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Abstract



      Since the beginnings of VLBI we have been concerned with the precision of station timing at the stations at the (sec level just to obtain fringes. Except for some special time synchronization experiments, there have been few requirements for network-wide timing accuracy. The current geodetic VLBI emphasis on improved Earth Orientation Parameters (EOP) have placed new, stringent requirements on timing accuracy. The advent of low-cost GPS receivers now permits each of the VLBI stations to have a priori UTC timing accurate at the ~20-30 nsec level anywhere in the world. This paper discusses our plans to implement new timing instrumentation and perform the required calibrations at geodetic VLBI stations as a part of the Mark-4 VLBI system upgrade to achieve station timing accuracy at levels ~25-50 nsec.



1.  Introduction -- The Many “Clocks” in VLBI

 

     The VLBI technique is intimately wed to the world of precision timing. We use H-Maser frequency standards with fractional stabilities in the 1:1014 - 1:1015 range	to obtain inter-station coherence at microwave frequencies. At the correlators, we need to establish relative station timing at the (sec level and we require timing accuracy at the msec level for the a priori astrometric/geodetic models to match the data to obtain fringes. When geodetic VLBI data is analyzed, we fit a posteriori clock models and find that the clocks at the better VLBI stations fit to an RMS precision of ~10-30 psec over an entire day.



     Each VLBI station is equipped with some way to monitor the local Maser’s (“house clock”) time. In the early days of VLBI we used traveling clocks and LORAN-C. For the past decade, most stations have adopted GPS-based timing clocks. This local timing data is used to synchronize the Maser’s time and to monitor long-term Maser performance. Each station has adopted its own unique way to do this monitoring; some stations only know their station clock performance at the sub-(sec level while timing data from other stations is much better, reaching levels of  20-30 nsec.



     Geodetic VLBI has several different “clocks” that time-tag the photons coming from the Quasars: 



The 1 pulse/(sec signal from the antenna-mounted Phase Calibrator injected into the microwave signal path:



The 1/(sec signals are usually derived from the Maser’s 5MHz signal after it has passed through several hundred meters of cable. The 1/(sec pulse epoch has an intrinsic 200 nsec ambiguity since it is coincident with one-of-five zero crossings of the 5MHz signal. Changes in the length of this cable with time, temperature and telescope motion are monitored or controlled with real-time measurements at the station.



In the geodetic data analysis procedure, the photon’s arrival time is referenced to a fixed geodetic point. If the axes of the telescope intersect,  then the intersection is adopted. If they don’t intersect, then the reference point is the intersection of the plane defined by the “upper” axis with the lower axis. The difference in the time-of-arrival between the geodetic fixed reference and the antenna’s microwave feed are regarded as a “nuisance” parameter that is ignored. 



The station’s “house” clock signal from the Maser that is used to synchronize the sampler and formatter in the VLBI data acquisition terminal (DAT):



The time delays of the IF signals coming from the telescope’s feed to the DAT through several hundred meters of cable are essentially ignored (although the correlators typically apply an approximate correction).

The additional time delays inside the DAT are also ignored. This includes the time delays in the low-pass filters within the Video Converters (Base Band Converters) that define the observational passband (and their changes with temperature), and timing biases in the data sampling.



The synchronization between the “house” clock and the VLBI DAT Formatter and Sampler.



The synchronization between the “house” clock and the “world”; the “world” includes: 



Relative offsets to the other stations in the VLBI network. 



Offsets to the international time standards. For this discussion we will call “true international time” UTC and in particular we will consider the realization of UTC to be  UTC(USNO) since it can be obtained by the use of timing signals received from the GPS satellites.



     In practice, for many years we have ignored the details of many of these “clocks” for most applications in Geodesy and Astronomy. Recently, as we have been striving for sub-(sec accuracy in UT1, we have realized that station timing must be improved! A one (sec error in the aggregate timing for a geodetic VLBI network leads directly to a one (sec error in UT1.



      Improved station timing is needed in order to achieve efficient “blind” operation at the correlators (without the need for extensive “fringe searches”). The NRAO established a set of timing instrumentation and procedures for the VLBA. The EVN and the Geodetic stations have been striving towards the same end under the aegis of the Mark-4 initiative. The same augmentations will allow each station to monitor the performance of their Maser for better reliability. They will also permit improved accuracy in Pulsar timing programs, and they will assist the international time/frequency community to establish better coordination between the national “master clocks”.



2. GPS Timing – My “Totally Accurate Clock”



      One of the keys to establishing better VLBI timing is for all stations to have access to a common clock. As the GPS constellation has reached operational status, and as high quality low-cost GPS receivers have become commercially available, we can now achieve the goal of having all VLBI stations equipped with a common clock synchronization at levels ~20 nsec. The USNO also operates similar GPS receivers and provide “steering” information to the US DoD (Dep’t of Defense) GPS controllers that keep the aggregate GPS constellation “on time” as a clock with a daily accuracy UTC(GPS)-UTC(USNO) of about 10 nsec.



