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Abstract

In the last five years, a revolution has come to the wireless products industry: software defined radio, or SDR. The advent of SDR is a very natural result of the evolution of both high-speed commodity computing machinery, and high-speed analog-to-digital conversion hardware. The traditional “silicon and solder” techniques for processing RF signals in analog hardware are falling away, and giving rise to computational techniques.  The existence of open-source software communities in IT-centric disciplines is no great secret. But in the SDR community, all efforts in this space have, until recently, been of a proprietary nature. Indeed, the significant hardware cost savings realized by SDR, as well as the lifetime-extension of hardware-free reconfiguration, has allowed significant profit increases in markets such as cellular and other mobile-wireless applications.  Gnu Radio, the open-source SDR platform, has come along at just the right time for the amateur radio community in general, and there are substantial benefits to be had in the amateur RA community as well.

We focus on the development of two Gnu Radio applications developed specifically for amateur radio astronomy. A total-power and spectral receiver, and a pulsar receiver. We show the architecture of both, and how they are realized without a single drop of solder being spilled. We show some early results with both applications.

Advanced techniques such as coherent de-dispersion, and the corresponding challenges are discussed. Performance issues are explored, with a view to the future of commodity computing, and the positive impact it will have on SDR radio astronomy.

Introduction

Software Defined Radio (SDR) is a rapidly-growing field in engineering, with many new consumer and commercial products based on SDR techniques. SDR involves the replacement of functions that have traditionally been implemented in hardware with software equivalents. This has been made possible due to the advancements in high-speed, commodity, computing hardware, and the general availability of high-speed A-to-D and D-to-A hardware. In SDR, signals are processed almost entirely in the digital domain, with conversion into and out of the analog domain happening very close to the “edge” of the device.

The menagerie of RF processing functions: mixers, modulators, demodulators, filters, PLLs, oscillators, etc, are all executed in the digital domain in an SDR system.  Ordinary SDR is somewhat limited in available sample rates in A-to-D, and D-to-A hardware, with sample rates of a few tens of Mhz.   That typically means that hardware is still required to convert the signals of interest into and out of the “baseband” frequencies in the digital domain, but such hardware is usually fairly simple—a local oscillator and mixer, and a pair of low-pass filters. But all of the complex processing performed at baseband is handled in the digital (and thus, software) domain.

Gnu Radio (http://www.gnu.org/software/gnuradio) provides a comprehensive toolkit for the experimentalist in Software Defined Radio to produce immediately-useful applications in a variety of disciplines.  The work originated at MIT, with Eric Blossom shepherding its emergence as a GPL-licensed toolkit that is seeing significant usage by RF experimenters and engineering students worldwide.

Gnu Radio Architectural Overview

Gnu Radio is designed as a toolkit that contains dozens of different signal processing “blocks”, along with a mechanism for plugging these blocks together, in a Lego-like fashion.

Sensible buffer management, inter-block type checking, etc, are all performed by the toolkit, which makes life vastly easier for application development.

All of the processing blocks in Gnu Radio are written in C++, and compiled with an optimizing, modern, C++ compiler. The usual methods of object-oriented design are used, with object classes and subclasses, etc.  This generally makes adding new blocks (if you need to) fairly straightforward.

The processing blocks in Gnu Radio are usually “orchestrated” with a Python-based applications framework. The Python code manages interconnection of processing  blocks, and also provides  user-interface functions. The inclusion of the WxPython toolkit means that sophisticated GUI-based radio applications can be built quite easily.

The list of specific Gnu Radio processing blocks is too extensive to detail here, but several different types of blocks are available:

· FIR filters, both complex and real

· IIR filters

· FFT filters

· FFT processing

· Demodulators

· Multipliers

· Adders

· Complex-to-real and Real-to-Complex converters

· Filter coefficient design functions for various kinds of highpass, lowpass, and bandpass filters

· Decimation

· Interpolation

· Signal generators

· NCOs

· GUI functions: buttons, sliders, etc

· Display functions: FFT, Waterfall, Oscilloscope, Stripchart

· Mute/Squelch functions

· Miscellaneous: serial-to-parallel, parallel-to-serial

Further, Gnu Radio supports a modest variety of hardware I/O devices:

· Audio hardware: ALSA and OSS based, as well as Portaudio

· Measurement-Computing A/D boards

· USRP

More are on the way, including support for COMEDI (a Linux-based generic high-speed data-acquisition subsystem).

The Universal Software-Radio Peripheral (USRP)

Without some kind of high-speed analog-I/O device on your system, the Gnu Radio toolkit (or any other SDR toolkit) is of only limited utility.

