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Use case summary and background
The detail with which celestial objects can be studied is limited by both sensitivity and angular resolution.  In radio astronomy the atmosphere does not limit the resolution and the use of stable atomic clocks means that signals can be added coherently even if received by telescopes separated by the size of the Earth. Very Long Baseline Interferometry, (VLBI) is an aperture synthesis technique that utilizes radio telescopes from around the world, to combine astronomical data in order to achieve high angular resolution observations. The telescopes observe the same cosmic radio source simultaneously, and currently the data and the time from the atomic clocks are recorded on magnetic tapes or disk packs. After shipment, these magnetic tapes or disk packs are then replayed at the correlator, and the data processed.

The interferometer technique allows signals to be multiplied together from each pair of telescopes to give Fourier components. These can be transformed, and non-linear algorithms applied to produce images of the sky enabling study of the angular structure of radio sources at resolutions better than a millarcsecond. Typically around 10 telescopes are used so that a range of baselines is obtained and hence there is a good coverage of Fourier components. In addition, accurate positions of the telescopes can be obtained with respect to the celestial sphere, and this is used in geodesy and Earth rotation studies.

Coherence at each telescope is maintained by atomic hydrogen maser clocks accurate to 1 part in 1015. The Global Positioning System (GPS) of satellites is used to give absolute timing to an accuracy of 100 ns, and more accurate timing comes from the astronomical data set itself.
The sensitivity, or signal to noise ratio, is proportional to 
[image: image5.emf]where B is the bandwidth and τ the integration time, and all state-of-the-art observations are noise limited. Bandwidths of several hundred MHz are now in common use in modern telescopes. Multi-bit sampling at the Nyquist rate can therefore give user data rates of 1 Gbps or higher.

With the emergence of affordable high data rate national and international links the VLBI community is beginning to transfer astronomical data via the academic internet [1]. Science data is being regularly transmitted at rates up to 256 Mbit/s with special tests operating at 512 Mbit/s of user data. However as Radio Telescopes are deliberately located at remote sites to reduce the radio interference, installation of high speed links to the telescope can sometimes be difficult. 
Customers
The customers are the radio astronomer and the Geodesic researchers. However the data-flows are between instruments: the radio telescopes and the correlator. Depending on the nature of a specific observation, the scope of the network may be limited to one continent e.g. the telescopes in the European countries using the correlator at JIVE [2] in the Netherlands, or be world wide.   
Scenario
Figure 1 illustrates how data from a common observed source is collected by the radio telescopes and passed to the correlator. Here, useful information is extracted by correlating data from two telescopes to locate and characterise the signal that is common to both.
The original magnetic tapes have been replaced with the MKV disk based system [3] which now also supports the transmission of real-time data over high speed network links to the academic infrastructure.
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Figure 1 The concept of a Very Long Baseline Interferometer together with a three dimensional plot showing a clear signal from the telescopes after correlation. 
Involved resources
Figure 2 illustrates the European radio telescopes linked to the correlator at JIVE using the National Research Networks of each country and GEANT2, the European research network backbone. These instruments and infrastructure are typical of e-VLBI systems around the world.
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Figure 2. The European e-VLBI network.
Functional requirements
Data Transfer Network Requirements 

The e-VLBI data transmission requirements are very specific, and they apply to the network infrastructure and also determine whether a transmission protocol is suitable or not. In addition to this, it is desirable that the protocol should leave enough flexibility for extensions to the system in the future. Currently TCP/IP is in common use, UDP/IP is being tested for real-time streaming, and it is planed to test DCCP/IP. The following points detail the requirements of a transmission systems and protocol for use with moving e-VLBI data in real-time [4]:
1. Fast transport (>0.5 Gbps) through long, large capacity networks. The network may be shared with other users or use an Optical Private Network.

2. Fairly reliable transmission. Although e-VLBI can operate with some packet loss, this is thought to be at the 2% level from theoretical calculations [5] for the current systems. In order for the correlator to maintain synchronisation of the data from the two telescopes, it depends on receiving time stamps from headers in the application data stream. 

3. The network transfer rates are controlled by the application, the data arrives from the telescope at a constant bit rate. 

