
three distinct observing programs (see Fig. 1) 
which are named Intensive 1 (INT1), Intensive 
2 (INT2) and Intensive 3 (INT3).  Although the 
turn-around time of these experiments has been 
improved greatly, there are still bottlenecks in 
the processing chain which permit to access 
UT1 within a few minutes after the last scan 
has been observed. Although these dedicated 
sessions are designed to provide low latency 
UT1 results the output from these sessions 
reaches the IERS prediction center with delays 
of 1–3 days. Therefore, NICT has started a na-
tional and international collaboration to test and 
verify a completely unattended and automated 
VLBI processing system which allows to ob-
serve UT1 in real-time by taking advantage of 
modern high speed internet infrastructures.

2 Measuring UT1 by means of 
VLBI

2.1 Importance of VLBI for the 
determination of UT1

Earth orientation parameters (EOP) de-
scribe the rotatory position of the solid Earth 
relative to a space-fi xed non-rotating referenc-

1 Introduction

Nowadays Very Long Baseline Interfer-
ometry (VLBI) is the only space geodetic 
technique which allows a determination of all 
components of Earth rotation. Thereby, the dai-
ly Earth rotation phase UT1 is the most vari-
able quantity which is only partly predictable 
due to its complicated physical nature. Since 
the early 1980s routine experiments have been 
carried out in order to determine this quantity, 
using a network of globally well distributed 
antennas. Thereby 24-hour sessions, named 
R1 and R4, depending of the choice of partici-
pating stations, allow to derive all three Earth 
Orientation parameters, as well as enable us-
ers to estimate terrestrial and/or celestial ref-
erence frames, by accumulating many of these 
sessions over several years. In the recent years 
dedicated one-hour single baseline sessions, 
up to 7 times a week, have been established, 
with the goal to provide estimates of UT1 with 
a higher time resolution than the 24-hour ex-
periments, which are only carried out twice a 
week.  In order to accomplish such frequent 
experiments the work-load has been split into 

4-5 Real-time Determination of UT1 by Means of 
e-VLBI

Th omas Hobiger, KOYAMA Yasuhiro, SEKIDO Mamoru, and KONDO Tetsuro

Very Long Baseline Interferometry allows to measure universal time UT1 directly among all 
space geodetic techniques.

In order to decrease the turn-around time of dedicated UT1 sessions an automated real-time 
processing chain has been set-up which provides real-time measurements of UT1. Within this 
paper, we are going to discuss the details of this processing chain, including the data-transfer 
over high-speed networks, called e-VLBI. Moreover, we demonstrate the effectiveness of an au-
tomated analysis algorithm, for completely unattended operation and provision of results.

Keywords
Very Long Baseline Interferometry, VLBI, Universal Time, UT1, Earth orientation parameters
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es system. Global Navigation Satellite Systems 
(GNSS) are capable to monitor two of the three 
EOP, i.e. the pole-coordinates Xp and Yp. Since 
VLBI is the only technique which is directly 
linking to the inertial celestial reference frame 
it is a crucial method for determination of UT1. 
The transformation between the celestial and 
the terrestrial references system is defi ned 
(IERS conventions) [1] to be

 （1）

where s denotes the motion of the non rotating 
origin on the moving equator due to infi nitesi-
mal displacement of the celestial pole and PN 
represents the transformation matrix covering 
precession and nutation terms. The numerical 
link between theta and UT1 was determined to 
be

 （2）

Since radio source positions and station coordi-
nates are known in advance and polar motion 
can be taken from predictions it is possible to 
determine UT1, even in real-time.  VLBI ob-
servables (Fig. 2) only determine the baseline 

length between to ground-based radio tele-
scopes. Thus, given that a  suffi cient number of 
observations is available it is possible to deter-
mine UT1 within a least-squares adjustment 
process, by separating nuissance parameters 
like troposphere and station clocks.