      For the past several years I have had a “labor of love” research project to develop a low-cost GPS timing receiver for the community –  I have named the project “Totally Accurate Clock” (TAC). [The name is intended as a joke. Several manufacturers have sold units they have named the “Most Accurate Clock” based on HF or VLF radio signals. With the TAC we have achieved performance levels ~104 better than “most”; I figured that the descriptive adjective “most” vs. “totally” reflected the “40 dB” difference. And I note that TAC are my initials.]  The TAC project is documented on my anonymous FTP server at URL:



ftp://aleph.gsfc.nasa.gov/GPS/totally.accurate.clock/



     In developing the TAC, I identified a small board-level GPS receiver (the Motorola ONCORE®) that showed good promise. I worked with the manufacturer to improve the receiver’s firmware to improve the receiver’s timing performance.  I then spent a lot of time finding ways to set up the receiver to obtain the highest possible accuracy (measured by comparison with the USNO’s Master Clock) and precision (measured against Masers at several locations around the world). 



      When my “setup cookbook” (on my aleph FTP site in the file “success.tac”) is followed, the TAC routinely provides ~20-30 nsec RMS timing at any isolated site. This performance is achieved despite the clock dither (called Selective Availability = S/A) that the US DoD applies to the GPS signals which has a magnitude of ~ ±100-150 nsec peak-to-peak. To achieve this we do several “tricks”:



We constrain the GPS receiver to not solve for its position (I call this “zero-D” mode) so that all the GPS pseudorange observations go into the solution for timing.

The S/A dither is incoherent between the N (typically 5-8) different GPS satellites in view. The “zero-D” solution then reduces the S/A and instrumental scatter by a factor of ((N-1).

We have found S/A to be a band-limited zero-mean noise-like process with power at temporal scales from a few seconds to ~30 minutes. Thus the effects of S/A and of instrumental “jitter” are reduced by time-domain averaging. At ~30 seconds we get ~30 nsec RMS performance, while averaging times of 2 hours yields ~10-15 nsec RMS. [Any single 1PPS pulse from the TAC can show up to ~ ±100 nsec of noise and jitter.]



     In early 1995, I announced that NASA/GSFC would provide TACs to the community for a (zero profit) complete system price of $1100 US (on aleph, see the file “announce.tac”). In response to that offer we have produced ~50 TACs using the original 6-channel ONCORE® receiver. These receivers are stand-alone “plug ‘n play” units that produce buffered 1PPS timing pulses (0/+5v logic levels for station timing use, and with RS232 levels on the DCD handshaking line for computer use). TAC setup and clock display functions are provided by my stand-alone IBM-PC software called SHOWTIME.



       Motorola has since replaced the original receiver with an improved, lower cost 8-channel version (which is mechanically and electrically incompatible with the earlier version). My VLBI group is no longer able to “manufacture” TACs for the community. So I have developed a new source for the community. Many diverse groups are interested in high-quality stand-along GPS timing receivers. One such group is the amateur radio community where there is interest in precise timing for spread-spectrum communications experimentation and where there is the desire to use GPS as a way to synchronize low-cost frequency standards at 1:109 to 1:1010 levels. I have been working with the non-profit amateur radio R&D group TAPR (Tucson Amateur Packet Radio) to make the new TAC-2 design available in kit form for both amateur and professional users. I anticipate that the TAC-2 will be available from TAPR in early 1997. To obtain a TAC-2, users will order the TAC-2 kit from TAPR (price not yet determined but probably in the $100 US range) and order an ONCORE® locally (about $400).  The TAC-2 has several incremental improvements over my original TAC design:



Plug-in support for either ONCORE® and several other board-level receivers

Improved RS232 support

Improved low impedance user 1PPS outputs

Improved on-board power supply options

Easier to build

The TAC “footprint” is such that it can be mounted in a PC like a 3½ inch disk drive

 

     Preliminary information on the “TAPRized” TAC-2 can be found at URL:



http://www.tapr.org/tapr/html/tac2.html



3. VLBI Station Timing – Things to be Improved



     Timing at VLBI stations today suffers from a lack of uniformity of equipment and procedures, outmoded instrumentation and inadequate software support. These can easily contribute several (sec of uncertainty to the station timing; they constitute the “manifesto” of the planned Mark-4 Timing Initiative:



Time Interval Counters and Multiplexers: Many stations share the counter between clock synchronization and cable calibration duties. The input trigger levels are a compromise between the different duties. The cables to the counters are improperly terminated and reflections affect the measurements. The counters often have only 100 nsec “one-shot” resolution and may not be able to make proper time-interval-average measurements. Because of problems with the IEEE488 Field System software drivers, typical counters can only be operated in the “one-shot” mode.  There is no standard, clean way to multiplex several timing signals into the counter.



