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Abstract: Ionosphere contains large amount of elec-
trons and signals sent by GPS (Global Position-
ing System) and other GNSS (Global Navigation
Satellite System) satellites are affected by these
electrons. We can observe daily changes of To-
tal Electron Content (TEC) in ionosphere by us-
ing the phase differences between the two car-
rier waves from GNSS satellites. In recent re-
search, some papers show the presence of the pre-
seismic TEC anomalies which can be seen before
large earthquakes in the world [2, 3, 4]. However,
these analysis methods have some problems which
cause arguments among the related researchers
[5, 6, 7]. In this research, we propose an analysis
method which can detect TEC anomalies before
large earthquakes. Our method adopted the cor-
relation analysis (also used in VLBI analysis) to
reduce noises on TEC data. As a result, our pro-
posed method detected TEC anomalies about one
hour before 2011 Tohoku-Oki earthquake, which
is the largest earthquake in Japan during recent
years. As further research, we will check other
large earthquakes and establish a robust method
to detect TEC anomalies before earthquakes.

1. Introduction

Japan has a dense GNSS observation network
(GNSS Earth Observation NETwork, GEONET)
to correct and analyze the large amount of GNSS
observation data. These GNSS data (in recent
a few years) are open to public and anyone
can download and analyze freely via the Inter-
net(terras.gsi.go.jp).

TEC data analysis is one of the major researches
using GNSS. In particular, analyzing TEC data be-
fore large earthquakes has been drawn considerable
attention.

In this research, we analyzed TEC data before
the 2011 Tohoku-Oki earthquake data, which is
also freely available from GEONET.

2. Analysis method

STEP 0. Choose the central GNSS station and
set up three parameters, i.e. tsample, ttest, and
M . tsample is the length of data used for regres-
sion training and ttest is the length of data used
for regression test, and the value M denotes the
number of GNSS stations we use.
STEP 1. At each station i and at each time epoch
t, let SampleData be the data from t to t+ tsample

and TestData be the data from t + tsample to
t + tsample + ttest.
STEP 2. Fit a curve to SampleData by the least
square method.
STEP 3. Calculate a deviation of the TestData
from the model curve, representing as an
”anomaly”. The anomaly at station i at time t′

is denoted as xi,t′ .
STEP 4. Calculate a summation of correlations
between the anomalies at the central GNSS sta-
tion and the surrounding stations as follows:

C(T ) =

1
N × M

M∑

i=1

N−1∑

j=0

xi,t+tsample+jΔtx0,t+tsample+jΔt

(1)

T = t + tsample + ttest

Here, N is the number of data in TestData, Δt is a
sampling interval in TestData, which means Δt =
ttest/(N − 1), and i = 0 means the central GNSS
station, where tsample = 2.0 [hours], ttest = 0.25
[hours] and M = 30 [stations].

We can choose arbitrary functions as a fitting
curve in STEP 2. In this research, we adopted 7th
polynomial functions.

3. 2011 Tohoku-Oki earthquake

The 2011 March 11 (05:46 UT) Tohoku-Oki
earthquake occurred at the northeast Japan. Its
magnitude is huge (Mw 9.0) and the earthquake
caused great damage to this area and all over
Japan. This earthquake is the largest earthquake
during the period that the GNSS data are freely
available from GEONET.

Figure 1 shows the location of the epicenter and
the SIP (Sub Ionospheric Point) track of the 26
GPS satellite and the 0214 (Kitaibaraki) GNSS re-
ceiver. The intersection of the line-of-sight and
ionosphere is called as IPP (Ionospheric Pierce
Point) and SIP is its projection to the ground.

4. Results

Figure 2 shows the result of the correlation anal-
ysis on March 11, 2011. We chose the GPS satellite
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SIP

epicenter

0214

Figure 1. The location of the epicenter of the 2011
Tohoku-Oki earthquake and the SIP track of the
GPS satellite 26 and the 0214 receiver. The bold
black circle indicates the location of SIP when the
earthquake occured.

26 and the 0214 (Kitaibaraki) station as a center
station. The x-axis is time (UT) and the y-axis is
the correlation values defined in eq. (1). The black
vertical line in the figure shows the earthquake oc-
currence time (05:46 UT). As time approaches the
earthquake occurrence time, the correlation value
(C(t)) is becoming large. Furthermore, the corre-
lation value looks the characteristic wave-like pat-
tern.

Figure 3 shows the results of the correlation
analysis on non-earthquake days, namely, 10 days,
20days, 30days and 40 days before the earthquake.
Comparing Fig. 2 with Fig. 3, we can confirm
that the correlation values on the earthquake day
are much larger than that on the non-earthquake
days. The correlation values on non-earthquake
days are at most 5, however, the correlation values
on earthquake day are over 20 before the earth-
quake.

Figure 4 shows the results of the correlation anal-
ysis of all the GNSS stations in GEONET be-
fore the main shock. The red area in the figure
means the TEC-anomalous region and the yellow
area means the clam (not anomalous) region. The
anomalous area can be seen near the epicenter as
the earthquake occurrence time (05:46 UT) is clos-
ing.

While the physical mechanisms responsible for
the TEC anomalies before the earthquake are not
so clear up to now, some physical models which
explain it have been proposed. One of the models
is based on the laboratory experimental results of
stressed rock [8, 9]. According to the experimental
results, as rock are subject to stress, they produce

Mainshock

Central Station ID: 0214
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Figure 2. The result of correlation analysis on
the March 11, 2011. We used the TEC data de-
rived from the pair of the GPS satellite 26 and the
0214 GNSS station (and 30 stations surrounding
it) to calculate correlation values. The x-axis is
time (UT) and the y-axis is the correlation values
defined in eq. (1). The black vertical line is the
earthquake occurrence time (05:46 UT).

positive holes at the surface of the rock. Hence, the
electric fields are generated in the air and affect the
ionosphere. A lithosphere-atmosphere-ionosphere
coupling model based on the experimental results
is proposed and improved in recent studies [10, 11].
This model can explain the mechanisms of TEC
anomalies before large earthquakes [12].

5. Summary

In this research, we proposed the correlation
analysis for detecting TEC anomalies. This anal-
ysis method is familiar to Informatics and radio
astronomy, but has not been applied to analyzing
TEC data. In the 2011 Tohoku-Oki earthquake
case, the TEC anomaly near the epicenter is de-
tected about one hour before the main shock by
the correlation analysis. This anomalous TEC val-
ues have a characteristic pattern, but the physical
mechanism responsible for it is still unclear. As fur-
ther research, other large earthquakes should be in-
vestigated to confirm the presence of TEC anoma-
lies before large earthquakes. Furthermore, it is
anticipated that the physical mechanisms which re-
veal the relationship between the seismic activities
and ionospheric disturbances are explored.
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Figure 3. The results of correlation analysis on
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Abstract: In 1984, a VLBI group in Kashima
Branch, Radio Research laboratory (at present
Kashima Space Technology Center of NICT, Na-
tional Institute of Information and Communica-
tions Technology) tried to develop a water vapor
radiometer, WVR, which aims at obtaining bet-
ter accuracy in geodetic VLBI observations. With
the WVR data they did not get remarkable im-
provements on geodetic solutions for the US-Japan
joint VLBI program. Since then the development
of WVR has been inactive in Japan until the KEK,
High Energy Accelerator Research Organization in
Japan) succeeded to measure the wideband spec-
trum of a resonance pattern of a water vapor
molecule in the atmosphere in 2015. The success
inspires developments of a new advanced WVR in
Japan.

Here I will review the current state of develop-
ments on the WVR in the world and give sugges-
tions on the new WVR in future.

