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Abstract We have developed new broadband VLBI
system, which include broadband feed, data acquisition
system, and data processing software to derive precise
group delay observable. The system is intended to be
compatible with the VGOS (VLBI Global Observing
System) specification. A newly developed broadband
NINJA feeds has been mounted at the Cassegrain fo-
cus of Kashima 34m antenna and two small diame-
ter VLBI antennas. RF-Direct sampling (RDS) tech-
nique was introduced by using high speed sampler
K6/GALAS(OCTAD-G). The RDS has great benefit
not only simplification of the data acquisition system
by eliminating analog frequency converter, but also in-
creasing phase stability of the signal. This characteris-
tic is essentially contributing to sub-pico second preci-
sion delay measurement achieved by wideband band-
width synthesis. We conducted a series of broadband
VLBI experiments between two small telescopes in-
stalled at NICT(Tokyo) and NMIJ(Tsukuba) for mea-
surement of clock difference between UTC(NICT) and
UTC(NMIJ). Those results demonstrated that broad-
band VLBI system enables pico-second precision ob-
servation even with small diameter radio telescopes.
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1 Introduction of the GALA-V Project

Concept of broadband VLBI system for the next gen-
eration geodetic VLBI system has been discussed by
the IVS working group(Niell et al., 2006). And it has
been realized as the VGOS (VLBI Global Observ-
ing System). Stimulated by the VGOS concept, we
has started development of a broadband VLBI system
named GALA-V for application to accurate frequency
comparison on long baseline. We employed small di-
ameter antennas (MARBLE1 and MARBLE2) as re-
locatable VLBI station. Standard signals generated by
atomic clocks to be compared are used for frequency
standards at each small VLBI stations, and they are
compared by observation. Disadvantage of the small
collecting area of the antenna is compensated by two
techniques. One is expanding observation bandwidth.
Signal to noise ratio (SNR) is proportional to square-
root of the signal bandwidth, then increasing frequency
width of signal channel from conventional 8 MHz to
1024 MHz gains

√
128 = 11 times improvement. The

second technique is joint VLBI observation with larger
diameter antenna, because the sensitivity of VLBI ob-
servation is proportional to the product of diameter
of antenna pair. Fig. 1 shows image of the GALA-V
project and 34m and 2.4m diameter antennas used in
the project. Once ’large-small’ diameter antenna pair
works as VLBI station, delay observable on ’small-
small’ diameter antenna pair can be computed by using
closure relation from two of ’large-small’ baseline data
of the same epoch, where radio source structure effect
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Fig. 1 Image of Gala-V project is illustrated in the figure above.
Small antennas are used for tool for geodesy by joint observa-
tion with large diameter antenna. Kashima 34m (left) and 2.4m
diameter Cassegrain antennas (right) are capable of super broad
frequency (3-14 GHz) observation via new broadband NINJA
feeds.

is supposed to be compensated or small enough to be
eliminated.

This report describes topics of GALA-V system de-
velopment.

2 Broadband Feed and Signal Chain

New VGOS telescopes are starting up in many coun-
tries, and almost all of new VGOS stations employes
either Eleven Feed System(Yang, et al., 2011) or
Quadruple-Ridged Flared Horn(Akgiray, et al., 2013)
for the receiver. Since these feeds have wide opening
angle around 120 degrees, ring focus optics have been
chosen for new telescopes being built. However, in
our case, Kashima 34m antenna’s full viewing angle
of sub-reflector from the focal point is fixed to be
34 degrees from geometry. Due to this reason, we
have developed our own multi-mode feed named
IGUNA-H(Ujihara, 2016) for 6.5-15 GHz frequency
range as the first prototype. And second prototype
NINJA feed for 3.2-14 GHz frequency range has
been used at Kashima 34m and two small diameter
telescopes in our project. Picture of the broadband

Fig. 2 Picture of broadband feed system of Kashima 34m an-
tenna. NINJA feed in the left side and IGUANA-H feed in the
right hand side.

feeds mounted at Kashima 34m antenna is displayed in
Fig. 2. For quick development and for cost restriction,
room temperature LNA has been used, then modified
system temperature (Tsys∗) is about 150-300 K for
3-14 GHz frequency range.

Received signal is transmitted to observation room
via broadband optical signal transmission system. Am-
plitude slope of the signal over the frequency is in-
evitably caused by insertion loss of any microwave
components including frequency response of A/D con-
verter, though this causes a significant signal loss at
higher frequency. Thus, compensation of the amplitude
slope by using passive equalization device is important
in the signal chain.

