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Abstract

Bringing new technologies into a field such as amateur radio astronomy can often present challenges and surprises, along with obvious benefits. The authors have been using a GnuRadio-based software-defined radio (SDR) receiver system for total-power and spectral observations in the 21cm band for almost 1 year.

Operation of this system has produced many successful observations at observatory locations in Ontario, Canada, and Connecticut, USA. Operations have not always been trouble-free, and such troubles aren't entirely unfamiliar to users of “conventional” radio astronomy instruments. We share our experience, operating tips, and some typical observations.

Introduction

In a recent paper by one of the authors (Leech, 2006), a Software-Defined-Radio (SDR) implementation of a general-purpose radio astronomy receiver is described, including total-power, spectral and pulsar operating modes.

The SDR receiver system, based on a Gnu Radio software architecture has been in near-continuous use at locations in Ontario, Canada, and Connecticut, USA, utilizing both total-power and spectral modes, and more recently, a SETI mode that was created after the original paper (Leech, 2006) was published.

Observing setup

Both stations (in Ontario, Canada, and Connecticut, USA) were very similarly equipped. Mr. Leech's station included a 3.8M dish, and an LNA chain using Down East Microwave 15dBG, 0.8dBNF LNAs, with a pair of Tandy line amplifiers, and a military SAW filter between the 1st and 2nd LNA. This chain is illuminated with a 3.8M dish and a custom circularly waveguide feed.

Mr. Ocame's station includes a R.A.S. First LNA, followed by a RAS bandpass filter, followed by a Down East Microwave LNA.  This receive chain is illuminated with a 2.44M dish, along with a circular waveguide feed. 

Initial problems

Both stations suffered various “teething” problems that are typical of any amateur radio astronomy observatory, regardless of the underlying technology.

The Ontario, Canada station suffered severe interference from an airport ramp radar, with a center frequency near 1350Mhz, and an ERP around +75dBm.  Despite the location of the observatory nearly 80km away from the interference source, pulses from the radar would cause unwanted mixing products to appear in the mixer of the direct-conversion front-end.

Placing a filter (in this case, a SAW filter centered at 1420.000Mhz) completely removed any hint of interference from the radar. It's entirely likely that had the observing station been much closer to the airport radar, that even the inclusion of the SAW filter wouldn't have been enough to clear up interference problems, since the ultimate attenuation of the SAW filter is only about 40dB. A deep notch filter in front of the first LNA might have been the next approach, since such notch filters can be built easily, and can be made to have very low insertion loss at frequencies outside the “notch” response.  There is a residual interference source at 1417.475Mhz that comes and goes on an irregular schedule. Given the use of a filter between 1st and 2nd gain stages, it seems likely that this interference source is actually on 1417.475Mhz, and not an inter-modulation product.  The Ontario, Canada observing station is blessed with a generally-benign RFI environment, being located well away from the nearest urban center (Ottawa, Ontario), about 65Km distant. The area is dotted with cell-phone towers, providing PCS service at 1.9Ghz, and GSM service at 800-900Mhz. These seem to be attenuated enough by the SAW filter so as not to present dynamic-range problems at the mixer.

The Connecticut station operates in a somewhat more aggressive RFI environment, being located quite close to a regional airport (8km), and a major urban center (New Haven, 15km).  Airport radar interference was also observed at this location, and the introduction of a tight bandpass filter cleared up the radar problems.  But the noise floor at this location is unavoidably higher, due to the closeness of New Haven.

Discrete RFI sources can be nulled out in software with the SDR-based receiver, with some penalty on CPU usage. Neither author has operated for extended periods with the RFI filter turned on, because it reduces the instantaneous bandwidth available for total-power observations. More experiments with this filter might be usefully made in the future.

Thermal stability

Gain stability of a total-power radiometer is of paramount importance when making observations of celestial sources. This is true whether the receiving architecture is hardware-based, software-based, or a hybrid.