1. Introduction

In 1985 a Water Vapor Radiometer, WVR, was
developed by a VLBI group in Kashima Branch,
Radio Research laboratory (at present Kashima
Space Technology Center of NICT, National In-
stitute of Information and Communications Tech-
nology), which aims at obtaining better accuracy
on geodetic solutions on the Joint US-Japan VLBI
program (see Fig.1). With the WVR data, how-
ever, they could not get remarkable improvements
on the geodetic solution. Since then no trial on
the WVR developments has been made in Japan
except for a trial test of a water vapor spectrom-
eter attached on a 10-m radio antenna located at
the Usuda Deep Space Center. The work is per-
formed by Yoshiharu Asaki in 2005 but not ap-
plied to actual VLBI observations. In 2015, the
KEK, High Energy Accelerator Research Organi-
zation in Japan has succeeded to measure the wide-
band spectrum of a resonance pattern caused by a
water vapor molecule in the atmosphere as shown
in Fig.2.

The success inspires developments of a new ad-
vanced WVR in Japan. In the next section the

Figure 1. K3 WVR developed by Kashima in the
first trial

Figure 2. Wideband water vapor emission spectrum
detected by KEK WVR

current state of the WVR developed and operated
in the world is overviewed. In Section 3, a serious
problem on the WVR happened at a bad weather
condition of a thick cloud and heavy raining is dis-
cussed. In section 4, a new WVR design on a wide
band spectrometer with a high speed AD converter
is proposed.

2. WVRs in the world

The Onsala Space Observatory has been work-
ing on the WVR (Forkman 2003)[1] which is shown
in Fig.3. At a time when the receiver is in the
calibration cycle, the mirror switches the beam to
sky and a hot load behind the mirror alternatively.
This calibration method is now widely employed to
current WVRs for calibrating power measurements
to sky noise temperature.

The JPL developed a new advanced WVR to cor-
rect the wet path delay for deep space navigation
(Tanner 2003)[2]. It is a highly stable radiometer
designed carefully to keep environment tempera-
ture in the receiver box within 0.004 degree (see
Fig.4). The temperature stability is a key to get
high stability in sky noise measurements[3](4][5]. In
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Figure 3. The Onsala WVR[1]

Figure 4. A hgihly temperature stabilized receiver
of the JPL AWVR

the sky noise measurement, noise temperature and
gain of a receiver shall be kept constant together
with physical temperature of the hot load, other-
wise the sky noise originated in the water vapor
emission in the sky is measured wrong.

Tahmoush & Rogers (2000)[6] shows good agree-
ment on the wet delay less than 1 millimeter be-
tween the WVR delay and the VLBI delay as shown
in Fig. 5.

Shanghai Astronomical Observatory operates a
WVR at the Sheshan site nearby the Tianma 65m.
The similar radiometers are prepared for all four
VLBI stations in Chinese VLBI Network (CVN),
Shanghai, Beijing, Urumuqi and Kunmin. Fig. 6
show the WVR located at the Tianma 65msite,
which was first introduced in 2013 and expected to

Figure 5. The mm accuracy of WVR excess path
demonstrated with VLBI [6]

work with a high frequency VLBI at 22 and 43 GHz
to be done with the 65m telescope. The WVR is
expected to use in the correction of the atmospheric
phase fluctuation in order to get a long coherence
time and to make the sky absorption correction as
well.

Figure 6. The WVR at the Tianma 65-m site of
Shanghai Astronomical Observatory, China

The WVR receives sky noise emission in dual
frequency channels, 23.8 and 31.4 GHz, each band-
width of which is 500MHz. It has an absorber for
the hot load calibration at the bottom of the re-
ceiver cabin. From the sky noise measurements on
the dual frequency channels, it produces the EPL,
Excess Path Length, in the unit of millimeter. The
result will be shown in the next section.

IRAM WVRs have three receiving channels as
shown in Fig. 7 and were used to correct interfer-
ometer phase as shown in Fig. 8 (Bermer(2010)[7]).

The university of Bern developed a WVR shown
in Fig. 9 (Bleisch(2011)[8]. The WVR has an
unique calibration system of a hot bar which par-
tially cover the beam toward the sky.

A sensitive narrow band spectrometer suc-
ceeded to detect water vapor in the stratosphere
(Kämpfer(2003))[9]. The spectral is so sharp in the
feature due to the extremely low pressure that the
high resolution spectrometer is a key of the detec-
tion together with high sensitivity. The detection
of the sharp spectrum clearly show the existence of
water vapor in the stratosphere higher than 10km
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Figure 7. Three-channel radiometer developed by
IRAM

Figure 8. Interferometer phase corrected by WVR

above ground.
A WVR is working in Korea for the studies of

middle atmosphere (DeWachter(2011))[10] in Sook-
myung Women’s University. The WVR is the same
design as that of University of Bern.

3. Bad responses under cloud and rain

In Fig.12 the excess path lengths measured by
SHAO WVR in comparison with GPS zenith delay
and that derived with the Ray Trace method are
shown on the day of May 31, 2016. At the CST
time around 8h, the thick cloud covered the sky and
at around 18h a heavy raining started. Under these

Figure 9. WVR developed by University of Bern,
Switzerland

Figure 10. Water vapor in stratosphere, no pres-
sure broadening spectrum[9]

Figure 11. The WVR working in the Sookmyung
Woman’s University in Korea

bad weather conditions the EPL by SHAO WVR
shows big errors compared to EPLs measured by
GPS and Ray Trace. The incredibly large EPL of
the WVR may come from the wrong conversion of
the sky noise temperature onto the EPL. The sky
noise increased with absorption by liquid water in
a cloud and a rain is converted to the large EPL
by an error. The imperfect separation of the EPL
from the absorption may cause the large error.

The similar bad result was reported by Jung-ho
Cho(2006)[11] as shown in Fig. 13. They compared
the WVR EPL to the VLBI delay and found good
agreement between them at the start of the day

Figure 12. Excess path length measured by SHAO
WVR in comparison with GPS and Ray Trace
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Figure 13. Measurement error of WVR under
raining[11]

until the mid day but big discrepancy in the latter
half of the day. They noted the discrepancy was
caused by a rain.

Not only a rain but also a heavy cloud causes the
big error in the WVR measurement owing to the
imperfect separation of the vapor emission from the
liquid water absorption. Both of the water vapor
and the liquid water cause the rise in the sky noise
temperature. We need to note that the liquid water
absorption is almost constant or slightly linearly
proportional to frequencies around the water vapor
resonance peak at 22.2 GHz. We need to separate
the water vapor emission by the resonance spectral
pattern.

The perfect separation between absorption and
delay was reported by Elgerd(1998)[12] with the
Onsala WVR as shown in Fig. 14. The upper
plot indicates the delay (EPL) and the lower ab-
sorption. The wet delay measured by the WVR is
not affected by large absorption by the rain. Also
we can see the rapid decrease in the wet delay af-
ter the rain stop. This is meteorologically under-
standable that a water vapor in the atmosphere
is converted to the liquid water and fall down to
a ground which causes the decreases in the water
vapor content in the atmosphere. Even under rain-
ing, the WVR shows a reasonable value in the wet
delay. This indicates that the careful analysis on
the water vapor emission profile (resonance pattern
around 22.2 GHz) makes possible to separate the
wet delay from the liquid water absorption.

4. Technical points for future develop-
ments

By reviewing the current status of world WVRs
and by considering the bad effect by cloud and rain,
some technical points are described here.

4.1 Radiometer calibration

A radiometer measures the power in dimension
of Watt and converts it to the brightness temper-

Figure 14. Separation of the excess path from ab-
sorption due to liquid water[12]

ature of the sky in Kelvin by an equation, P =
kGB(Tsky +Trx), where P is a received power, k is
the Boltzmann constant, G is a receiver gain, B is
a receiver bandwidth, Tsky is a sky noise temper-
ature and Trx is a receiver noise temperature. If
the receiver Gain, G, the bandwidth, B and the re-
ceiver noise temperature Trx is stable and known,
it is straight forward to convert the power to the
sky noise temperature. The gain and the receiver
noise temperature are, however susceptible to am-
bient temperature. This is a reason why we need
to carefully keep the temperature of a receiver box.
If we have two reliable references in the brightness
temperature, Tref1 and Tref2, and by putting these
reference temperatures in place of Tsky we can solve
for values of kGB and Trx. Usually we use a hot
load and a cold load for two reference brightness
temperatures. The hot load is an absorber in a
room temperature (∼300K) and the cold load is
an absorber dipped into a liquid nitrogen (∼80K).