2.2 UT1 forecast and latency
Due to the fact that UT1 is a natural time 

scale which is directly linked to the Earth rota-
tion it underlies different physical origins than 
UTC which can be seen a constant synthetic 
time-scale. Thus, UT1-UTC refl ects all varia-
tions and irregularities of the Earth’s rotation. 
Since the exact knowledge of UT1-UTC is of 
high importance for a variety of applications, 
such as the determination of satellite orbits, 
space craft navigation, spacefl ight communica-
tion, astronomical and geophysical research 
and space geodetic applications like satellite 
gravity missions.

Due to the complexity of the Earth system 
there exist various components and interac-
tions which are capable to induce variations of 
the Earth’s rotation and the direction of the ro-
tation axis. The main effects include Earth and 
ocean tides, interactions with the atmosphere, 
core-mantle interactions and other loading ef-
fects. The time-scale of such effects varies be-

INT1 and INT2 are operated as single baseline sessions, whereas INT3 operates with three stations. The INT3 
station network displayed here can vary from time to time, by replacing one or two sites with KOKEE or SVET-
LOE.

Baselines of the three types of intensive experimentsFig.1
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UT1-UTC on a fast turn-around basis. Thereby 
predictions are necessary to cover the time af-
ter the last session was observed and to provide 
the users with meaningful values of the Earth’s 
orientation.  For such predictions all known 
variations and periodicities of UT1-UTC are 
taken into account, proper smoothing methods 
are applied and short-term meteorologic fore-
casts provide useful input for calculating the 
atmospheric angular momentum functions. 
Nevertheless, the accuracy of predicted UT1-
UTC decreases when the time between the cur-
rent epoch and the last observation gets longer 
as depicted in Fig. 3.

In order to improve that situation daily one-
hourly intensive single baseline sessions (Fig. 
1) were designed to monitor UT1-UTC with 
much lower latency which helps to strengthen 
the IERS forecast products. Nevertheless, due 
to bottlenecks in the processing chain results 
are usually available between 12 hours and 3 
days after the last observation has been made. 
Thereby, in many cases processing is delayed 
by environmental factors like weekends, na-
tional holidays or availability of the analyst 
who computes the UT1-UTC solution and pro-
vides it to the IERS. 

2.3 Measurement precision
According to Whitney et al (1976) [3] VLBI 

band-width synthesis measurement precision 
can be denoted by

 （3）

where Beff is the effective band-width, deter-
mined by the way how the channels are spread 
over the whole observing band. Moreover, the 
signal to noise ratio (SNR) is defi ned to be

 （4）

Since Beff can’t be improved much and the cor-
relation coeffi cient r is determined by the sys-
tem characteristics and the strength of the se-
lected radio source, the only way to improve 

tween a few hours and tens of thousands of 
years and their impacts range from one to sev-
eral thousand microseconds (Schuh et al., 
2003) [2]. A large fraction of their variability 
can be described by means of geophysical 
models but a smaller but signifi cant portion re-
mains unpredictable.

For all time-critical applications mentioned 
before the IERS Rapid Service Predication 
Center provides offi cial EOP values including 

Two or more radio telescopes are observing 
radio emissions from a far away quasi-stellar 
object (quasar). Cross-correlation of the ob-
tained signals provides the time delay between 
a wavefront passes the fi rst and second station. 
Delays are depending on the Earth’s orienta-
tion in the celestial frame, the location of the 
VLBI antennas and the source position. Since 
the latter two are well known, one can estimate 
Earth orientation parameters, by observing a 
different radio sources over a certain time-
span. It is obvious that longer East-West base-
lines have higher sensitivity for measuring 
changes in the Earth rotation phase (i.e. UT1-
UTC), whereas North-South baselines don’t 
provide valuable information to determine this 
parameter.