GPS Receivers: Although we understand the accuracy/performance of my TACs, several stations use older GPS timing receivers with poorer performance. Some TACs are not properly set up. To achieve full accuracy, the lengths of all cables in the GPS timing chain need to be measured. The TAC needs to have software support in the Field System software.



Logging Procedures and the Field System: The present Field System software only logs the relevant timing parameters once per scheduled VLBI observation. There are no established procedures to log the clock data between experiments. There are no established procedures for the stations to examine the logging data to monitor the performance of their Masers.



Instrumental Calibrations: The present hardware at the stations has no way to monitor timing variations within the DAT. The cables, several-hundred meters long, between the antenna and the control room have never been measured so they contribute an unknown delay. The quality of the cables is poor at some stations. The constant delay offset between the microwave feed and the geodetic reference point is often unknown.



     To solve some of the measurement problems, I am designing a new standardized timing interface as shown in Figure 1. At the suggestion of Onsala, we have adopted the Hewlett-Packard HP53131A as a dedicated counter for station timing; the performance of this counter is excellent, especially considering its low cost ($1725 US). The counter’s start/stop inputs come from a dual 8-way multiplexer. The 8 multiplexer inputs come from independent buffers connected to the various station clock sources. Each input buffer will have separate “set once and forget” properly terminated signal conditioning. The time delays through all these stages will be stable at the level of a few nsec.



     In order to make well-defined clock measurements, it is best to have a single clock act as “master”; the Maser’s 1PPS signal is the most natural source (I don’t recommend using the GPS receiver as “master” since the GPS 1PPS signal has ~ ( 100 nsec of jitter). It is best for the “master tick” to be predictably the earliest clock in order to ensure a well-defined time-interval measurement; therefore it is desirable to set the formatter’s clock “late” compared to the “master”; thus the design includes a precision (~2 (s) delay generator. The ONCORE® receiver in my TAC has the ability to delay the GPS 1PPS signal in 1 nsec steps under computer control, so it can always be set to lag the “master” 1PPS signal.



     To calibrate the IF delays, the new timing unit will include a Phase Calibrator signal designed to be injected into the VLBI IF signal path. The calibration pulses will have sub-nsec rise times to provide harmonics to frequencies > 1GHz. The 8-way multiplexer will be able to measure the timing epoch of these IF Phase Calibration pulses.



     At most stations there are 2 (or more) clocks signals to be compared to the Maser “master” clock. The entire set of measurements are needed to calibrate the VLBI clock:

Maser minus Formatter

Maser minus GPS (in time-interval-average mode)

(Maser minus IF Calibrator epoch) , (Maser minus other station clocks) , (etc.)



     The Field System computer will control the new timing module. New FS software is also needed to provide direct support for the TAC, for the timing module, etc. New FS software is needed to log relevant timing data continuously; there is a similar need for continuous logging of other station parameters:

Meteorological data

Receiver/Cryo parameters

etcetera



     We are now doing the final design of this new Mark-4 Timing Interface module. The HP53131A counter is a half-width module 3½ inches high (2U module). We envision that new timing module will be built into an identical HP cabinet so that all the timing hardware fits into a 2U rack space. The TAC can either mount inside the timing module, or it can be an external stand-alone unit. The complete timing module (including TAC), plus the dedicated HP53131A counter should cost < $10,000 US to replicate. We solicit community inputs on other features it should contain, and we solicit inputs on your willingness to adopt the hardware at your station.



4. Cable and Telescope Calibrations



     We are developing some time-domain reflectrometry (TDR) techniques that will be able to measure the cable delays between the DAT and the telescope at the nsec level. We would plan that this instrumentation will visit a few “prime standard” VLBI telescopes to calibrate the cable delays at levels of ~1 nsec. The TDR instrumentation is relatively simple except that it requires the use of an expensive (~$25,000 US) GHz-bandwidth digital sampling oscilloscope to achieve the highest possible accuracy.



     At the same time, the “calibration team” will attempt to measure the geometric delays through the telescope optics. These measurements will use a calibrated transmitter that can be placed at the microwave feed phase center, and then moved to a surveyed location several hundred meters away. The combination of these two measurements will allow a complete calibration of the timing delays at the “prime stations”. 



     VLBI measurements between these well-calibrated “prime stations” and other stations can then transfer the absolute timing calibrations to the entire network. We plan to use the 20M Westford and 5M Goddard stations for the initial tests of these calibration ideas. 
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Figure 1:  The Proposed Mark-4 Timing Interface Module