Another way is so called a Y-factor method, in
which the power ratio is measured. The power ra-
tio Y, Y = Psky

Phot
, where Psky is the power received

by the WVR toward the sky and Phot is the power
terminated by the hot load. By taking the ratio,
a common factor of kGB is canceled and we get
the power ratio of Y as Y = Thot+Trx

Tsky+Trx
, and from

the power ratio the Tsky is easily reduced by tak-
ing Thot known. In advance to this Y-factor mea-
surement, the receiver noise shall be measured by
a hot/cold calibration, Y ′ = Thot+Trx

Tcold+Trx
where Thot

and Tcold are known. Also it is assumed the Trx is
constant during sky noise measurements. A tech-
nical point on this method is a time how long we
can keep the receiver noise temperature constant.
Again it is important to keep the ambient temper-
ature in the receiver box.

4.2 Spectrum measurement with a high
speed AD

The SHAO WVR measures only two frequency
channels and has not enough capability to sepa-
rate water vapor from liquid water as mentioned in
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Section 3. This is one reason why the WVR some-
times shows outrageous values in the excess path
length. The best way to achieve ideal separation
is to make measurement the frequency spectrum
around the water vapor resonance as shown in Fig.
2. The resonance spectrum is fit to the theoretical
one’s and then the total amount of water vapor in
the air is estimated. From the water vapor content
in the air we can separately deduce the wet delay
and the absorption.

The water vapor spectrum is widely spreading
in frequency over a few GHz around the resonance
peak frequency at 22.2GHz due to the high pres-
sure in the lower atmosphere. Tahmoush(2000)[6]

got the wide band spectrum by sweeping the fre-
quency of a local oscillator in the frequency down
converter. The Fig.2 measured by the KEK WVR
is figured the spectrum by an analog spectrum an-
alyzer. In both of them it takes a few seconds to
a few tens seconds to get a full frequency span of
the water vapor resonance. To correct a short term
variation of the wet path, it is preferred to use a
high speed AD converter and a digital spectrome-
ter. The new digital water vapor spectrometer is
now under development in Japan with a sampling
frequency of 16GHz on the frequency band spanned
from 16 to 24GHz. The author hope it will effec-
tively work in the wet path correction in delay and
absorption, and is used for precise astrometry and
geodesy, and reliable imaging in radio astronomy.
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Status on the Ishioka Geodetic

Observing Station

Masayoshi Ishimoto
(ishimoto-m96pu@mlit.go.jp),
Michiko Umei, Takahiro Wakasugi, Ryoji
Kawabata, Tomoo Toyoda, Basara
Miyahara, Yoshihiro Fukuzaki

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

Abstract: The Geospatial Information Authority of
Japan (GSI) has constructed a new VGOS station,
which is named Ishioka Geodetic Observing Sta-
tion. The construction of the antenna (radio tele-
scope) was completed in March 2014, and an oper-
ation building was constructed in February 2016.
At present we carry out legacy S/X-band inter-
national observations and temporarily install the
equipment for broadband observations, including
front-end and back-end.

We report the geodetic results of the legacy S/X-
band observations and trial broadband observa-
tions carried out at Ishioka in collocation with five
IVS stations.

1. Introduction

The Geospatial Information Authority of Japan
(GSI) has constructed a new geodetic observing
facility since 2011. This facility is designed for
the next-generation VLBI system called VGOS,
which is promoted by the International VLBI Ser-
vice for Geodesy and Astrometry (IVS). The con-
struction of the VGOS antenna was completed, and
the other necessary equipment (front-end, back-
end, hydrogen masers, and so on) was also delivered
in March 2014. The detailed specifications of the
antenna and the delivered equipment are reported
in Fukuzaki et al. (2015). Construction of an op-
eration building was then completed in February
2016. This new geodetic observing facility, called
Ishioka Geodetic Observing Station, will be a main
geodetic VLBI station in Japan as the successor of
the Tsukuba 32-m station from 2017.

At present we carry out the legacy S/X-band
international observations at both Ishioka and
Tsukuba in order to obtain a precise tie vector
between these two antennas. Ishioka started the
legacy S/X-band observation in 2015, and contin-
ued the observation until July 2016. Ishioka will
resume the legacy S/X-band observation in Octo-
ber 2016 after an interruption of two months during
which we carry out trial broadband observations at
Ishioka.

In August and September 2016, we set up the
broadband observing system and carried out the
broadband observations at Ishioka. Two kinds of
broadband feeds were available at Ishioka: One is
the Eleven feed developed by the Chalmers Univer-
sity of Technology in Sweden, and the other is the
Quadruple-Ridged Flared Horn (QRFH) developed
by California Institute of Technology. We evalu-
ated receiving performance of these feeds. We also
developed the frequency Up-Down Converter and
the K6/iDAS Sampler for the broadband system
and evaluated their operational performance. Then
Ishioka carried out the broadband observations us-
ing these equipment.

This paper gives the results of the legacy S/X-
band observations and the present status of the
equipment and the broadband observations.

2. Observing facility

The Ishioka Geodetic Observing Station is lo-
cated at about 17 km northeast of the Tsukuba sta-
tion. Figure 1 shows the location and an overview
of the Ishioka station. Since the Ishioka station
is designed to contribute to Global Geodetic Ob-
serving System (GGOS) as a core observatory, it
has a GNSS CORS (Continuously Operating Ref-
erence Station) and a gravity measurement facility
in addition to the VGOS antenna.

Figure 1. Location and overview of Ishioka Geode-
tic Observing Station
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3. Result of the legacy S/X-band observa-
tion

The Ishioka station carried out the first legacy
S/X-band observation in January 2015, and forty-
six 24-hour observations were carried out in to-
tal until July 2016. Table 1 shows the number
of observations carried out at Ishioka. Figure 2
shows time series variation of the estimated base-
line length between Ishioka and the Tsukuba 32-m
antenna. There are two interruptions during the
observations because of re-adjustment of the equip-
ment and construction of the operation building.
The average of standard deviations of the five ob-
servations before September 2015 is about 3 mm
and quite large, because artificial radio signals in
the frequency range less than 2.1 GHz were strong
enough to degrade observation signal quality in the
range. Therefore we installed a high pass filter to
cut less than 2.2 GHz, a notch filter to cut 2.1 GHz,
and a band pass filter to pass 2.2-2.4 GHz after the
Low Noise Amplifier output. As a result, the aver-
age of standard deviations after September 2015 is
significantly improved and about 1 mm.

Table 1. Number of observations

Session Type Number of observations
JADE 17
AOV 9
IVS-R1 17
IVS-T2 etc 3
Total 46

Figure 2. Variation of baseline length between Ish-
ioka and Tsukuba 32m antenna

4. Status of equipment for broadband ob-
servation

4.1 Front-end

Eleven feed and QRFH were evaluated as candi-
dates for a broadband feed at Ishioka. We found

that SEFD (System Equivalent Flux Density) val-
ues of Eleven feed were higher than that we ex-
pected for over 10 GHz frequency (e.g., 7500 Jy for
14 GHz) (Fukuzaki et al, 2015). Then, we mea-
sured SEFD values of QRFH to evaluate the re-
ceiving performance. The SEFD values of QRFH
are shown in Figure 3. These values were measured
using the radio signals from a strong radio source,
Taurus-A. This figure shows that the SEFD val-
ues of QRFH are reasonably good from 3 GHz to
14 GHz. The signals less than 3 GHz were cut by
a high pass filter, because the radio signals from
Radio Frequency Interference sources were strong
enough to cause saturation of the receivers. In con-
clusion, we determined to employ the QRFH sys-
tem as the broadband feed.

