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Signals from the sun - IEEE Potentials

It was the VHF radio signals from the sun that were the focus of our atten- tion for one project. In the other project, we set out to detect solar flares-those fiery out-. 
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Student projects in radio science at the University of Liverpool



I



n England, the B.Eng degree takes three years. In the final year, students are required to undertake a major individual project. The subject is their own choice based on a wide range of topics offered by their department’s faculty. The end product is a report, a mini thesis really. This report carries significant weight in determining a student’s performance and, thus, class of degree awarded. Most students, therefore, take their projects very seriously. The two projects proposed in 1994 were in the field of radio, but with a difference. The first was the design, construction and, hopefully, the operation of a radio telescope to receive signals from the sun. The other was a similar



than just think; they’d discussed the projects amongst themselves and had agreed who would tackle the antenna systems, the radio-frequency hardware, the signal processing, the data analysis and the displays.
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indirect radio method. Somewhat to my surprise a queue of students appeared at my door eager to know more. I explained what I had in mind: I told them that the sun is a powerful of electromagnetic energy at other than
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Sunspot cycles since 1800
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Both topics were too extensive for any one student to tackle successfully in the time available. The requirement that each of them work on an individual project would be satisfied easily by the multidisciplinary nature of the topics. No two students would work on the same problem. However, all the hardware and software they produced would have to interface with the other elements of the system developed by their colleagues. Within a week all came back to me and said that they’d like to tackle the two projects. They had done more
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bursts on the sun’s surface which cause magnetic disturbances on earth. They are responsible for short-wave radio fadeouts and the colorful displays of auroras in the polar regions. This sounds like a project in optical astronomy; in fact, we proposed using an indirect method whereby I one detects changes in the propagation of radio signals and then infers the existence of a flare from them. The radio signals in question were the very low frequency (VLF) transmissions from transmitters for communicating with submerged submarines. Before designing anything we must know the intended application and the features it must have. What, therefore, are the characteristics of the sun as a radio source? How do solar flares
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The sun radiates electromagnetic energy over a wide range of fiequencies by a number of different processes. If anything is taken for granted these days, it is the thermal and optical radiation from the sun. However, the sun also produces huge amounts of energy which are distributed across the spectrum from long radio waves to X-rays and beyond. It was the VHF radio signals from the sun that were the focus of our attention for one project. In the other project, we set out to detect solar flares-those fiery out-
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cations? Fig. 1 shows the solar spectrum from ultraviolet through to radio wavelengths. Notice that at wavelengths of more than about lOmm (or frequencies less than about 30 GHz) the sun’s radiation exhibits a characteristic rather remi-



The difference between the two states can be as much as 40 dB at VHF (30300 MHz). Nobody knows quite why the sun behaves this way. We do know that when the sun is disturbed its face is speckled with a significant number of dark patches or sunspots. The number changes cyclically over a period of approximately 11 years. This is the familiar sunspot cycle, shown in Fig. 2, which affects short-wave or HF (3-30 MHz) radio communications significantly. A solar flare occurs suddenly on the surface of the sun and then fades
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Yagi Uda elevation plane pattern with height = lib



Designing a radio telescope



Every design has its specifications. To formulate ours we needed to consider the requirements of the two projects separately. First, the frequency at which the VHF I Odeg. radio telescope would operate Gain 16.8 dDi Wkeofi: 12 dog Drrwidlh: 13 deg had to be selected. The radio Fig. 3 Radiation patfern of the Yagi-Uda anfenna spectrum is a very scarce natural resource and therefore away gradually. It releases, as it has to be protected. International agreejoules of energy or does so, some ment is vital because electromagnetic the equivalent of 2,400 million megawaves do not respect political or geotons of TNT during its lifetime of just a grqhical boundaries. The VHF frefew minutes. Such a vast amount of quencies allocated to radio astronomy in energy must have a measurable effect the U.K. are shown in Table 1. here on earth, which we deemed to explore. The proposal was to detect either the sudden enhancement of atmospherics (SEA) or the sudden enhancement of signals (SES) caused by the flare.



A project meeting Both projects required antennas, radio receivers and appropriate signal processing. They also needed some suitable means of displaying the receiver output for subsequent viewing and for analyzing the results. Those were the common elements. The fact that the frequencies and characteristics of the two solar phenomena were very different meant that special-purpose hardware had to be designed and built for each. This brought about a natural grouping of skills and interests from amongst the students. Even software enthusiasts were satisfied, because programs would have to be written to display data on a personal computer. To ensure that the six members of the two design teams were pointing in the same direction, as it were, we agreed to hold weekly meetings. Progress would be reviewed, problems aired and hopefully solved, and targets reassessed as necessary. These meetings would ensure that all elements were developing in harmony on schedule and budget, of course. I made it clear that mine would be a diminishing role; they were to assume full responsibility not only for their own work but also to ensure that overall progress was satisfactory. My function was to guide and assist as needed, and to provide softer meeting chairs than those in the laboratory.
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After some discussion, it was agreed that the highest frequency would be used. This would keep the antenna dimensions manageable. Whereas parabolic dishes are normally associated with radio astronomy, they are by no means the only suitable antennas and are really impracticable at VHF. The very familiar multi-element TV antenna or to give it its correct name, the Yagi-Uda array, is a viable alternative. Since its elements are typically a half wavelength, or about lm, in this case, both size and construction should not present too many problems. So it was decided the frequency would be 151 MHz, in the middle of the band, and, therefore, as far away from other users as possible. Since the intention was to “see” the sun at this VHF frequency, we could either track it as the earth rotates or use the earth’s rotation to essentially sweep the antenna beam across the sun. The latter approach is much easier to implement. Indeed, even professional radio astronomers frequently use this method with what are called transit radio telescopes. However, the sun only subtends an angle of about 0.5 degree when viewed from the earth. Therefore a single antenna would have to be extremely large to produce a beam that narrow. This is because its beamwidth and, hence, its



