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Presently CVN consists of two xed stations located in Shang hai Sheshan and Urumgi Nan-
shan, one mobile station in Yunnan Kunming, and one 2-statio n hardware correlator (Shanghai
correlator) in Shanghai Astronomical Observatory (SHAO). In 2003, a PC-based VLBI data
recording and playback unit named CVN harddisk system was de veloped at SHAO and several
systems were installed in CVN. Several e-VLBI experiments have been performed with this
system since 2003. Now the Shanghai correlator is able to pra@ess the data from harddisks or
tapes. Based on the CVN harddisk system, a prototype software correlator was developed and
used in the station fringe checkout, the fringe search of the satellite signal and data processing.
The rst domestic 3-station delay, delay rate closure test o f the satellite VLBI observation and
the rst domestic satellite orbit determination test using VLBI were successfully accomplished
based on the results of the software correlator. Besides, the software correlator acts as the fringe
guider of the Shanghai correlator. To satisfy the requireme nts of the Chinese lunar exploration
project, CVN will be upgraded to a realtime VLBI network, inc luding 4 stations and two new
realtime correlators (hardware and software). e-VLBI will be applied to the lunar satellite
navigation, as well as other geodetic and astronomical obsevations in the future.

Key words:  astronomical facilities and technique; harddisk array; so ftware correlator; e{
VLBI; Chinese VLBI network

1 Introduction

From the beginning of the Very Long Baseline Interferometry (VLBI) to several years ago,
the only suitable data storage technology was magnetic tapeecording, which was characteristic
of VLBI. However the tape system is not only very unstable but also expensive. Besides, usually
it takes more than one week or longer time to transport the tapes from stations to the correlator,
so there is a delay of one week or more between observationscdacorrelations. Nevertheless,
things are di erent now. With the development of the computer and electronic industry, a new
technology dubbed \e-VLBI" appears; \e" refers to electronic transfer of VLBI data . e-VLBI
consists of two phases, near real-time VLBI and strict realtime VLBI 2. The former means data
are rstly recorded on the harddisk arrays and then transmitted from the stations to the correlator
through a communication network. In the strict real-time VL Bl mode, the observation data are
transmitted and correlated simultaneously. Sometimes daa need to be stored for correlating and
analyzing repeatedly or checkout, so the high-speed hardsk is still an important intermediate
recording device or a bu er even in the strict real-time VLBI . Actually, most e-VLBI observations
are near real-time VLBI based on the harddisk system at presat (1.

Compared with the traditional \tape-VLBI", the salient fea tures of the tapeless e-VLBI are
faster data turnaround, higher reliability and lower operational costs. Faster data turnaround is
the prominent merit of e-VLBI, which means more rapid transmission of data to correlation center
and consequent reduction in processing. It is valuable in soe time-sensitive domains, such as
station fringe checkout, observation for the spacecraft naigation, intensive UT1 (Universal Time)
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estimation, crustal deformation detection, etc 235 71, Now VLBI is heading for e-VLBI.

The high-speed mass capacity harddisk and the software coefator are two important e-
VLBI techniques. To a certain extent, the rapid development of e-VLBI is promoted by some
VLBI harddisk systems and software correlators. Actually sveral harddisk systems (Mark5,
K5, PCEVN) and software correlators (K5, SOFTC) have been developed recently 11149 For
example, the Joint Institute for VLBI in Europe (JIVE) got th e rst Europe e-VLBI image
with Mark5 in Jan. 2003 8. Furthermore, the JPL's software correlator SOFTC has been
used operationally for spacecraft navigation for over 2 yees [°l. At the same time, the National
Institute of Information and Communication Technology (NI CT) in Japan developed the K5
software correlator and tried to use it in the geodetic and séellite VLBI data processing ‘1.
Although most existing VLBI correlators are hardware correlators, the processing speed of the
software correlators based on general computers is gettinfaster and it seems that it will become
feasible to use software correlators for the routine VLBI olservations in 2010 or beyond!%14,

At present, the Chinese VLBI Network (CVN) consists of three VLBI stations and one
correlator. Shanghai Sheshan and Urumgi Nanshan stationsra xed stations with a 25-meter
antenna respectively. The third one located in Kunming, sodhwest China, is a mobile VLBI
station with a 3-meter antenna 1?1, The 2-station hardware correlator is placed in Shanghai
Astronomical Observatory (SHAO). Until 2002, the tape was the only data media for CVN. Since
then SHAO has carried out the research on e-VLBI and has achiesd several fruits. For example,
the self-developed harddisk systems and formatter have beemounted in the stations and the
software correlator has been used for the e-VLBI data procesng.