Figure 3. SEFD values of Ishioka VGOS antenna
with QRFH

4.2 Frequency Up-Down Converter

We developed a new frequency converter, the fre-
quency Up-Down Converter, compliant with the
VGOS concept. This converter selects any 1 GHz
bandwidth signal between 2 GHz and 14 GHz and
converts the frequency to 1-2 GHz band. This
equipment composes one control unit and four con-
version units (Figure 4). One conversion unit has
two outputs for both horizontal and vertical polar-
ization components. Therefore four bands (eight
channels) signals can be handled in total. In this
equipment, input signal is first up-converted to 28
GHz band and then down-converted to 1-2 GHz
band. The block diagram of this equipment is
shown in Figure 5. Because the local oscillator fre-
quency for up-conversion is programmable between
15.440 GHz and 26.416 GHz, any 1 GHz bandwidth
signal between 2 GHz and 14 GHz can be converted
to 1-2 GHz band.

4.3 Sampler

We developed a new sampler called K6/iDAS.
The specifications of K6/iDAS are listed in Table
2. The K6/iDAS supports two sampling modes:
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Figure 5. Block Diagram of frequency Up-Down Converter for one conversion unit

Figure 4. Photo of frequency Up-Down Converter
installed at Ishioka station

One is wide band mode, which samples 1 GHz
bandwidth directly with 4 Gbps (2 bit and 2 GHz)
recording rate, the other is Digital Base Band Con-
verter (DBBC) sampling mode. Since this sampler
is under evaluation, we also use ADS3000+ AD
Samplers developed by National Institute of Infor-
mation and Communications Technology (NICT)
and Institute of Space and Astronautical Science
(ISAS) for broadband observations.

4.4 Broadband observation

Ishioka carried out the first international broad-
band observation with the Hobart 12-m antenna in
Australia and the Kashima 34-m antenna in Japan

Table 2. Specifications of K6/iDAS sampler in-
stalled at Ishioka station

Parameter Value
wide-band mode
maximun data rate 4096 Mbps
sampling rate 256, 512, 1024, 2048

Msps
bits 1-8 bit
channels 1
DBBC mode
maximun data rate 4096 Mbps
sampling rate 8, 16, 32, 64, 128 Msps
bits 1-8 bit
channels 1, 2, 4, 8

on 9 August 2016. The details of this observation
are shown in Table 3. The first fringes of the in-
ternational broadband observation for Ishioka were
detected between Ishioka and Hobart. In the case
of this observation, our frequency Up-Down Con-
verter and K6/iDAS Sampler were not used, in-
stead, another AD sampler K6/GALAS, which was
developed by NICT (Sekido et al., 2015), was used.

After the observation Ishioka participated in the
other two broadband observations (VGT003 and
VGT004) planned by IVS on 11 and 30 August (Ta-
ble 3). The fringes were not detected for VGT003
probably due to incorrect frequency settings. On
the other hand, for VGT004, the fringes were de-
tected successfully. This is the first fringe for our
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Table 3. details of Broadband observations

Parameter Value
HK16222 with Hobart and Kashima
Date 9 and 10 August 2016
Frequency (center) 4360, 5112, 9960,

12860 MHz
Bandwidth of one
band

1024 MHz

Sampling rate 2048 Msps
bits 2
Polarization Vertical
channels 1 ch x 4 bands
VGT003 and VGT004
Date 10 and 30 August 2016
Frequency (center) 3240.4, 5480.4, 6600.4,

10440.4 MHz
Bandwidth of one
band

512 MHz

sampling rate 1024 Msps
bits 2
Polarization Horizontal and Verti-

cal
channels 16 ch x 4 bands

new system with frequency Up-Down Converter
and ADS3000+ AD Sampler. For the next step Ish-
ioka will carry out an international 24-hour broad-
band observation in September 2016.

5. Summary

Construction of the Ishioka Geodetic Observing
Station was completed in February 2016. Ishioka
has mainly carried out the legacy S/X-band obser-
vations, and the reasonable geodetic results were
obtained. In addition, we almost finished instal-
lation of the equipment for the broadband obser-
vation at Ishioka. Ishioka carried out two interna-
tional broadband observations in August 2016, and
the fringes were successfully detected. Ishioka will
carry out an international 24-hour broadband ob-
servation in September 2016 and resume the legacy
S/X-band observations from October. In 2017, we
will carry out both the broadband and the legacy
observations.
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1. Status of development

New wideband feed, NINJA Feed, has installed
in the Kashima 34m antenna in the last summer.
The NINJA feed was designed for 3.2-14.4 GHz and
was mounted nearby the IGUANA Daughter feed
which is operated in 6.5-15 GHz band as shown
in Figure 2. The main reflector of the MARBLE
at NICT Koganei was enlarged from 1.6 m to 2.4
m and its optics was changed to the Cassegrain
with another type of the NINJA, as shown in Fig-
ure 3. They are operated with 30-40 % aperture
efficiency, but receiving frequencies of both anten-
nas are limited by the WRD350 to SMA converters
now. Also new wideband OMT for these NINJA
feeds was developed as shown in Figure 1. This
OMT was tested with the NINJA feed in the 34
m antenna, but strong RFI from cellular phones
in 2 GHz band was received. Thus observations
with dual polarization will not be started after new
OMT is designed and fabricated.

Figure 1.
Return loss measurement of the new wideband
OMT with the NINJA feed for the MARBLE.

2. Plans

New wideband OMT and NINJA feeds will be
developed in this year to replaced the current NI-
JNA feeds. They can cut RFI in the 2 GHz band
and will improve the aperture efficiencies of our 34
m and 2.4 m antennas. Observations with dual
polarization will be started soon after the replace-
ment of the NINJA feed in the 34 m. Wideband
OMTs will be developed for the IGUANA feeds.

Figure 2.
The NINJA feed and the IGUANA feed in the
Kashima 34m receiver cabin.

Figure 3.
MARBLE 2.4m on the roof top of the NICT
KOGNEI 2nd building.
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Development Status of GALA-

V Broadband VLBI — Geode-
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Abstract: Development of broadband VLBI sys-
tem named GALA-V has been conducted by NICT
for VLBI application to distant frequency trans-
fer. Observation systems and signal chain from
data acquisition to analysis has become ready. A
series of broadband VLBI sessions with pair of
small diameter antennas and high sensitivity an-
tenna (Kashima 34m or Ishioka 13m) have been
performed since Jan. 2016. VLBI delay data on
the baseline between small antenna pair were not
directly derived by the cross correlation of these
data set, but that was computed by linear combi-
nation of delay observables between small anten-
nas and high sensitivity antenna baselines. Geode-
tic solutions of seventy km baseline between 1.6m
and 2.4m diameter antennas were obtained by the
virtual observables. The repeatability of the sta-
tion coordinates were several millimeters in hori-
zontal and a few centimeter in vertical position.
Atomic clock behaviors between two small stations
are obtained from these VLBI sessions and they are
consistent with those derived by GPS observations.
This paper reports overview of the system develop-
ment and data analysis results of broadband VLBI
sessions in 2016.

1. Introduction

NICT is conducting development of broadband
VLBI system named GALA-V for distant fre-
quency transfer [1]. Broad observation frequency

Figure 1. Pictures of VLBI antennas, which are ca-
pable of broadband observation in Japan. (a) MAR-
BLE1 1.6m, (b)MARBLE2 2.4m, (c) Kashima
34m, (d) Ishioka 13m.

range 3-14 GHz has been motivated for improve-
ment in sensitivity and delay measurement preci-
sion, and joint observations with VGOS stations
are in the scope. The GALA-V system has tar-
get of making distant frequency comparison be-
tween transportable small VLBI stations by the
help of joint observation with high sensitivity VLBI
stations. Advantages of using small antennas are
mainly two folds. Firstly, features of lower cost and
transportability are suitable as a tool for frequency
comparison of atomic time standards. Secondary,
large diameter antenna has potential cause of delay
fluctuation such as distortion of antenna structure
and long signal transmission lines. Those effects
related with large diameter antenna are canceled
out in the linear combination of the equation (1).
Magnitude of distortion is proportional to the size
of the antenna, thus potential error sources are re-
duced for small antenna.