4. Bounded latency – one way delay for link (jitter) should remain constant ensuring timely delivery of data. 

5. Bit wise correct data – data which arrive should be bit wise correct. 

6. Lost packets must be detected by the receiver and reported to the application. 

7. Low re-ordering such that data can be placed in the correct order in a simple manner by the application in the receiver. 

8. Packet duplication must be minimal.

9. For distributed correlation on Grid systems there is the requirement to send the same portion of data from a given telescope to different remote nodes. For example, a given compute node may only correlate one pair of telescopes.

10. It must be possible to monitor and test the network before any astronomical experiment takes place to ensure good connectivity during the experiment

User Access  Network Requirements 

 The results of the correlation process need to be accessed by different researchers world wide. Normally this access would use the standard packet- switched academic network. Conventional tools such as scp are used and operate over TCP/IP.
Service utilization
The current MkV software can either record data on local disk sub-systems or stream the data in real time to the correlator using TCP/IP. When using the current Academic network or the UKLight switched light-paths, at low data rates, such as 128, or 256 Mbit/s, real time data streaming works well, however at higher rates there are frequent difficulties with the correlation loosing synchronisation. With data recorded on the local disk sub-systems, the disk pack can be physically transferred to the correlator lab or the data can be read back and sent using TCP/IP to a disk sub-system at the correlator. Often these ‘offline’ data transfer rates are much lower than expected. 

The MERLIN set of Radio Telescopes in the UK is now being upgraded to eMERLIN by connecting the telescopes to a new correlator at Jodrell Bank at 30 Gbit/s using three 10 Gigabit channels over dark fibre links. To ensure low cost, this work is using proprietary transmitters, receivers and amplifiers to drive the WAN links; for these point to point links, the add-drop facilities of SDH systems are not required.

The European Union FABRIC project aims to demonstrate data transmission at 4 Gbps over an Optical Private Network constructed from the new switched lightpath services being offered by Dante and the National Research Networks. The linked EXPReS project will demonstrate high rate data flows from selected European telescopes to the correlator at JIVE as well as investigated the possibility of using Grid computing for correlation. 
With the above projects work is in progress to develop a more effective VLBI data block (called a VLBI frame). For example one could use jumbo Ethernet frames with each jumbo frame containing its own VLBI maser timestamp. In this case all Ethernet frames are equivalent, and there is no need to be concerned about loosing synchronisation of the correlator. 

The MkVB program at Haystack has developed new PC hardware that should be capable of reliable transmissions at 512 Mbit/s and 1 Gbit/s over the academic network.

Performance considerations

Unlike most other users of digital recorders, in VLBI the value of a single bit is negligible. The signal collected by the telescopes is broadband Gaussian noise. Useful information is extracted by correlating data from two telescopes to locate and characterise the signal that is common to both. This is revealed after averaging over many millions of samples, often effectively for 12 hours or more. Errors in the data from one antenna are thus eliminated in the process. Error rates or packet loss can therefore be high by normal communication standards, at 1 in 105 bits or even occasionally 1 in 104. Precise timing is of far greater importance however. The detailed structure and location of the radio source can only be deduced with a precise knowledge of the geometry of the antenna array relative to the celestial sphere. Where the telescopes were when each sample was collected is of vital importance. Time information is therefore recorded with the astronomical data and steps are taken to ensure its accuracy. 

The very nature of the Earth rotation synthesis technique requires the observations on each source to last several hours. Data are recorded continuously over each session (i.e. weeks) except for short breaks for tape changes, telescope slewing and receiver changes. The total amount of data processed per session can be up to 1015 bits. This is reduced by the correlator and subsequent processing to an image of a radio source of a few 100 Mbytes for perhaps every 8 hours of observation.
As mentioned above, the structure or format of the VLBI data is the same as that required for the old tape systems. Each VLBI frame contains data from one sampled frequency band together with a header containing the related time stamp. Typically 32 frequency bands are recorded simultaneously which means that a set of VLBI headers occur about every 53 standard 1500 byte MTU Ethernet frames. Thus if UDP/IP is being used, it is important to know that an Ethernet frame has been lost to allow the application to keep the data from each telescope in step.

Security considerations
The VLBI real-time data does not have any security requirements. Appropriate system management of the operating system and application software will ensure no unauthorized access and reduce denial of service attacks. 

Use case situation analysis
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