2 CVN PC-Based VLBI Data Recording and Playback Harddisk
System

The CVN harddisk system originated from the replacement of he existing Shanghai cor-
relator tape playback system made by Penny & Giles (P&G) commny. The P&G tape system
was so unstable that it brought lots of troubles to the correlator and even a ected its operation.
Although we did our best and tried to repair them, there was little improvement 3. In addition,
the data of Kunming station (S2 format) could not be processel by the existing Shanghai correla-
tor. For this reason, we thirsted for a low cost and reliable farddisk system to replace the existing
tape playback unit. e-VLBI is another stimulus of the CVN system. In 2002, there were already
several new developed PC-based VLBI data recording/playbek harddisk systems like Mark5, K5
and PCEVN, etc. These harddisk systems are the key to e-VLBIput none of them was compati-
ble with the Shanghai correlator (VLBA model). Since then, the VLBI Techonlogy Laboratory of
SHAO has begun to develop a cheap and stable PC-based VLBI datrecording/playback system
named CVN harddisk system. In order to make it, from the very beginning, we decided to use, as
far as possible, the commercial o -the-shelf (COTS) compoents, like the ordinary industrial PC
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and the IDE (Integrated Device Electronics) harddisk. This harddisk system has been mounted
at the CVN stations for more than one year, and totally replaced the tape system in the domestic
VLBI observations.

Figure 1 shows the structure of the CVN harddisk system. The lardware platform is an
ADLINK NuPRO-841 industrial PC mainboard. The 10 (Input and Output) interface is an
ultra-high speed digital 10 board | ADLINK PCI-7300B, which is a 32-channel, 40 MHz PCI (Pe-
ripheral Component Interconnection) data 10 board. The maximum IO speed reaches 80 MB/s.
Debian Linux is the operation system of the CVN system. The reeived data are stored in the
ordinary Linux les. One CVN unit has four 120 GB IDE harddisk s and data are written to
(or read from) these four harddisks simultaneously. Such mde increases the recording/playback
speed remarkably. The pivotal control software is self-degloped.

The special recording and playback interfaces, as shown ini§ure 2 and Figure 3, were de-
signed to ful ll the harddisk{formatter and the harddisk{c orrelator communication and control
tasks. With this recording/playback interface, the CVN har ddisk system is compatible with a
Mark4 formatter (in the recording mode) and the Shanghai corelator (in the playback mode)*®l.

In the recording mode, the data and clock signals from a Mark4/LBI formatter are trans-
formed from the ECL (Emitter-Coupled Logic) level to the TTL (Transistor-Transistor Logic
level with the recording interface, and then received by thePCI-7300B 10 board. The recording)
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Fig. 1 Structure of CVN harddisk system Fig. 2 CVN harddisk sy stem playback unit
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Fig. 3 CVN harddisk system (left) with the recording interfa ce (right)
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interface is able to decode the Mark4 format data and displayUTC (Universal Time Coordi-
nated), track information, etc. The harddisk system checksthe data quality with software before
recording; thereby the data are recorded only if there are ngarity or frame errors.

The playback interface receives the control and monitor cormands from the correlator
through RS232 and MCB ports, and then adjusts the output data speed accordingly. There-
fore, from the view of the Shanghai correlator, there is no derence between a CVN harddisk
playback system and a P&G tape playback unit.

The typical recording speed of one CVN harddisk unit is 288 Mips (32track@9 MHz), and
the maximum recording speed is up to 576 Mbps (32track@18 MHz With four 120 GB disks,
one unit can record about 7-hour data (32track@4.5 MHz), wtth is equivalent to the 80 ips tape
speed. The maximum playback rate is up to 288 Mbps (32track@ $Hz).

The milestones of the CVN system are:

Mar. 2003: Recording test at Sheshan station;

Apr. 2003: Disk-disk & disk-tape playback test;

May 2003: First fringe demonstrated between Nanshan and Stshan;

May 2003: First e-VLBI fringe test between Nanshan and Sheshn (disk-internet-disk, by
FTP (File Transfer Protocol));

Apr. 2004: First domestic 3-station VLBI satellite observation with Nanshan, Sheshan,
Kunming stations.