Signal to noise ratio (SNR) of VLBI observation
is proportional to the products of two observing
stations of the baseline. Thus disadvantage of lower
sensitivity of small antenna pair (A and B) is com-
pensated by joint observation with high sensitivity
station (R). Even SNR was not enough on A-B
baseline, as far as R-A and R-B baselines works as
interferometer, delay observable of small antenna
pair τAB can be computed by linear combination
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of delay observable τRA, τRB as follows:

τAB(tprt) =
τRB(tprt − τRA(tprt)) − τRA(tprt − τRA(tprt))

∼= τRB(tprt) − τRA(tprt)−
d

dt
τAB(tprt) × τRA(tprt) (1)

It should be noted that this is valid when the radio
source is supposed as a point source with respect
to the fringe spacing in the sky formed by the pro-
jected baseline. Radio source structure effect have
to be considered when the brightness distribution
of the radio source is not negligible. This assump-
tion is valid for the experiments described in this
paper due to short baselines.

Based on this idea, broadband VLBI stations of
small antenna pair and high speed data acquisition
systems have been developed. Fig. 1 shows VLBI
stations, which is capable of broadband observa-
tion in Japan. Kashima 34m station and small di-
ameter broadband stations MARBLE1 and MAR-
BLE2 have become ready for operational broad-
band observations in 2016. Ishioka 13m station of
Geospatial Information Authority of Japan (GSI)
has started its operation since 2015. This report
describes current status of broadband system de-
velopment, and some results of broadband VLBI
sessions conducted in 2016.

2. Development of Broadband VLBI Sys-
tem GALA-V

2.1 Broadband VLBI Antennas

Kashima 34 m diameter VLBI station has been
upgraded by installation of our original broadband
feed systems. The first prototype feed IGUANA-
H, which has sensitivity at 6.5-15 GHz[2, 3], was
installed in 2014. The next feed NINJA was de-
signed for 3.2-14.4 GHz frequency range[4], and
it was mounted on the 34 m antenna in 2015.
System temperature and System Equivalent Flux
Density (SEFD) are about 200-300 Kelvin and
1500-2000 Jansky for 3-11 GHz frequency range,
respectively[5].

A pair of small diameter antennas MARBLE1
and MARBLE2 have been originally developed
for the project of baseline evaluation[6]. Both
of these antennas are equipped with Rindgren
Quadridge Flared Horn (QRFH)s and room tem-
perature LNAs, and frequency downconverter for
S/X-band had been used in that project. We
have upgraded them to enable broadband obser-
vation for GALA-V project. One of two broad-
band transportable antennas (MARBLE1 of 1.6m
diameter) has been installed at National Institute

of Metrology in Japan (NMIJ) at Tsukuba. The
other antenna (MARBLE2 of 1.5m diameter) has
been placed at NICT headquarter at Koganei.

MARBLE2 1.5 m diameter prime focus an-
tenna using QRFH was upgraded to 2.4 m dish of
Cassegrain optics with second NINJA feed in 2016.
By using room temperature LNA, the system noise
temperature is around 150-200 Kelvins in 3-11 GHz
frequency range. After that evaluation of second
NINJA feed at MARBLE2, the third NINJA feed
will be installed to MARBLE1 antenna, and diam-
eter of the antenna will be upgraded to 2.4 m with
Cassegrain optics in near future. Current system
noise temperature of MARBLE1 antenna is 200-
300 Kelvins.

Both of two small antennas are capable of only
single linear (Vertical) polarization observation.
Current SEFDs of MARBLE1 and MARBLE2 are
1 ∼ 2 × 106 Jansky, and 2 ∼ 4 × 105 Jansky, re-
spectively in 3-11 GHz frequency range.

2.2 Data Acquisition and Signal Process-
ing

Another new technology introduced in this
project is ”RF-Direct-Sampling” technique[7],
which converts radio frequency analog signal
to digital data by using high speed sampler
K6/GALAS[8] at 16,384 MHz sampling rate with-
out analog frequency conversion. Four bands of
signals with 1 GHz bandwidth can be flexibly spec-
ified in 0 - 16 GHz frequency range, and they are
extracted by digital signal processing. Then the
data is acquired to high speed recording system
through 10G-Ethernet interface. This RF-Direct-
Sampling technique has an essential advantage at
stable phase relation between the signals of each
bands. Since precise group delay observable is
obtained by linear phase gradient over broad fre-
quency range, phase distortion caused by the sig-
nal transmission line from the radio telescope to
the recording system has to be calibrated. Lin-
ear phase characteristics is the key feature to mea-
sure precision group delay with broadband signal.
In case of analog frequency conversion, it is in-
evitable that unpredictable phase offset originated
from local oscillator is added in that process. Con-
ventionally, phase calibration signal (Pcal)[9] has
been used to calibrate phase characteristics of the
system including the offset and signal transmission
path, however special care is needed to keep phase
stability of the Pcal device itself. Because the tim-
ing of Pcal signal is triggered by reference signal,
thus its phase can be changed by thermal extension
of reference signal transmission cable. For monitor-
ing and calibration of this change, Delay calibra-
tion system (Dcal) has been used at geodetic VLBI
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Figure 2. Left panel shows time series of broadband VLBI delay data for 3C273B on Kashima 34m -
Ishioka 13m baseline. Trend of slow delay change including geometry and clock has been subtracted by
polynomial fitting. Every points of 1 sec. interval represents delay data obtained by synthesizing four
frequency bands. The random walk like delay behavior, which changes about 20 ps in a few hundred
seconds, might be caused by atmospheric delay fluctuation. Right panel shows Alan standard deviation
computed from the delay data in the left panel. Dashed line indicates σ(τ) = 1×10−13τ−1/6, which is an
example of fluctuation evaluated by Kolmogorov turbulence theory and coefficient in literatures[12, 13].

stations. Whereas in case of RF-Direct-Sampling,
phase relation among the four bands of signal is
frozen at the point of digitization.

For recovery of linear phase characteristics over
the wide frequency range, we employed a phase cal-
ibration method using reference radio source. Ra-
dio sources with relatively stronger flux are ob-
served a few times in a session, then one of the
scans with high SNR is chosen as template for cal-
ibration. The cross correlation phase spectrum of
the template scan data is applied to all the scans of
whole session to calibrate the phase characteristics
of signal transmission path and data acquisition.
This method has been proven to work well in our
broadband VLBI sessions.

Polarization of the data acquisition in our VLBI
sessions has been only single linear (Vertical) polar-
ization. Because differences of paratactic angles are
negligible on these domestic short baselines, this it
not a issue at present. Dual polarization observa-
tion is necessary in intercontinental long baseline
observation. And the VGOS specification requires
dual linear polarization observation, Dual polar-
ization data acquisition is being prepared in out
GALA-V project, too.

Cross correlation of the data has been processed
by using high speed software correlator GICO3
[10], which was developed by NICT for astro-
nomical broad band observation. Correlation out-
put of four band of signals are synthesized by
new wideband bandwidth synthesis (BWS) soft-
ware ’komb’[11]. The BWS produces sharp peak
in time domain after phase characteristic calibra-
tion by using template scan as described above.
Fig. 2 shows a delay data of radio source 3C273B

obtained by a test experiment on Kashima 34m
- Ishioka 13m baseline in 2015. The data shows
that sub-pico second delay precision was achieved
by 1 second of observation. It is demonstrating
potential of extremely high delay precision by the
broadband observation system. The random walk
like that delay behavior, which changes about 20 ps
in a few hundred seconds, is thought to be caused
by property atmospheric delay change. Alan stan-
dard deviation of the data shows consistent trend
with an example of fluctuation (dashed line in the
right panel of Fig.2) evaluated by Kolmogorov tur-
bulence theory and coefficient in literatures [12, 13].

