearly same beam patterns in both
E/H planes with low cross polar, without thick and
complex wall structure in corrugated horn. Be-
cause it is placed in the mother feed, its wall should
be thin, thus no choice for me. The two daughters
were made as prototypes in early 2013 and tested
in METLAB (Fig.3) and 34m antenna before the
third and her Mom were designed. The second is
resemble the first, but slim and its beam pattern is
slightly fat.

Figure 2. IGUANA daughter feed

Figure 3. Testing IGUANA daughter feed at MET-
LAB in Kyoto UNIV. Physical dimensions are
φ133mm(No.1), φ120mm(No.2)× L300mm

Prototype feed No.1 were set on the place of
previous C-Band horn(5GHz) of Kashima 34m in
the end of 2013, then replaced by No.2, and they
are tested and compared. Fringes of methanol
masers(6.7/12.2GHz) were successfully obtained
with MARBLE, which is small VLBI antenna with
1.5m or 1.6m diameter dish and its feed is placed
at focus of parabola. IGUANA cannot stay on fo-
cus of MARBLE due to its size, thus another feed
is needed. The other wideband feed has sill no
name, temporary here, it may be called as the new
feed(Fig.4). The small one is for MARBLE and
the other fat one is for 34m. They are designed
for using at the center focus of parabola antenna,
such as MARBLE or small antennas. However its
beam size can be easily arranged for another optics.
Gala-V uses 4 channels of 1.6GHz in 3.2-14.4GHz.
They are 3.2-4.8GHz, 4.8-6.4GHz 9.6-10.4GHz and
12.8-14.4GHz. This new feed can receive over 3.2-
14.4GHz and its flat-head beam in higher channels
will improve aperture efficiency of MARBLE with-
out ring focus optics.
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Figure 4.
New feed with WRD350D24-SMA output.
Physical dimensions : φ240mm× L300mm

2. Numerical Simulation

Today, we can use 3D simulations for antenna
design, but the simulator and computers do not
give us the solution. The solution means a design
of the antenna, which is defined as a problem of fix-
ing each dimensions of every part of antenna struc-
ture to meet its specification, such as beam width,
shape, return loss in every operational frequency.

Conventional feed, which is conical horn with or
without corrugation, have very few design param-
eters, such as axial length, aperture diameter and
input waveguide diameter...that’s all, countable in
a hand. However multimode horn or wideband feed
has complex structure so it has much more physical
parameters, thus the combination of the parame-
ters will soon be greater than the numbers we can
handle in our life. So heuristic choice of various
ideas may be helpful. Before you dive into simula-
tion, remember Chinese Postman Problem.

Also the choice of the numerical scheme affects in
computational time. Iteration scheme take longer
time for higher frequency because scales of the
mesh against the wavelength become larger, thus
declination rate of errors in each iteration steps
become smaller. Fig.5 shows an example. Com-
putational time for 12GHz is tenth longer than for
8GHz. However, this is efficient in memory size.

On the other hand, direct scheme offers nearly
constant calculation time, however this is memory
eater and its solution may have errors in higher
frequency which may not be negligible. These are
trade-off which you can choice. Highest frequency
of the antenna defines resolution of the mesh and
lowest defines antenna aperture size, thus simula-
tions of whidband feed needs huge memories. In
my case, typical simulation time for one model is
a day, using 256GB physical memory...Let it Go!
The heat of CPUs never bothered me anymore.

3. Measurements

3.1 Feeds

Far field beam patterns of the feeds were mea-
sured with near field scanner in METLAB of Ky-
oto Univ. IGUANA daughter feeds have circular
waveguide output with nearly 6.4GHz cutoff fre-
quency. We can use it with higher cutoff waveguide
adaptor following SMA converter for single linear
polarization output.

3.2 34m antenna

Measured Tsys and SEFD of 34m with No.2
prototype daughter feed are shown in Fig.6 and
Fig.7 Aperture efficiency in Fig.8 was calculated
from Tsys and SEFD. However it should be noted
that is a preliminary result, Tsys is low at both of
methanol frequencies, that is good for astronomers.

The aperture efficiency is around 40% due to
offset of the feed position and alignment error.
These feeds were expected nearly 50% efficiency for
Gala-V high band(9.6-10.2GHz and 12.8-14.4GHz).
Lower frequency is defined by cut-off of the waveg-
uide, it is clearly shown in figures. The efficiency
gradually downs to higher frequency and cross 30%
at 15GHz, so 15GHz is concluded as practical up-
per limit. This degradation is not so severe prob-
lem, thus may be fixed in next replacement or
maintenance time.

4. Plans

Complete IGUANA feed is delayed due to pro-
duction schedule of its complexed waveguides.
However, we can use 6.5-15GHz with the prototype
daughter feed in 34m antenna.

The new feed will replace previous wideband feed
of MARBLE and bring better efficiency. Another
new feed will be used in 34m for Gala-V before the
production of IGUANA completes.

All of our wideband feeds now are used in sin-
gle linear polarization with commercial waveguide-
SMA converter. Dual polarization output will be
designed in 2014 for replacement of single-pol out-
put.
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Figure 5. An example of convergence time in COMSOL.
the solution time for 12GHz is 10th longer than 8GHz.

Figure 6. Tsys of 34m with No.2 test feed
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Figure 7. SEFD of 34m with No.2 prototype feed.Solid line shows moving average of 10 points

Figure 8.
Aperture efficiency of 34m with No.2 prototype feed.
Solid line shows moving average of 10 points
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∼ News ∼ News ∼ News ∼ News ∼ News ∼ News ∼ News ∼ News ∼ News ∼ News ∼

The 13th IVS NICT- Technolgy Development Center Sympo-
sium

The 13th VLBI Technology Development Center Symposium was held on June 4th in 2014 at the
Kashima Space Technology Center. This symposium has been held annually since 2001. At the end
of this March 2014, three big leaders of Japanese VLBI community have formally retired. They are
Prof. Fujinobu Takahashi of Yokohama National University, Prof. Noriyuki Kawaguchi of National
Astronomical Observatory of Japan(NAOJ), and Dr. Tetsuro Kondo of NICT. They started VLBI
carrier from Radio Research Laboratory (current NICT) and played great leadership in especially tech-
nology development in VLBI community. This symposium was held with meaning of memorizing their
achievements,too.

Seventeen talks were presented in the symposium, which include variety of VLBI research subjects
from technology developments to scientific observations. Although proceeding papers of following pre-
sentations are not included in this issue, they suggest fruitful aspects of further VLBI technology de-
velopments: “Improvements of Delta-DOR measurements for Spacecraft Navigation” by Dr. Takeuchi
of JAXA/ISAS, two talks on “Development of balloon VLBI observation system for higher frequency
VLBI” by Dr. Okada of Osaka Prefecture Univ. and by Dr. Kono of NAOJ., “Big data of space geodesy
achieved by the database system and log records managemeent” by Prof. Takahashi of Yokohama Na-
tional Univ., “Study on synchrotron emission mechanism from Jupiter” by Dr. Kita of Tohoku Univ.,
“VLBI observation with Internet and Opt-link” by Prof. Takaba of Gifu Univ., and “Current status of
Ibaraki VLBI station (Hitachi and Takahagi)” by Dr. Yonekura of Ibaraki Univ.

We thank all the contributions to this symposium and to proceeding papers of this issue.

On behalf of VLBI group of NICT.
Space and Time Standards Laboratory

Mamoru Sekido

Figure 1. Group Photo of the participants of the 13th IVS NICT-TDC Symposium on 4th June 2014.
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