3 Software Correlator

Since the cost performance of the commercial computer inceses greatly, there seems to be
a tendency of using software correlator instead of hardwareorrelator to process the VLBI data
in the future. It is appealing that once the VLBI data are stor ed in the harddisks, they become
accessible to PC. This means that data on harddisks can be paessed by a software correlator
running on a general PC. Therefore, after having the CVN hardlisk system, we began studies
on the software correlator. A prototype software correlata (Matlab version) has been developed.
Now this software correlator has three uses, viz. station chckout, rapid fringe search of satellite
observation and VLBI correlation.
3.1 Station Checkout

The rst application of the software correlator was the station fringe checkout. This type
of short time observation can be used to verify the proper opetion of target stations. Such a
capability is highly valuable to con rm proper operation of all stations participating in important
observations in advance of the start of those observation§!.

In the station checkout observations, two kinds of radio souce were selected. The downlink
telemetry signal of a Geostationary Earth Orbit (GEO) satellite was selected as the rst observed
object, because the orbit of a GEO satellite is easy to calcate and the telemetry signal is a
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very strong man-made radio source. The signal-to-noise ré& (SNR) of a GEO satellite is so
strong that the software correlator is able to nd the legibl e fringes with a very few of data. The
observation time was only 0.5 s; and the corresponding data are 8 Mbytes that could be eas-
ily transmitted from each station through FTP. Another sour ce was a strong extragalactic source,
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for example, DA193. When observing DA193, it needed about 3@ data (about 500 Mbytes) to
get legible fringes. Figure 4 shows the fringes of a GEO saték and DA193 produced by the
software correlator.

The software correlator once successfully found that the loal oscillator frequency shift (about
106 Hz) of the Nanshan station, as well as the abnormal instrmentation delay (up to 200 ms)
caused by the Kunming station. Now the station checkout can ke nished in an hour under
normal conditions.
3.2 Rapid Fringe Search of Satellite Observation

In order to study how to use VLBI in the spacecraft navigation in the near future, we have
performed several satellite VLBI observations since 2003.In these experiments, the antennas
tracked the downlink telemetry signals of satellites. After observations, we soon found that there
were delay and delay rate errors in the correlator's model. he errors caused by the imprecise
predicted satellite orbit were so big that the Shanghai (hadware) correlator could not nd any
fringe by itself. This meant that the predicted satellite or bit was not precise enough to be used in
the VLBI correlator directly. So in the satellite observati ons, it is necessary to automaticallysearch
the fringes under conditions of without any priori delay model and then to produce the delay and
delay rate or DOD (Di erential of One - way Doppler) values. B ecause the observed value is for
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correlator's model correction, it must be more accurate than the priori calculated value. This is
very important in the satellite signal processing, and the sftware correlator was used for such
kind of rapid fringe search.

Spectral analysis shows that the spectrum structure of a satllite telemetry signal is quite
di erent from that of a continuum extragalactic sources (Fi gure 5). The telemetry signal is a
narrow band signal with a strong carrier wave in the center ofthe spectral domain, as well as
several tones. In the rapid fringe search mode, rstly, the sftware correlator computes the fre-
guency di erence of the carrier waves received by two statias, namely DOD, corresponding to
the fringe rate (Figure 6); secondly, this value is applied b stop the fringe; nally, the correlator
uses both XF and FX methods to correlate the signals and to ndout the group delay (Figure
7). The residual DOD is also produced (Figure 8). After seveal iterations, the nal detected
fringe is produced (Figure 9). This procedure takes only sesral minutes.

Although in the rapid fringe search mode, the integration peiod is about 0.5 s and the
software correlator does not perform the Fractional SampleTime Correction (FSTC), the preci-
sion of DOD can still reach about several mHz, and the group day error is less than 10 ns on
the Nanshan{Sheshan baseline. Considering that the narrowandwidth of the telemetry signals is
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only 200 400 kHz, the software correlator's results are favorable. Bw the software correlator
acts as the fringe guider of the Shanghai correlator.

The software correlator was applied to TC-1, the rst satellite of the Geospace Double Star
program. TC-1 with its orbital altitude 550 60000 km was launched on Dec. 30, 2008Y. It is
a spin stabilization satellite and the spin period is appro¥mate 4 s. CVN observed TC-1 in its
launch phase.