3. Broadband VLBI Sessions in 2016

Basic observation mode of the GALA-V system
was allocating four 1024 MHz width data acquisi-
tion bands in 3-14 GHz frequency range with non-
redundancy interval. Frequency allocation of band
center at 4.0 GHz, 5.6 GHz, 10.4 GHz, and 13.6
GHz was the original plan. Although by taking
into account practical condition such as radio fre-
quency interference (RFI) and sensitivity of cur-
rent receivers, slightly narrow frequency allocation
at 5.9, 7.1, 8.7, and 10.6 GHz was used in the VLBI
sessions in 2016.

Eight broadband VLBI sessions have been con-
ducted during period between January to Septem-
ber 2016 (Table 1). Because the target of the
project is frequency comparison of atomic stan-
dards, then session lengths are longer than 24 hours
to get clock behavior in long time span. Ex-
tracted observation data of broadband VLBI ses-
sions are stored to MK3 database and analyzed by
Calc Ver.11.01 and SOLVE Release 2014.2.21 de-
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Table 1. Broadband VLBI sessions during Jan.-Sep. in 2016. Kas34:Kashima 34m antenna, MBL1:
MARBLE1 antenna, MBL2: MARBLE2 antenna, Ish13: Ishioka 13m antenna.

Date in 2016 Stations Num. Scans Session Avg. time
Used/Recorded Duration /scan

26-27 Jan. Kas34—MBL1—MBL2 1330/1500 46 h 110 sec.
12-13 Feb. Kas34—MBL1—MBL2 1250/1600 47 h 106 sec.
28-29 Feb. Kas34—MBL1—MBL2 1050/1450 49 h 122 sec.
16-17 May. Kas34—MBL1—MBL2 1220/1410 31 h 79 sec.
24-25 Jun. Kas34—MBL1—MBL2 1800/1850 49 h 95 sec.
10-11 Jul. Kas34—MBL1—MBL2 1960/2003 48 h 86 sec.
23-24 Aug. Ish13—MBL2 1372/1385 43 h 112 sec.
12-13 Sep. Ish13—MBL1—MBL2 1600/1640 35 h 77 sec.
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Figure 3. Post-fit delay residual of AB baseline in the session of 10-11 July, where delay of AB baseline
was computed by linear combination of OA, and OB baselines. (O:Kashima34, A: MARBLE1, and
B:MABLR2). Delay errors evaluated from SNR of BWS results was 4 ps or below for all the scans of
AB baseline. Extra noise of 23 ps was added in the reweighting procedure to make reduced χ2 unity.

veloped by NASA/GSFC(http://gemini.gsfc.
nasa.gov/solve/). Estimation parameters in
VLBI analysis are station coordinates (XYZ), at-
mospheric delay with Niell’s Mapping Function
with 20 min. interval, and clock parameters in 60
min. interval. Since there is no ambiguity in our
delay observable due to broad bandwidth, analy-
sis procedure is simply flagging bad data and re-
weighting of data to make reduced-χ2 unity. Delay
residual of small antenna pair AB baselines in the
session of 10-11 July is displayed in Fig.3.

As described at introduction, correlation pro-
cessing for AB baseline is not performed, but the
delay data of AB baseline is computed by linear
combination of delays of OA, OB baselines with
equation (1). Delay error magnitude of AB baseline
is supposed to increase as root sum square of the
error of OA and OB baseline via error propagation
law. However, post fit delay residual of AB baseline
does not increase as expected. This indicates the
post fit residual is dominated by extra error added
to make reduced-χ2 unity, which is added in the

baseline analysis and that represents un-modeled
delay error. This suggests that degradation of de-
lay error by linear combination process was neg-
ligible in these broadband sessions. A series of
MARBLE2 station coordinates estimated with AB
baseline data of broadband sessions are displayed
in Fig. 4. By taking into account a linear trend of
-10.5 mm/yr in E-W direction, repeatability of hor-
izontal coordinates was about several milli-meters,
and that of vertical coordinates was a few centime-
ters. Estimated ’Clock+residual’ as the product of
VLBI is plotted in Fig. 5. Their clock behavior is
consistent with GPS ppp-solutions, though varia-
tion around the trend is larger on VLBI. Further
improvement need to be investigated.

4. Summary

Broadband VLBI system GALA-V acquiring
four 1 GHz band width in 3-14 GHz frequency
range has now been ready for single linear polar-
ization observation. Original designed broadband



18 IVS NICT-TDC News No.36

−10

0

10

N
−

S
 [m

m
]

01 02 03 04 05 06 07 08 09

Month in 2016

−10

0

10

−10

0

10

−10

0

10

E
−

W
 [m

m
]

−10

0

10

−10

0

10

−40

−30

−20

−10

0

10

20

30

40

U
−

D
 [m

m
]

01 02 03 04 05 06 07 08 09

−40

−30

−20

−10

0

10

20

30

40

−40

−30

−20

−10

0

10

20

30

40

Figure 4. Series of MARBLE2 station coordi-
nates estimated with AB baseline data are displayed
for UP-Down, East-West, and North-South coor-
dinates. Error bars of each point indicates formal
error of the coordinates in each session. A linear
trend of -10.5 mm/yr was observed in East-West
direction, which we suppose to be due to local effect.
By taking into account removing this trend only in
East-West coordinates, repeatability of the MAR-
BLE2 station coordinates w.r.t the MARBLE1 co-
ordinates are several milli-meters in horizontal and
about a few centi-meters in vertical coordinates.

feeds have been developed to satisfy the conditions
of broadband receiving and narrow beam width
for Cassegrain focus. A new technique RF-Direct-
Sampling by using K6/GALAS sampler demon-
strated simplified data acquisition system without
Pcal device. This system is working effectively for
stable broadband delay measurement. Broadband
bandwidth synthesis software was developed and it
resulted ever achieved sub-pico second group delay
measurement by broadband VLBI experiment. A
series of broadband domestic VLBI sessions with
GALA-V system have been conducted. VLBI de-
lay data on the baseline of small diameter antenna
pair were computed by linear combination of de-
lay data with respect to larger antenna, and it was
analyzed by CALC/SOLVE system. Repeatability
accuracy of the geodetic solution of small antenna
pair was several millimeters and a few centime-
ters in horizontal and in vertical coordinates, re-
spectively. Atomic clock difference estimated a by
VLBI observation between small diameter antenna

Figure 5. An example of ’Clock+residual’ obtained
by VLBI data in Feb. 12-14 session is plotted.
Marks of (’+’, ’x’, ’*’,’�’) are solution of single
1 GHz band at 5.9 GHz, 7.1 GHz, 8.7 GHz, and
10.6 GHz. The solid line and closed circle is broad-
band delay by synthesis of all bands. GPS analysis
results is plotted with open circles. Vertical posi-
tion of the VLBI data is shifted appropriately for
comparison.

pair has been successfully estimated. It shows con-
sistent results with that measured by GPS obser-
vation.

Dual linear polarization observation will be in-
dispensable in intercontinental broadband VLBI
observation. Source structure effect may have to
be considered in long baselines. We need develop-
ment of data processing scheme of mixed polariza-
tion data, and further improvement of precision is
subject for the next step.
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Abstract:
We have been developing a broadband VLBI

system so-called Gala-V, which meets the VGOS
(VLBI2010 Global Observing System) require-
ments. The direct sampler, so-called K6/GALAS
is a key component of the our project. Here we re-
port an evaluation of K6/GALAS including jitter
and frequency response.

1. The Direct Sampler, K6/GALAS

Figure 1 shows the design of K6/GALAS. It
has four analog inputs and four 10 GbE outputs.
K6/GALAS samples an input signal at 16 GHz
speed and 3 bits quantization. K6/GALAS realized
the down-conversion with high order sampling or
digital baseband conversion of digital signal tech-
nique inside.

Actually, the RF signal of the range of 3 to 15
GHz from Kashima 34 meter radio telescope is
transferred without frequency-conversion through
high sensitivity optical fiber from antenna cabin to
our observation room. Then, the signal after some
amplified inputs to the K6/GALAS. Currently we
installed the low-pass filter and high-pass filter of
the frequency of 8 GHz before input the signal
to the K6/GALAS because the frequency of 8.192
GHz is the half sampling speed (see Table 1).