Passive stabilization of the thermal environment of the LNA(s) can help with thermal stability issues. For example, at the Ontario observatory, the LNAs are mounted to a massive aluminum backplate, which itself is welded to the “beefy” feed horn made from SCH 10 aluminum pipe. This scheme has only partially reduced thermal drift problems. Other contributing factors included stability of the receiver hardware, which were mitigated by the expedient of placing the receiver hardware inside a styrofoam box, with empty spaces in the box filled with a slab of aluminum and several “gel pack” ice packs, in order to increase the overall thermal mass inside the styrofoam box.  This made a tremendous difference to thermal stability issues over smallish timescales.

The emergence of a cyclical drift in total-power baselines that had periods on the order of 40 minutes lead one of the authors to investigate coupling to the household heating system. It soon became obvious that the feed cable entering the house was undergoing quite large thermal cycling, owing to the proximity to the hot plenum on the forced-air furnace. The heat transfer mechanism appeared to be radiative, since wrapping the first few meters of feed-line inside the house with foam only partially-alleviated the problem.  Finally, the feed-line had a second layer of reflective aluminum tape added to it, which reduced the problem to negligible levels. At the same time, the receiver and its companion computer were moved into the basement, to eliminate about 10m of feed-line, and thus reduce the amount of that feed-line that needed to be thermally stabilized. A network cable was run into the office where the receiver computer had previously been, and due to the marvelous generality of modern network architectures, the receiver “GUI” could be easily remotely displayed to one of the other computers in the house.

The severe temperature cycling of the first few meters of feed-line inside the house created significant changes in cable loss, corresponding to several hundred Jy of baseline change.  No amount of digital and software wizardry could have done as well as more expedient, and mundane, “physical world” solutions.

Observations in Connecticut, USA at FN31og

The USRP has been in operational use at this author's location since approximately October, 2006. The hardware in conjunction with the Gnu Radio software for the Linux operating system platform, and Radio Astronomy software custom designed by one of the authors (Leech) has made a significant improvement in this author's ability to do conventional radio astronomy, as well as SETI research.  The intention here will be to perform a before and after comparison to highlight the advantages of the USRP/Gnu Radio system and illustrate how one might accomplish this installation as a newcomer to the Linux operating system.

This author started out with an amateur radio telescope installation as previously described in Schuch (1998), and also in Ocame (2006). Briefly, this system was composed of a 2.44 meter diameter parabolic dish, a feed antenna, two cascaded low noise amplifiers followed by  approximately 80 feet of low loss coaxial cable. The cable ran inside the home to an Icom IC-R7000 narrow band, multi-mode receiver. The audio output of the receiver was connected to an analog integrator for input to a   computer running a strip-chart program. A typical chart is featured in Figure 1 below.
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Fig. 1; Galactic Plane; 5/14/06 7:46:01 utc Continuum plot at 1420.4058 Mhz;  BW=3500Hz. Approx: 1.24 dB. Declination 22.4 deg; Azimuth 151 deg.


Fig. 2;  Continuum of Tau A region, alt 70 deg, az 151 deg; approximately 17.5 dB at 




RA 18.75. 
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By doing a “back of the envelope” calculation converting Janskies in figure 2 to decibels, 20 x log(2500/333), a figure of approximately 17.5 dB is obtained. This represents a slightly more than 14 fold increase in received total power over that in figure 1. Moreover, an increase in detail can be seen as a result of using a much higher total power bandwidth.

In addition to conventional radio astronomy, searching for extraterrestrial intelligence (SETI) research is a special interest. This area has benefited enormously from the use of the USRP and software developed specifically for this application (Leech). Previous to the inception of the present observation system, total instantaneous spectral bandwidths of, at best, 9600 Hz (Kimbel, ref?) limited the speed at which such searches could be conducted. Figure 3, below shows a waterfall display using narrow, 3500 Hz, bandwidth.
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Fig. 3. 70 cm band spectral and waterfall display showing doppler signature of  
CW pulses as Amateur Satellite LO 19 made an overhead pass.

Compare to Figure 4, showing an unknown signal (we are not claiming this as a proof of ET!) captured recently.
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Fig 4. Waterfall display of an unknown signal, or pair of signals, in the 21 cm band.