Figure 10 and Figure 11 show the delay/DOD of TC-1 in one minug interval. The calcu-
lated values were computed based on predicted satellite oib The observed value was produced
by the software correlator. The reconstructed value was thepolynomial tting of the observed
value. O-C (Observed-Calculated) was as large as about 15s; and O-C DOD was about 0.15 Hz.
In the PSD (Power Spectral Density) of O-C (delay/DOD), ther e is a remarkable 0.256 Hz fre-
guency component, which is very close to the satellite spinrequency. Apparently, O-C re ects
the predicted orbit error; the periodical uctuations of DO D and delay are caused by the satellite
spin. Such spin e ect a ects the nal precisions of the delay and delay rate. The elimination
method is under study. The reconstructed value removes the idtinctive satellite spin e ect on the

Fig. 10 Delay of TC-1 (launch phase) on Nanshan and Sheshan baeline
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Fig. 11 DOD of TC-1 (launch phase) on Nanshan and Sheshan basdéine

uctuation of the group delay and DOD, so the di erence between the reconstructed value and
the calculated value re ects the real orbit error. The di er ence was used to modify the correlator
model computed from the predicted orbit, therefore the Shamghai correlator could complete the
satellite signal correlation.

The software correlator also can be applied to continuous VBI data correlation. When there
is an accurate delay model, the software correlator can congnsate the delay/delay rate more
precisely and performs longer integrations like the Shangi correlator. Although the speed of the
software correlator is slower than that of the hardware corelator currently, its correlation result
is good enough to be the benchmark of the hardware correlatorBesides, the software correlator
was used to process the short time reference radio source @pgation data. A faster and more
powerful software correlator prototype (C version) has bea nished and used in the VLBI data
correlation.
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4 e-VLBI Data Transmission Experiment and 3-station Obsewtion

Two CVN harddisk systems were placed in the Nanshan station ad the Sheshan station in
2003. Since then, dozens of satellite, extragalactic souecand maser source VLBI observations
have been successfully made with the CVN harddisk systems.nlthe satellite observations, the
di erential VLBI mode was tested for the preparation of the | unar satellite navigation in the
future.

Among these observations, we performed several e-VLBI datdransmission experiments.
The rst domestic e-VLBI fringe test was on the Nanshan{Sheshan baseline by disk-internet-
disk mode in May 2003. Hardly had the observation nished, the Nanshan station transmitted
the data from the local harddisks to the ones located in SHAO hrough Internet. The disks of
Sheshan were taken to SHAO by car at the same time. The softwar correlator rstly processed
some data, found out fringes, and then both the Shanghai coglator and the software correlator
correlated the other data guided by the searched delay and day rate values. Now such kind of
e-VLBI station checkout becomes a routine before every impdant domestic observation.

Although the domestic communication network speed was onlyabout 50 KB/s in the FTP
mode, the experiments still showed the e-VLBI potential of CVN. Experiments also revealed that
the domestic communication network was the bottleneck of eéVLBI; whereas it is inspiring that
the network speed will increase a lot supported by the lunar poject in the near future. e-VLBI
or even strict realtime VLBI is feasible at that time.

In Apr. 2004, having mounted the self-developed VLBI formater on the Kunming station,
we made the rst domestic 3-station VLBI satellite observation with Nanshan, Sheshan and Kun-
ming stations. A 20 min 3-station delay/delay rate closure test was performed with the software

Fig. 12 3-station satellite observation delay closure error (left) and delay rate closure error (right)
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correlator (Figure 12). The bias and the RMS (Root Mean Squae) of the closure error was
( 11 23) ns, with the integration time 0.5 s. The closure errors reected the total VLBI
measurement errors. Since it was a narrow band observationgonsidering that the Kunming
station is only a 3 m antenna, much less than Nanshan or Shesha25 m antennas, the results are
quiet good. The rst domestic satellite orbit determinatio n test using VLBI data was successfully
accomplished based on the results of this software correlat 5.

5 Realtime VLBI in Chinese Chang'e Lunar Exploration Projet

Besides the harddisk system and the software correlator, t VLBI laboratory of SHAO
is developing other e-VLBI equipments, such as the formatte and DBBC (Digital Base Band
Convertor), which will be used in the realtime CVN. The prototype formatter was placed in
Kunming and used for the 3-station satellite VLBI experiments.

According to the Chang'e project, China will launch its rst lunar satellite in two years
and the realtime VLBI will be used in the satellite navigation. For these reasons, two new big
antennas will join CVN in two years. One 50 m antenna will be phced in Miyun, suburb of Beijing;
another 40 m antenna will be placed in Kunming to replace the gisting small mobile one. At the
same time, SHAO will build two 5-station realtime correlators, one is a hardware correlator, and
another is a software one. The software correlator will be tle backup of the hardware correlator.
The high-speed optical ber network will connect all stations and correlators. Because the data
speed in the lunar project is much slower than the regular gedetic or astronomical observations,
realtime, multiple station software correlator running on multi PC servers will be practicable.
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