2. Evaluation of K6/GALAS

2.1 Jitter measurement

The internal digital baseband conversion or high-
order sampling method converts the high frequency
signal to a baseband frequency. Thus, the direct
sampler should have a high stability frequency re-
sponse. This is expressed by ”jitter” in time do-
main or ”phase noise” in frequency domain.

At first, we evaluated the jitter performance. We
input a sinusoidal signal from a signal synthesizer
to K6/GALAS at each frequencies, then calculated
the jitter from digitized signal. K6/GALAS sam-
ples the signal in 3 bit and 16.384 GHz sampling
speed and the signal becomes down-converted dig-
itally inside the sampler. We input several fre-
quency from the synthesizer from 1 MHz to 14

GHz and tuned down-conversion frequency of the
sampler to become the 1 MHz higher than lower
edge of the input signal. The synthesizer and the
K6/GALAS were synchronized by an external ref-
erence signal. Since the sampled frequency was
2048 MHz, the input signal would rotate 1 million
times in 1 s. Then, we performed the Fourier trans-
formed with 2048 points and obtained the millions
of phase data.

The phases are shown in Figures 4 and 5. The
variation of the phase becomes bigger as input
signal became higher frequency. Then, we calcu-
lated the standard deviation of each frequency re-
sults. It is shown in Figure 2, where we obtain
the fitted slope (0.0689 deg/GHz = 0.191 ps) as
a jitter. Based on the obtained jitter value. The
K6/GALAS is expected a good sampler even the
input frequency of 20 GHz.

2.2 Frequency response measurement

K6/GALAS has a capability of receiving signal
to K-band. Thus, we measured the frequency re-
sponse of K6/GALAS precisely. We conducted the
measurement in the following way, we input the
sine wave from the synthesizer to the K6/GALAS
and capture the bit distribution, 3-bits (8-steps).
At first we input the 1 GHz signal with -8.5 dBm
and recorded the bit distribution as a reference.
Then, we input several frequencies up to 20 GHz.
As a matter of course, the bit distribution becomes
narrow as an input signal becomes higher. We ad-
justed the power level of the synthesizer to be the
same bit distribution as the reference. Note that
we measured and corrected the cable loss for the
input power. Table 2 shows the result of the bit
distribution in each input frequencies. The result
of the 22 GHz was within 1-bit level, we input the
power level of -3 dBm of 22 GHz separately and re-
adjusted the reference distribution. Figure 3 shows
the result of the frequency response of K6/GALAS
from comparing amplitude from quantized bit dis-
tribution between reference signal. Currently, we
input the signal from the antenna of 3 to 15 GHz
range to the K6/GALAS, and the signal splits
lower and higher side of 8 GHz. Thus, a few dB
difference should be considered for better observa-
tions.

K6/GALAS is produced and main-
tained by ELECS Industry co.,ltd. http:
//www.elecs.co.jp/ElecsIndustry/download/
index.html#giga-sampler
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Table 1. Specfications of direct sampler K6/GALAS

Frequency range 0.01 to 24 GHz
Number of analog input 2 (optionally 4)
Sampling rate 16384 or 12800 MHz
Quantization 3 bit
DBBC 1GHz bandwidth, 2 bit, 4 streams
10GbE protocol VDIF / VTP/ UDP / IP

Table 2. Measured the bit distribution of K6/GALAS as the frequency input from the synthesizer. Since
the result of 22 GHz becomes within the 1-bit level, we measured separately.

CW[GHz] bit step [%]
0 1 2 3 4 5 6 7

1, reference 0 25 12 14 12 11 26 0
4 0 18 17 17 15 16 17 0
6 0 13 20 18 16 19 14 0
7 0 7 25 19 17 22 10 0
8 0 0 29 21 19 31 0 0
9 0 1 30 20 17 29 3 0
10 0 1 30 19 17 31 2 0
12 0 0 20 32 28 20 0 0
16 0 0 15 36 36 13 0 0
20 0 0 0 49 51 0 0 0

Figure 1. The design of the direct sampler Galas and its appearance.
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Figure 2. The jitter performance of the direct sampler Galas
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Figure 3. The frequency response of the direct sampler Galas
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Figure 4. Time-series of the phase, left shows the 1 MHz and right shows the 2GHz input.
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Figure 5. Time-series of the phase measurement, left shows the 7 GHz and right shows the 12 GHz
input.
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VERICA, A New Verification

Method of Applied Calibra-
tions onto Visibility Data (II)
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Abstract In the NICT TDC Symposium in 2014,
we introduced a method of verification of data cal-
ibration by checking differential visibility between
IF channels (Miyoshi 2014) [1]. Raw visibility
data includes structure information of the observed
source, an independently fluctuating thermal noise,
and a systematic error. Data calibration is per-
formed in order to eliminate the systematic error
in the visibility. After calibrating the individual
recording channels independently, if the system-
atic error remains partly, the residual systematic
error is independent for each channel. When the
signal-to-thermal noise ratio is small, it is often in
such a state. By creating differential visibility be-
tween independently calibrated recording channels,
the information of the source structure is common,
so they are erased, and what lie there are the differ-
ence between the thermal noises and the difference
of the residual system errors. If the behavior is
different from that of the thermal noise expected
from the sensitivity of the baseline, there will be
residual systematic errors in the visibility data af-
ter the calibration is performed. Here, we show
examples in which residual system errors can be
found in calibrated data using this method, VER-
ICA (veri fication method of ca librations onto
visibility data), and demonstrate the generality of
the VERICA method.

1. Cases of residual systematic errors
found by the VERICA methods

In Miyoshi 2014 [1], we showed the examples
that has no residual systematic error in the cali-
brated data of Miyoshi et al. 2011 [2]. From the
same data set, this time we show the cases resid-
ual systematic errors are still contained in the cal-
ibrated data in Figure 1. There are 8 of subsets:
(a), (b), (c), & (d) are examples from differential
amplitude between IF channels, while (e), (f), (g),
& (h) are those from differential phase. Distribu-
tions shown in Figure 1 have different features from
thermal noise ones, suggesting that some residual
systematic errors still exist after the calibration.
There are three types of distributions that seem to

contain residual systematic errors. The first cases
are existences of outliers largely deviated from es-
timated distributions of differential thermal noise.
Both the subsets (a) & (e) are cases of quite higher
signal to noise ratios than 7 (in 10 seconds integra-
tion). Almost of the sampled data are fitted well
to only thermal noise distributions, but there are
outliers as indicated by arrows. In the case of (e),
the χ2 value is more than 6 × 1010 due to the out-
liers.
The second cases show non-zero-mean distributions
of differential visibility. If the errors are thermal
noises only, the mean of differential visibility dis-
tribution must be zero. While the subsets, (b) and
(f) show deviations towards left side from zero as a
whole, clearly this is due that one of the IF channels
have not a proper, constant offset in calibration so-
lutions.
Single peak at zero is other feature of the distribu-
tions of differential visibility containing only ther-
mal noises. (The unique exception is the distribu-
tions of differential phases with ”no signal”: In this
case, the distribution shows not a peak but a con-
stant value.) The last cases show not a single peak
at zero but multiple peaks. The subsets of (c), (d),
(g), & (h) belong to the last cases. The subset
(c) shows that multiple peaks distributed in a wide
range and that the maximum peak position is not
at center (at zero). This may be due to the few
number of samples (Ndata = 109), but the maxi-
mum peak must be located at zero regardless of the
signal to noise ratio in differential amplitude dis-
tributions. The subset (d) shows comparable twin
peaks: one is at zero and the other is at a minus
value. The peaks at the minus value presumably
due to residual systematic errors. The subsets (g)
& (h) also show twin peaks but in these cases, both
are located not at zero, suggesting the existence of
residual systematic errors.