The problem for experimenters has been that high-speed A/D interfaces for PCs have usually been priced out of range for most amateurs. There was also the problem of getting adequate-bandwidth RF signals down to the “baseband” range of such high-speed A/D interfaces.

This problem has been solved in the form of the Universal Software-Radio Peripheral, or USRP. This board is the brainchild of Matt Ettus, of Ettus Research (http://www.ettus.com). This interface uses USB2.0, and interfaces multi-channel high-speed A/D and D/A, along with an FPGA, and a USB2.0 processor. The USRP takes daughter-cards to map the frequency ranges of interest into the “baseband” that is visible by the A/D hardware. The FPGA performs generic logic functions (like driving I2C interfaces, etc), and also performs half-band filtering, A/D rate conversion and decimation, sample-width conversion, and NCO and DDC functions. Several different daughter-cards are available, but the cards of most interest to amateur radio astronomy enthusiasts would be:

· DBS_RX  - RX only, covers 850-2250 Mhz

· TV_RX – RX only, covers 50-800Mhz

The DBS_RX converts the incoming RF into quadrature (I & Q) signals    in a direct-conversion approach (with the signals extending from DC up to the low-pass cutoff of the receive converter).

The TV_RX converts the incoming signal into a 5.75Mhz IF.  The desired frequency and bandwidth are settable using the Gnu Radio toolkit and GUI.

The USRP, combined with a USB2.0 interface allows up to several Mhz of bandwidth to be brought into the PC for processing, depending on processing complexity.

A total-power and Spectral Receiver for 21cm

Many amateur RA observers have built 21cm receiving systems over the years, either from scratch, or using the very-capable instruments offered by vendors like Radio Astronomy Supplies. Such approaches have generally been very hardware-intensive, with corresponding high costs.

Using an SDR approach means that the same modest set of hardware (USRP and DBS_RX) can be used for a variety of different observing regimes, with only a change in software required to meet emerging requirements.

This author built (a strange word in a soldering-iron-free world) a prototype spectral+total-power receiver using USRP+DBS_RX within a couple of hours using the Gnu Radio toolkit.

The general structure of this receiver is shown below:
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It is amusing to note that there are far more software blocks shown in the diagram than hardware blocks. The details of the USRP have been arbitrarily glossed-over for brevity.

Builders of hardware-based receivers can recognize at least some of the blocks shown here. The multipliers are used in place of square-law detectors. Since we're looking at both I and Q portions of the signal (or Real and Imaginary, or Fred and Bob, or whatever you'd like to call them), we need to square them separately, followed by summing them. Integration is carried out in 3 stages, since building a single FIR filter than converts from our 1 or 2Mhz post-multiplier sample rate, down to the 2Hz sample rate required by the display and data logging, is not feasible. The last stage of integration runs at a fixed 2Hz output rate, but can accommodate integration times of up to several minutes.  This means that the total-power display runs at a fixed 2Hz update rate, along with the data logging.

The astute observer will notice that the first block encountered by the incoming I & Q signal is an FFT-based QRM filter.  This filter allows you to use the spectral display to null-out interference spikes in the input passband. Use the mouse to point to an offending spur, and make it go away with the click of a mouse.  You can't conveniently do that type of thing with an all-hardware approach.

Here's a screen shot of the application during a solar transit:
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This particular transit was taken with the sun slightly off-beam, with tree branches in the beam. A full clear-sky sun transit usually causes a full 1dB rise in detected total power—in this instance it only constituted a 0.3dB rise in detected total power.

Both the total-power and spectral components of this application log data to external files, to facilitate more-detailed analysis, building sky maps, etc.

Here is an extraction of the HI line at DEC +58:00:00, based on logged spectral data:
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The chart is calibrated in Km/s, without any adjustments for the LSR, with the HI feature being the narrow region near the center of this 2Mhz bandwidth spectral profile.  The strong negative and positive spurs are artifacts of the hardware.