The display in fig. 4, shows off some of the capabilities of the software which can scan 500 Khz on either side of the selected center frequency in various narrow, instantaneous, bandwidths (31250 Hz is shown in Fig. 4). The scan function can be disabled in order to remain at a particular center frequency for study of signals of interest. The rate of scan and the SETI signal filter routines are better left described by the author of the software (Leech).

Implementation of the USRP and the Gnuradio software hasn't been without difficulty, here in Connecticut at FN31og. The programs run best in Linux (work is under way to port them to other platforms). Therefore, it has been necessary to install a Linux operating system, Fedora Core 5 (recently upgraded to Fedora Core 6). It was eventually decided against the installation problems of a dual boot system (boot selection for Linux or Windows, for example) as the computer would be almost constantly in use for radio astronomy and SETI. This solution has worked for the best and the practice continued when an upgrade to a much faster, and more powerful, Pentium D 940 dual core system became available. It is recommended that a good, fast computer with no less than a Pentium class CPU be used for this application. This author (Ocame) encountered difficulties in attempting to use these CPU consuming programs on a Celeron based machine. Continuum bandwidths of only 1 Mhz were necessitated on such an under-powered computer. Upgrading to the dual core machine running at 3.2 Ghz opened up the ability to observe at bandwidths up to 8 MHz!

Here it is to be stressed that this author (Ocame) was completely new to using a Linux operating system. It took quite a bit of time, effort and help (from author Leech) to arrive at the functional system in use today. The inception by the Gnu Radio core managers of using an SVN installation facilitates the installation.  Complete instructions are listed on the Gnu Radio website. Finding a good mentor has been paramount. However, persistence  and patience will pay off handsomely for the experimenter willing to go to such lengths.

As for cost to upgrade, this author found it to be minimal. The USRP motherboard, enclosure, DBS_RX daughterboard, and an additional basic RX daughterboard cost under $1000.00 (in July of 2006). The computer upgrade was built up from a kit purchased at www.TigerDirect.com for under $500.00 (this could be less, but I chose to install an extra 1 Gb of DDR2 memory). Overall, cost came in under $1500.00. While this may seem daunting, it is offset, somewhat by the knowledge that the USRP and Gnu Radio combination constitute a software defined radio and therefore is a extremely flexible platform for the back-end electronics that can be used for transmitting as well as the receive function it is used for here. It should also be pointed out that over the course of a hobby such as amateur radio astronomy, much more will be spent on equipment that may not be nearly as flexible. In the end, this upgrade cost a total of $187.50 per Mhz (or 19 cents per KHz) increase in bandwidth. A small expenditure to participate in what surely seems to be the wave of the future!

Observing practice

The observatories involved (in Ontario and Connecticut) are now running on identical hardware, with identical software loads. The emergence of “big iron” desktop computing hardware, with dual-CPU configurations running at over 3Ghz, means that increasingly sophisticated processing algorithms can be used for various observing modes.

Both observatories run the receiving “chain” based on Linux, and a Gnu Radio SDR core. Choosing a Linux platform means that there are hundreds, if not thousands, of software systems available to help in processing scientific data.  Indeed, a significant fraction of the professional Radio Astronomy community uses Unix-based or Linux-based platforms for all aspects of observing operations, including real-time telescope control, and back-end data processing.

Both authors keep their system clocks synchronized to UTC to within a few milliseconds, by running the NTP software that is included in all modern Linux distributions.  With a full-time network connection, this is a  completely painless way to maintain accurate system time. This means that LMST can be computed in a repeatable way, given sufficiently accurate knowledge of local longitude.

The log files produced by the observing software provide timestsamps in LMST, which for a meridian-transit observatory of the type used at both stations, maps directly into RA.

Data files produced by the observing software are stored in files that are broken out once per hour, with appropriate filenames that encode the local data and time. Data are stored in a simple ASCII format, with header information providing observing frequency, bandwidth, integration time, and current declination (entered manually by the operator of the observing program).