2. An example of the VERICA application:
a case of no signal noise data

Here we show the case of VERICA application to
no signal dataset. The calibrated visibility dataset
shown here is from Miyoshi et al. (2003) [3]. They
simultaneously observed two of SiO maser lines,
namely the v= 1 and v=2 (J =1-0) from VY CMa
using the VLBA at Q-band. They performed cal-
ibrations of visibility data of the two baseband
channels independently. The final image and the
calibrated visibility after Hybrid mapping showed
accordance in closure phase less than 2◦. In Fig-
ure 2, we show those of three baselines, the shortest
baseline LA-PT (237 km), a modest one HN-OV
(3886 km), and the longest one MK-SC (8612 km)
in the VLBA. The histograms of differential phase
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in the lower panels show flat distributions that
mean the SNRs of the channels equal zero, namely
free from maser emissions. Not only these three
examples but all differential phases of 45 baselines
show flat distributions. While the histograms of
differential amplitude in the upper panels show dif-
ferent features from the nature of pure thermal
noises with the expected levels. First, the esti-
mated thermal noise from theoretical curve fitting
to the histograms are 5±0, 12±0, 23±0 mJy, which
are too low noise levels to be explained from the
measured system temperatures. Second, there are
several outliers in the bins away from zero. Third,
all of the three histograms of differential amplitude
show asymmetric features having offsets towards
minus direction in the x-axis, which cannot be ex-
plained by thermal noise. This may be from differ-
ent noise levels due to the large frequency differ-
ence between the channels. One was for receiving
the SiO v=1, the J=1-0 transition at 43.1 GHz,
the other was for receiving the SiO v=2, the J=1-0
transition at 42.8 GHz. The difference of frequen-
cies was 305 MHz. The receiver might have not a
flat band path character. Anyway, investigations of
the differential amplitude distributions allow us to
judge that the amplitude calibrations of the data
were poorly performed and not a few systematic
errors remained after the calibration. As for the

phase calibrations of the data, it was performed
with very high accuracy as well as 2◦ in closure
phase. While as for the amplitude calibrations of
the data, there were unknown problems so that not
a few residuals of amplitude systematic errors in
the calibrated data. Thus, it is demonstrated that
the VERICA method is useful especially for con-
firming the amplitude calibrations.
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(a)                                                              (b)                                                               (c)                                                               (d)

(e)                                                              (f)                                                                (g)                                                               (h)

Figure 1. Examples of residual systemic errors found by the VERICA Methods: The cases of differential
amplitude distributions are from (a) to (d), and those of differential phase distributions are from (e) to
(h). Cases of outliers with a large deviation are (a) and (e). Small vertical arrows indicate outliers.
Cases of none zero mean distributions are (b) and (f) which distributions show offsets towards left side
(minus direction) as shown by large arrows. The subsets of (c),(d),(g), and (h) show cases of multiple
peaks. Also, the subset (f) shows double peaks. These three types of distributions cannot be explained
by only the natures of thermal noise, suggesting the existences of residual systematic errors in calibrated
data.
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Figure 2. Examples of differential visibility distributions of no signal data: The data are from the 43
GHz VLBA observations of SiO masers from VY CMa (BM099). In order to obtain emissions of the
two maser lines (J=1-0 transitions at v=1 and v=2 states) simultaneously, they used two basebands.
We picked up velocity channels without maser emissions from the respective two basebands. The upper
three panels show histograms in 51-point bins of the distribution of differential visibility amplitude. The
arrows in the panels indicate that not a zero value bin exists at the position. The lower three panels show
histograms in 31-point bins of the distribution of differential visibility phase. The left two panels show
those from LA - PT baseline, the middle two from HN - OV baseline, and the left two from MK-SC
baseline. The IF (baseband) channels are between IF 1(sky frequency is 43.1GHz) and IF 2 (sky frequency
is 42.8 GHz). The optimized theoretical fitting curve is shown by a solid line. The estimated noise levels
are from the least square fitting to differential amplitude distributions (upper panels), The estimated
SNRs are from the least square fitting to differential phase distributions (lower panels). The χ2 value of
the fitting, the number of differential visibility Ndata are shown in every panel. The differential visibility
distributions show offsets from zero, and have outliers which suggesting the existences of systematic
errors in calibrated data.
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Abstract: We devleloped GIGA SAMPLER and
PETA DATA RECORDER for radio astronomy
and geodesy. GIGA SAMPLER can directly sam-
ple S-band, X-band, and K-band RF analog signal
without the IF down converters. Direct sampling
eliminate some analog components and reduce sys-
tem cost and size.

1. GIGA SAMPLER
<Features>

• Wide variation of sampling module from
24Gsps x 3bit to 2Gsps x 12bit.

• Reduce system cost by RF/IF direct sampling
up to 24GHz. No need of frequency conver-
sion.

• Signal processing for: Fourier transform, fre-
quency conversion, filter, correlator, demodu-
lation etc.

• FPGA signal processing can be developed by
user.

• You can choose integrate type or separate
type.

• Optional web-base GUI software made possi-
ble the integrative control of signal analysis
solution, such as PETA DATA RECORDER
and GIGA SAMPLER, via web browser.

<Specifications>

� ADC module

• 2Gsps x 12bit BW 3GHz (Option BW
18GHz)

• 4Gsps x 10bit BW 10GHz (Option BW
18GHz)

• 24Gsps x 3bit BW 24GHz

� DSP module

• Fourier transform with window function
• Frequency conversion and filter (Digital

Baseband Converter)
• Correlator ( auto / cross / delay compen-

sation / fringe rotation / fractional delay
[ΔW] )

• User custom logic

� Data output

• 1/10/40Gbit Ethernet
• VTP / VDIF / UDP(TCP) / IP
• Jumbo frame

Figure 1. Direct Sampler (integrate type)

Figure 2. Block Diagram (integrate type)

DSP + Output ADC

Figure 3. Direct Sampler (separate type)

2. Direct Sampling Benefits

3. PETA DATA RECORDER
<Features>

• Record high-speed and broadband data
stream input via 10/40/100G ethernet at max-
imum speed of 32Gbps.

• Removable storage is safety transported with
its own purpose-built carry case.

• The durability of the storage module connec-
tor is over 10,000 times of insert / remove.

• Realizing direct analysis of data stream with-
out file format conversion by adopting Linux
file system for the storage.

• Optional web-base GUI software made possi-
ble the integrative control of signal analysis
solution, such as PETA DATA RECORDER
and GIGA SAMPLER, via web browser.

<Specifications>

� Record / Playback
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Antenna Cabin Digital Optical

Transmission

Observation Room

Figure 4. Block Diagram (separate type)

Figure 5. Direct Sampling Benefits

• Maximum Record / Playback speed
32Gbps

• RAID level 0 / 5 / 6
• Linux XFS File system

� Storage

• Maximum 4 removable storage modules
• 12 HDD/SSD units per 1storage module
• Secured transportation with the own

purpose-built carry case

� Data input / output

• 10/40/100Gbit Ethernet
• Compatible with a wide variety of stream

protocol

Figure 6. PETA DATA RECORDER

4. Web-baes Integrate GUI Software

<Features>

• Web-base integrate GUI software (GIGA
SAMPLER , PETA DATA RECORDER ,
etc.)

• Don’t depend on OS and machine.

• Analyze recorded data ( spectrum, quantiza-
tion bit distribution )

• The control function of other company prod-
uct can be supported by customization.

5. Delivery Achievement

� NAOJ (National Astronomical Observatory of
Japan)

• VERA (VLBI Exploration of Radio As-
trometry)

• Nobeyama Radio Observatory
• Chile Observatory

� NICT (National Institute of Information and
Communications Technology)

• Gala-V (Galapagos VLBI)
• Yamagawa Solar Radio Observatory

� KASI (Korea Astronomy and Space Science
Institute)



28 IVS NICT-TDC News No.36

Figure 7. Analysis of recorded data

Figure 8. Gala-V Kashima,
NICT

Figure 9. KVN Yonsei, KASI Figure 10. Nobeyama, NAOJ

Figure 11. VERA Mizusawa, NAOJ Figure 12. Yamagawa, NICT

• KJCC (Korea-Japan Correlation Center)
• KVN (Korean VLBI Network)

� Ibaraki University

� Yamaguchi University
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