A pulsar detection system

A pulsar detection system was built based on the total-power “componentry” from the total-power+spectral application described above. Pulsar detection involves analysis of the post-detector outputs, but at effective integration times several orders of magnitude lower than for total-power observing. The most significant complication of pulsar processing is the removal of dispersion, created by the thin plasma that constitutes the interstellar medium. This dispersion effect creates propagation time effects along the line of sight between observer and pulsar emission. Lower frequencies propagate more slowly than higher frequencies. Which means that if you observe over significant pre-detection bandwidths, the pulses are “smeared” due to arrival-time differences. This effect decreases with the square of the observing frequency: observations at 1420Mhz are 18 times less “smeared” than at 327Mhz, for identical observing bandwidths.  The first component that our baseband signal encounters is a de-dispersion filter, based on an FFT filter, and a calculation according to Hankins and Rickett.  This is shown in the terribly-busy diagram below:
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Without the de-dispersion filtering, the pulses in the post-detector analysis could be smeared below the detectability threshold. The detector portion is identical to the same section in the total-power receiver, with our post-detector filter having a low-pass cutoff frequency of 20 to 100Hz, depending on user input. Beyond that, we use a spectral display, and a special “callback” function that provides analysis of peaks in the spectrum for harmonic compliance.  Since pulsars produce low-duty-cycle pulses, their post-detection spectra is usually rich in harmonic content. We use analysis of the spectral peaks to compute a “harmonic compliance measure”, which is a measure of how well the spectral peaks match a strict harmonic relationship. The average and peak harmonic compliance values are shown, as well as the average distance between spectral peaks.  The peak threshold is user controllable.

Spectral analysis is not the only tool used in pulsar detection—a technique known as epoch folding is used to build up an average time-domain profile of the pulses themselves. 

In order to analyze the time-domain characteristics of the pulses themselves, another processing section is required to analyze the post-detector data stream.  The post-detector stream is split into an audio output, and also fed to the epoch folder, which runs at a base rate of 20Khz, after filtering down to 10Khz. The audio output can be fed to external processing equipment, or simply to a set of headphones.

The 20Khz sampled post-detector stream is filtered and re-sampled using a rational re-sampler, the parameters for which are computed based on the desired observed pulse rate. The program attempts to find the best multiple of the pulse frequency, based on minimizing the sample-rate error. It's not always possible for a rational re-sampler to find appropriate parameters for the decimation and interpolation components of the re-sampling, so the program attempts to find an an exact match, or at least a match that's very close.  This could theoretically be made “perfect” with the use of a fractional re-sampler, but Gnu Radio doesn't yet have a fractional re-sampler block.

Subsequent to rational re-sampling, the stream is fed into a serial-to-parallel conversion, followed by a parallel IIR filter. This provides a folding function—blocks of samples are effectively laid down on top of one another, and because the sample rate is a (hopefully) precise multiple of the pulse frequency, and the block length is constrained to contain an integer number of pulses in each block, pulses in the data will reinforce themselves, with the help of the the single-pole IIR filter that follows.

Below is a screen shot of the combined pulsar application:
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This shows the results produced with an “artificial pulsar”--an RF calibration source that is being switched on and off at 0.748Hz (the pulse rate of the first pulsar ever detected—B1919+21).

Performance considerations

While the USRP can sample data at 64Msps, and the USB2.0 interface can often sustain transfer rates of 32Msps, the reality of radio astronomy signal processing means that smaller bandwidths must be used for practical observations.

The total-power and spectral receiver consumes roughly 70% of the CPU on a 2.6Ghz Celeron D system with 768M of memory, and a 500Mhz FSB, running Fedora Core 3 Linux, at an input sample rate of 1.6Msps. That 30% headroom is a comfortable margin for running other applications (like an astronomical ephemeris, for example). Greater bandwidths, or lower CPU consumption could be realized by disabling the QRM filter.

Reports “from the field” indicate that a dual-CPU 3Ghz Intel Xeon workstation can sustain 8Mhz observing bandwidth using the Total-Power/Spectral application.

The pulsar RF receiver is a rather-more demanding application, mostly due to the large FFT filter required for de-dispersion of the RF passband. For the same input bandwidth (1.6Msps), it consumes roughly 85% of the CPU on the same system.

Future projects

Optimizing both total-power/spectral and pulsar applications could perhaps recover about 10-15% CPU.

With the emergence of multi-core CPUs in the coming years, wider bandwidths will be easily achievable using a software-based receiver architecture. The Gnu Radio project is contemplating better support for multi-CPU architectures. To the extent that multi-threading is viable today, spreading those threads over multiple CPUs will help performance, particularly in non-serially-dependent processing streams.

The pulsar application currently records baseband RF data to external files. The eventual goal is to integrate these baseband files into the Swinburne PSRCHIVE pulsar processing system.

Once a larger dish (3.7M) is installed at the authors location, real pulsar detections should be possible.

Experiments with different architectures both for the spectral application and the pulsar application are contemplated.  A filter-bank approach for pulsar dedispersion might increase the viable range of real-time pulsar detections—both in terms of dispersion measure (DM), and lowest usable observing frequency.

A swept-filter spectrometer could easily be built, and compared to the FFT-based approach.