Basic principle of VLBIFig.2
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improves the observation precision. For such 
observations data-rates of 256 Mbit per second 
(Mbps) or larger are usual dimensions which 
have to be transmitted over global networks. 
Thereby, the amount of data per station easily 
exceeds the Terrabyte range. Thus, high-speed 
data transport from the observation site to the 
correlation center is required at a rate which is 
at least as high as the data is sampled.  TCP/IP 
is a protocol that guarantees reliable data-trans-
port over the network and it is widely used for 
applications which require rigorous data-trans-
fer. However, one drawback of TCP/IP is that it 
slows down the data transport when distances 
are getting longer. According to Hirabaru et al, 
2004 [5] one can fi nd a theoretical limit of

 （5）

where WS is the window size and RTT denotes 
the round trip time between two ends of the 
network. This means that the transmission rate 
decreases inverse proportional to the RTT. Ba-
sically, this limitation comes from the acknowl-
edgment mechanism inherent to TCP/IP, which 
ensures the rigorous and correct packet trans-
port.

In order to overcome this limitation, a 
UDP/IP based high speed network fi le transfer 

the precision of the observables is to increase 
either the observing channel bandwidth B or to 
lengthen the scan time T. Since the latter one 
goes along with a worsening of the observing 
geometry, only a broadening of the channel 
bandwidth appears as meaningful solution for 
improving the measurement precision, and thus 
obtaining more accurate estimates of UT1. 

3 e-VLBI

3.1 e-VLBI technique
If the observing bandwidth increases, the 

data-rate at which raw observations are sent to 
the correlators, increases at the same ration. 
Thus highly accurate and low latent UT1 ex-
periments are only achievable if sophisticated 
high-speed infrastructure connects the various 
components of VLBI. Based on the recent 
progress in network technology and network 
infrastructure, optically linked VLBI for real-
time or near-real-time VLBI (Whitney, 2000) [4] 
has become feasible. This technology has been 
named e-VLBI and the number of radio tele-
scopes with fi ber connections has been contin-
uously growing since 2000. One of the key fac-
tors to realize the rapid output of results is the 
choice of a sophisticated data transfer protocol. 
As discussed in the prior section, larger observ-
ing bandwidth, which increases the data-rate, 

The horizontal axis indicates the time before and after the present (after Sekido et al, 2008). It can be seen that 
predictions for the next day have an uncertainty of more than 100 μsec and forecasts for periods over 10 days 
exceed the millisecond level. Black dots represent the formal error of ultra-rapid e-VLBI experiments, being 
almost one order of magnitude better than the Bulletin A rapid service.

Uncertainty of UT1 from the IERS bulletinsFig.3
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data-reception through the correlation process 
and the post-processing stages. 

As depicted in Fig.4,  data are handled in a 
distributed computing environment which al-
lows to carry out several tasks in parallel, using 
multiple CPUs. Thereby, a server assigns in-
coming data to conversion clients and picks up 
the converted data-packets to be fed into the 
correlator. The correlator itself as also realized 
by distributed computing. In order to ensure 
that the automated processing chain does not 
fail during network outages or hardware crash-
es, software components were designed in a 
fashion which dynamically assigns available 
computing resources. A monitor client coordi-
nates the correlating CPUs and allows the user 
to check the processing stage. Output from 
these correlators is accumulated and as soon as 
all channels from a scan have been correlated, 
band-width synthesis is applied and the geo-
detic observables, i.e. phases, amplitude, delay 
and delay rate are written to a dedicated format 
(named KOMB). From there on post-process-
ing and space geodetic analysis of the results 
can start. Since the whole system is based on a 
distributed computing environment, the perfor-
mance of the whole system can be improved by 
adding more CPU power or replacing older 
CPUs with modern hardware. Moreover, out-
of-the-shelf hardware components can be used 

protocol over long distances, named “Tsuna-
mi” was developed by the Advanced Network 
Management Laboratory of Indiana University 
(Meiss, 2004) [6]. Colleagues from US, Finland  
and NICT were the fi rst who applied this proto-
col to stream data from the VLBI interface card 
through global networks. Thereby, data-rates of 
600 Mbps and more over distances of several 
thousand kilometers could be achieved on a 
1-Gbps network, which was only capable to 
provide 32 Mbps when data was sent via a stan-
dard TCP/IP protocol. 