3 RF-Direct Sampling and Phase
Calibration with Radio Source

As it has already mentioned in the “Vision of
VLBI2010”(Niell et al., 2006), RF-direct Sampling
(RDS) technique has several advantages. Not only
it enables simplified backend system, digitalization
at early stage of signal chain brings benefit of stable
phase relation of signal between channels. That is
essentially important for precise group delay mea-
surement. The block diagram of RDS and signal in
frequency domain are illustrated in Fig. 3. Observed
radio frequency signal is converted to digital data
by using highspeed sampler K6/GALAS. Extraction
of four channels of 1024 MHz width are made by
FPGA digital signal processing implemented in the
sampler. Frequency allocation within the input signal
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Fig. 3 Diagram of RF-Direct Sampling with 16GHz sampler
K6/GALAS. Two RF inputs (DC-8 GHz and 8-16 GHz) are dig-
itized, and four channels with 1 GHz frequency width are ex-
tracted by digital BBC function inside the sampler.

is selectable by 1 MHz resolution. Acquired data of
each channel comes out by 2048 Msps in 1 bit or 2
bit quantized via VDIF/VTP/UDP data stream through
10GBASE-SR interfaces. We have been routinely
using off-the-shelf computer with 10GBASE-SR NIC
and RAID disk system for recording of 8192 Mbps
data stream.

Conventionally, phase calibration (Pcal) signal has
been used to recover linear phase response of the en-
tire VLBI observation system for precise group delay
measurement. The target of phase correction via Pcal
signal is extra phase added at stage of frequency con-
version and phase delay in the signal transmission path.
It is unavoidable that unknown initial phase of local os-
cillator is inserted in analog frequency conversion. In
case of RDS data acquisition, phase relation between
channels are frozen at digitization, and further filter-
ing and frequency conversion are made by digital sig-
nal processing. Then causes of phase variation are lim-
ited such as small change of signal transmission path
length and change of sampling timing. Therefore, con-
ventional Pcal signal is less important in RDS data ac-
quisition.

Even though the RDS technique is used, linear
phase relation is not always preserved in raw data,
because physical signal path to two A/D converters
and delay steps in digital signal processing might be
slightly different between channels. Hence, we intro-
duce phase calibration by using natural radio source
to recover linear phase relation. When cross corre-
lation phase at frequency ω is given by Cor(ω) =

A(ω)exp{ jφ(ω)}, phase φ(ω) includes several com-
ponents as follows:

φ(ω) = φgeom +∆φatm +∆φω,ion +∆φω,feed

+∆φω,trans +∆φω,DAS +φω,src, (1)

where ∆ means difference between two radio tele-
scopes. Suffix ’geom’, ’atm’, ’ion’, ’ feed’, ’ trans’, ’
DAS’, and ’ src’ represents geometrical delay, neutral
atmospheric propagation delay, ionospheric dispersive
delay, frequency dependent feed characteristics, signal
transmission path, data acquisition system, and radio
source structure, respectively. Here we omit the source
structure effect, since it is subject to be discussed sep-
arately.

Let us suppose, ideal radio source, which is located
at identical celestial coordinates as a point source in all
the observing bands. We observe such radio source as a
reference scan with sufficient integration time for good
SNR. Correlation phase of the ’reference scan’ φ(ω)ref
is used for calibrate phase of ith scan φ(ω)i, where in-
strumental phase of ∆φfeed , ∆φtrans , and ∆φDAS are
supposed to be constant over the time. Consequently,
calibrated cross correlation phase contains differential
ionospheric delay and constant group delay offset.

∆φi = φ(ω)i−φ(ω)ref

= φgeom,i−φgeom,ref +∆φatm,i−∆φatm,ref

+∆φω,ion,i−∆φω,ion,ref

= φgeom,i +∆φω,atm,i−
∆T ECi−∆T ECref

ω

+A×ω (2)

The constant A corresponds to group delay of geome-
try and neutral atmosphere of reference scan. Disper-
sive differential ionospheric contribution can be sep-
arately estimated and excluded by 1/ω dependency of
correlation phase. Finally, all the cause of non-linearity
of phase originated from instrumental and data acqui-
sition are eliminated and linear phase characteristic is
recovered for broad frequency range. Only one draw-
back is including of group delay offset A, though it can
be absorbed in clock offset.

It is reported that radio source structure effect be-
come significant at projected baseline length get longer
(e.g. Xu et al., 2016). This effect need to be investi-
gated and to be taken into account for intercontinental
baseline.
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Fig. 4 Broadband delay observed on Kashima34 – Ishioka 13m
baseline is plotted after removing slow delay change caused by
geometrical delay. Each points are derived by broad bandwidth
synthesis by 1 second integration. Delay measurement precision
has been evaluated about 4.e-13 sec. at one second.