Because Unix has a rich heritage of tools for data processing, analysis, and  manipulation, it was quite straightforward to write scripts to process the raw data from the observing software. The existence of tools like AWK, the shell, Gnuplot, and a veritable flotilla of scientific analysis tools means that a first-class observing platform can grow organically over time.

Here, for example, is a single-day observation of Sgr A, from observations at Fc=1420.4058Mhz, with a 4Mhz observing bandwidth. Data have been processed using a simple Awk script:
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Note that unlike most amateur practice, where the Y axis is some arbitrary “raw” unit as produced by the A-D detector hardware (millivolts, volts, counts, etc), the vertical scale is shown in Jy, while the X axis is shown in hours of RA. By leveraging the power of fairly-simple data processing machinery in Unix/Linux systems, high-quality, high-information plots can be produced in a reasonably-straightforward manner. When the scripts are run on the raw data, a calibration constant is given to the script to map semi-”raw” data units into Janskies.  Further, the script does baseline subtraction on the data, prior to display.  That is, the lowest value contained in the dataset is subtracted from every datapoint in the data set. This approach is usually valid for observations spanning several hours of RA, although for shorter observations, it may produce misleading results.

The existence of strong, stable calibration sources, such as Sgr A and Cygnus A, is very helpful in determining the values to use for a calibration constant. But day-over-day minor gain variations mean that the calibration constant used must be tweaked slightly for most data sets.

Solar Interference

The Sun is a microwave source of tremendous power (at least compared to other celestial sources). The Sun has a flux of between 500,000Jy and 1,000,000Jy at 21cm. Which means that when it's above the horizon, it is contributing, to a greater or lesser degree, to the noise floor of the observation system. Even when the Sun is in a sidelobe that's 30dB down from the main response, it can still be offering up to 1000Jy of noise power to the total power seen by the observing system. Since the observing platform makes use of the Py.Ephem() ephemeris and celestial computation package, it was easy to provide a tag in the data files indicating whether the Sun was above the horizon when the observation was made. In the future, this could become more sophisticated, especially when combined with a side-lobe map of the particular observatory.

Combining multi-day observations

Because there can be variations of the observatory performance, most notably gain, on a daily basis, it is often useful to combine observations taken over several days into a single “composite” observation, in order to average-out daily variations in gain and RFI-induced baseline shifts.

Here, for example, is a five-day combined observation of Sgr A, showing each individual observation, and an average of all five observations, with the average being the thicker line:
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It is interesting to note that the individual observation data post-transit of Sgr A has somewhat more variability than prior to transit. During this time period the Sun is fairly low in the sky for the first parts of the observation, and then is likely playing a role both as a noise source, and heating of the feed to produce thermal variability.

This plot also shows some degree of variability of the Sgr A peak, which is mostly due to slight gain changes from day to day. But Sgr A is also known to be a variable source over various timescales.  It may be possible to observe this variability by looking for variations in multi-day averages with a sliding window over the total collection of data sets.

Spectral Observations

[To be completed].

A SETI mode

With the success of the basic radio-astronomy observing modes, came a desire to expand the capabilities of the receiver software to include a so-called SETI mode. Conventional SETI observing software for amateur observers usually includes a waterfall-type spectral display, and some kind of “filter” or “gauntlet” to filter out signals that aren't likely of extraterrestrial origin.

A complete description of the SETI observing mode is anticipated for a future treatise, but an overview is given here. 

The existing radio-astronomy observing software already had most of the components it needed for a SETI mode—an FFT display, GUI controls, etc. The Gnu Radio architecture already included a “waterfall” type FFT display, and it was adapted for use with the SETI mode of the radio astronomy receiver.

Minor modifications were required to allow the displayed spectrum to be passed through a “gaunlet” and any hits found written out to a “hits” file.

An example screen-shot is given earlier in this paper.  The key learning from the exercise is that the Gnu Radio architecture allows for very rapid prototyping of new receiver architectures, and indeed, the SETI mode emerged after less than one day of software development. Re-use of existing frameworks and “metaphors” is a very powerful development technique that has born much fruit in this undertaking.
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Illustration � SEQ "Illustration" \*Arabic �1�: Single-day observation of Sgr A region