3.2 Automation
Data-transfer via high-speed internet con-

nections and the usage of sophisticated trans-
port protocols help to bring the observational 
data from the antennas to the correlation center, 
but as long as data had to be processed manu-
ally delays occurred frequently. Thus, it is im-
portant that automated scripts read the incom-
ing data streams and feed them to the correct 
processing stages. As for international VLBI 
experiments it can happen that data format dif-
fer between VLBI observatories, which re-
quires the correlation centers to carry out a 
format-conversion before the data can be fed to 
the correlators. NICT has developed (Sekido et 
al., 2008) [7] an automated processing chain 
which smoothly handles all the stages from the 

The software correlator and data format converter are pipe-lined to ensure smooth processing the VLBI data.
Automatic data processing which takes advantage of a distributed computing environmentFig.4
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the analysis software newly in C++, which led 
to the naming of C5++. This space geodetic 
software is not only dedicated to VLBI, but is 
also used for SLR and GPS analysis. Since all 
space-geodetic techniques can utilize the same 
physical and geophysical models from C5++, 
consistent combination across the techniques 
can be realized. Thereby, results can be either 
combined on the normal-equation level or on 
the observation level, in accordance with the 
goals of the Global Geodetic Observing Sys-
tem (GGOS). Since the correlator output for-
mat can be read directly with C5++, no inter-
mediate interface is necessary. Moreover, 
ambiguity resolution and ionosphere correction 
can be done within the framework of C5++. 
Not only the target parameter, i.e. UT1, will be 
estimated with C5++ but also databases for the 
VLBI community are expected to be created 
with that software. As shown in Fig. 5, it is also 
possible to input a-priori delay models to the 
correlator in order to achieve highest possible 

for this systems, which reduces the initial and 
running cost and allows easy maintenance and 
upgrades. 

3.3 Geodetic analysis
Once a suffi cient number of scans have 

been correlated space geodetic analysis can be 
launched and fi rst estimates of UT1 are ob-
tained. With the advance of the processing, the 
number of usable scans will grow and the esti-
mates of UT1 will get more reliable, respec-
tively its formal error will get smaller.

3.4 Combining correlation output and 
external information

Although the output from the correlator 
provides the basic information for geodetic 
analysis, additional information is necessary to 
start with the fi nal processing stage. Meteoro-
logic data, i.e. pressure, temperature and hu-
midity, as well as cable calibration information 
is extracted from the log fi les at each site and 
interpolated to the corresponding observation 
epochs. Moreover, a-priori information about 
the wobble parameters Xp and Yp is necessary 
to derive a meaningful values of UT1-UTC. As 
shown by Nothnagel and Schnell (2008)[8] also 
careful selection of nutation parameters is man-
datory, in order not to bias the results. As for 
the selection of the wobble parameters, once 
can choice between the predictions from the 
IERS and those values based on ultra-rapid 
GPS products. Although the later once should 
be more reliable, they can be biased as well as 
they rely entirely on predictions of UT1. In or-
der to overcome this problem, the best way 
would be an estimation of all three Earth orien-
tation parameters by means of VLBI, as dis-
cussed in section ?

3.5 C5++
Driven by the need to have a fl exible, ro-

bust and modern analysis software for rapid 
UT1 estimation Hobiger et al. (2010) [9] have 
developed a VLBI specifi c solution which ful-
fi lls all these requirements. Thereby, they au-
thors took advantage from an existing software 
package, named CONCERTO, and designed 

Analysis and UT1 estimation using the C5++ 
libraries. Other software packages currently 
require human interaction for ambiguity fi xing 
which slows down the processing chain. The 
C5++ routines overcome this problem and 
fully automated processing becomes feasible. 
Beside the target parameter UT1-UTC, ambi-
guity free observations are written to a data-
base, which can be used for other research 
purposes or rigorous re-analysis campaigns.