4 Broadband Group Delay and
Comparison with Conventional
Multi-channel Delay

Linear phase response over frequency range (3-12
GHz) can be realized, as described in the previous
section. Based on this calibration technique, extremely
precise group delay can be determined by coherently
synthesizing broadband signal. This wideband band-
width synthesis software has been developed by Kondo
and Takefuji (2016). Hereafter we call the group delay
obtained by synthesizing broadband cross correlation
data as ’broadband-delay’. Fig. 4 shows an example
of broadband-delay obtained between Kashima 34 m
and Ishioka 13 m radio telescope with frequency array
of 3.2, 4.8, 8.8, and 11.6 GHz. Each point in the plot
is broadband-delay derived by one second integration.
The data shows that the delay precision reaches to
sub-pico second level by one second of integration.
Additionally, random walk like delay change in the
order of a few tens of pico seconds has been observed
during hundreds seconds of timescale. Most probable
cause of this delay behavior is propagation delay due
to inhomogeneous water vapor in the atmosphere.

As described in section 1, delay observables be-
tween ’small-small’ antenna pair are derived by closure
delay relation. In 2016, a series of broadband VLBI
experiments were conducted 10 times with two small
VLBI antennas and 34m antenna (O). Two small an-
tennas are 1.6 m diameter broadband antenna (MAR-
BLE1:A) installed at National Metrology Institute of

Japan (NMIJ) in Tsukuba and 2.4m diameter broad-
band antenna (MARBLE2:B) installed at headquarter
of NICT in Tokyo. Frequency arrays of the GALA-V
observation were not always the same for all of the
ten sessions. Nominal frequency array of the GALA-
V project is 3.5, 5.1, 9.9, and 13.1 GHz, which results
in 3.8 GHz effective bandwidth (EBW). The minimum
EBW is 1.78 GHz when frequency array was 5.9, 7.1,
8.7, and 10.6 GHz. Reference scans, which is used for
correlation phase calibration, were included three times
in every sessions with about 1200 sec. duration. These
scans were used for evaluation of delay measurement
precision. Time series of broadband-delays (τOA,τOB)
have been derived with one sec. integration. Then, de-
lay observables of ’small-small’ baseline (τAB ) were
computed by linear combination of τOA and τOB. These
broadband-delay data are plotted in Fig. 5.

For comparison between broadband-delay and con-
ventional multi-channel delay in X-band, observation
in X-band with 2000 second duration was conducted
with 11 m diameter antenna pair of Kashima - Ko-
ganei 100 km baseline. Roughly speaking, 2.4 m and
34 m diameter antenna pair has equivalent sensitivity
with

√
2.4∗34 = 9 m antenna pair. VLBI observation

of 3C273B with Kashima 11 m - Koganei 11 m base-
line was made on 10 April 2017 with X-band frequency
array: 8210.99, 8220.99, 8250.99, 8310.99, 8420.99,
8500.99, 8550.99, and 8570.99 MHz with each 8 MHz
bandwidth. Effective bandwidth of this array is about
133 MHz. For sufficient SNR, nine second of integra-
tion time was chosen. Multi-channel delay after remov-
ing slow geometrical delay change is superimposed
with open circle in Fig. 5. Since the typical rms residual
of geodetic VLBI analysis of Kashima 11m - Koganei
11m baseline is around 30 pico sec., scattering of the
multi-channel delay in this plot represents proper per-
formance of the observation system. This plot tells us
several findings. (1) Broadband delay is significantly
higher precision than conventional multi-channel de-
lay with X-band. (2) Broadband-delay shows random
walk like delay change with a few tens of pico seconds
of amplitude within hundred seconds of timescale. Po-
tential cause of delay changes would be (a) change of
electrical path from feed system to the sampler. (b) drift
of sampling timing (c) excess delay change caused by
signal propagation medium. We suspect most proba-
ble cause of this will be (c), which is attribute to small
scale inhomogeneity of atmosphere. Contribution from
other error source (a) and (b) should exist. However, 20
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Fig. 5 Broadband-delay of MARBLE1-MARBLE2 baseline
data observed in in 2016 are plotted with lines of each color.
Slow geometrical delay changes are removed from these data
in advance. Numbers of notations indicate time tag of the scan
in yyyydddHHMMSS format. Broadband-delays were derived
every one or four second intervals. Conventional multi-channel
delays of Kashima 11m - Koganei 11m baseline was observed
with 8 channels at X-band within 500 MHz width. These data
are plotted by 9 sec. interval with open circles.

pico sec (=16mm) amplitude change within a few hun-
dreds of seconds is too large, thus these are unlikely to
be dominating error source.

5 Conclusions

We have developed new broadband VLBI system,
which include broadband feed, data acquisition sys-
tem, and data processing software to derive precise
group delay observable. It was demonstrated that
broadband-delay observable has potential to measure
group delay in sub-pico second precision. Even small
(1.6 - 2.4 m) diameter antenna pair can make precise
group delay measurement by broadband observation
and joint observation with large diameter antenna.
The delay precision was superior to conventional
multi-channel delay observation with 11m diameter
antenna pair.
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