Flow-chart of automatedFig.5
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4.2 Operational product and 
implications

Based on the experience and the results 
gained over the last three years, the IERS has 
declared its interest in those ultra-rapid UT1-
UTC results, in order to include this low laten-
cy information in its daily forecast of the Earth 
orientation parameters. First results were sub-
mitted in July 2010 and the IERS is currently 
evaluating these data, before including the re-
sults on a routine base. It is anticipated that the 
ultra-rapid results will help to minimize predic-
tion errors of UT1-UTC and provide this es-
sential parameters for a variety of applications. 
Not only real-time GPS will benefi t from this 
achievement, but also space-craft navigation 
and deep-space communication will be provid-
ed with more accurate UT1 values. 

Currently, only the German-Japanese base-
line Wettzell-Tsukuba is capable to run the ex-
periment in ultra-rapid mode. This is not only 
related to the internet connectivity at both sites, 
but also – to a large extent – provided by the 
automated processing tools created by NICT. 
Thus, it is anticipated that in the very near fu-
ture the INT2 sessions on this baseline will 
provide their results in near real-time. More-
over, expensive night-shifts and manual inter-
action by technical operators have been re-
duced and/or made obsolete which helps to cut 
operational cost of this type of experiment. The 
other two intensive programs, could be 
equipped with similar tools, given that their in-
ternet connectivity permits to run the experi-
ments in ultra-rapid mode. 

5 Outlook

Once the ultra-rapid UT1 product has been 
established at the IERS, one can start aiming at 
the other Earth orientation parameters. Al-
though the pole coordinates can be observed by 
GPS in near-real time, those parameters are im-
plicitly depending on the UT1 estimates from 
VLBI. Thus, for an utmost consistent set of all 
three Earth orientation parameters, dedicated 
VLBI experiments are necessary. Other than 
the single baseline experiments for UT1, at 

consistency between all the data processing 
stages. 

Correctness of the software has been veri-
fi ed with the IVS software comparison com-
paign (Plank, 2010) [10] leading to differences 
of less than a picosecond when comparing the-
oretical delays with those of other VLBI analy-
sis software packages.

4 Results

4.1 Setting a world record in the 
fastest determination of UT1

Based on the automated processing infra-
structure (Fig. 6) developed by NICT, Matsu-
zaka et al. (2008)  [11] report the world fastest 
determination of UT1, i.e. 3 min 45 seconds 
after the last scan has been observed. Similar 
near real-time results were achieved in the 
meantime and such outcomes have started to 
get the community interested in these short la-
tency UT1 results.  Other than the usual Inten-
sive sessions, ultra-rapid intensive results are 
available up to 100 times earlier than current 
products, which makes its usage for a variety of 
applications feasible.

The experience gain from this dedicated ses-
sions can be ported to the Intensive sessions 
(Fig. 1), when station have similar network 
connectivity as those use for the ultra-rapid 
experiments.

VLBI stations participating in ultra-rapid 
UT1 experiments

Fig.6
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(eINT) experiments are operated similar as the 
recent ultra-rapid sessions, users would be pro-
vided with a complete and consistent set of all 
three Earth orientation parameters and the 
IERS would be able to improve their prediction 
products.
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least a three station network is required to de-
couple the pole coordinates and estimate the 
phase of the Earth rotation (UT1) at the same 
time. The intensive experiments operate with 
long East-West baselines which give high sen-
sitivity for UT1 monitoring, but are completely 
insensitive to any of the wobble parameters. 
Adding a third station, which shares a North-
South baseline with one of the two sites, should 
give already enough stability to decouple the 
three parameters and obtain a  meaningful set 
of all three Earth orientation parameters. Ex-
tension of the INT2 experiments would either 
require a station in Southern Africa (for a NS 
baseline w.r.t. Wettzell) or using one of the 
Australian telescopes to obtain the North-South 
baseline with a Japanese antenna. The latter 
confi guration is preferable as most of the Aus-
tralian VLBI sites are connected with optical 
fi ber, which enables fast data streaming via in-
ternational high-speed networks. Since for 
such a scenario three baselines need to be cor-
related, moderate upgrades at the correlation 
centers might be required, whereas hardly any 
modifi cation in the post-processing chain are 
necessary. Given that such extended Intensive 
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