resolution are determined by the ratio of the telescope’s aperture or effective area to the wavelength Our approach was to use an array of two widely separated Yagi-Uda antennas as an interferometer. By arraying two of them many wavelengths apart, one can increase the resolving power of the telescope. It is done by using the interference effect caused by the phase difference between the signals received by the two separated antennas. Instead of the rather broad pattern typical of a single Yagi-Uda antenna, the interferometer produces a series of interference fringes or lobes through which the sun will transit when the antenna is correctly aligned. Two, six element Yagi antennas were designed using ELNEC, a very useful Method of Moments computer program. Figure 3 shows the radiation pattern of one of the antennas when mounted 2m, or one wavelength, above the large concrete roof of the laboratory. Its gain is 16 dBi and the front-to-back ratio (FB) is in excess of 30 dB. A city university campus is certain to be a source of much man-made interference which makes a good F/B an important design parameter. The antennas were mounted along an east-west baseline. They were ten wavelengths or about 20m apart at the design frequency of 151 MHz. Their angle of elevation, or declination in an astronomical sense, was adjustable so that it could be aligned with the position of the sun as the seasons changed. The receiver decided upon, after considerable discussion and background reading, was a phase-switched interferometer (Fig. 4). In this system, the signal from one antenna passes through a phase-reversing switch before both signals are summed and then fed to a fairly conventional superhet receiver. The switch was implemented using PIN diodes. The phase-reversal was achieved by simply switching an exact half wavelength of transmission line into the feeder of one of the antennas. After detection, the composite signal and the switching signal meet up again in a phase-sensitive detector which essentially subtracts the two phaseswitched signals from one another. By doing so, it makes the receiver far less sensitive to power supply variations and any instability. This also makes it less sensitive to the uncorrelated and
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degrees, no correction was really necessary. At the equator, the sun apparently moves across the sky at a rate of four minutes per degree, so the spacing between successive interferometer lobes is therefore 5.7 X 4 = 22.8 minutes or 1368 seconds. The integrator time constant should be as long as possible, for maxiFig. 4 Phase-switched interferometerreceiver mum sensitivity, but significantly less than 1368 seconds for extended sources across the sky, such as adequate resolution of the lobes the Milky Way. or fringes. A value of 200 seconds Particular attention was paid to was selected. designing the first radio frequency Finally, the required sensitivity and amplifier connected to the antenna hence the gain of the receiver were transmission lines. This was because it determined by noting, from Fig. 1, that was required to be sensitive and to have the flux density, S , of the sun at a wavethe ability to handle signals of widely length of 2m varies from about W differing strengths. m-2 Hz-’ during periods of low sunspot In many respects these two requirecount to about 10-l8W m2 Hz-’ when ments are incompatible. However, the sunspot number is at its peak. The much effort went into trying to achieve effective aperture or capture area, A,, of the best compromise. In the end, a casany antenna is related to its gain, G, by code amplifier using two Mosfets was the equation A, = G ?L 214~.Thus, the designed and built in its own shielded received power is simply P, = S.A,B, copper box. To reduce the receiver’s where B is the post-detection bandwidth noise figure, as much as possible, careof the receiver. As a result, with a gain ful attention was paid to the biasing of of 16 dB, or about 40 times, the the FETs and to the impedance matchrequired sensitivity of the receiver ing between antennas and the amplifier (assuming a 50 ohm input impedance) input. For the lowest possible noise figcan be shown to be of the order of a ure, one actually prefers a slight mismicrovolt when the sun is quiet. match. Thus, power transfer is traded This is certainly achievable without for noise figure. resorting to any special techniques such After detection, the noise-like signal as cooling the receiver’s front end. from the sun is integrated in order to However, loss in coaxial cables can increase the sensitivity of the receiver even more. In fact, the sensitivity is directly proportional to the square root of the product of the receiver bandwidth and the time constant of the integrator. The bandwidth chosen was 1 MHz so a simple calculation was necessary to determine an appropriate time constant to resolve the interferencefringes. The lobe spacing of an interferometer is equal to 57 degrees divided by the separation between the antennas in wavelengths. Thus, for the separation of ten wavelengths, the lobe spacing is 5.7 degrees. This is true when the sun is at the celestial equator and a correction must be made for other declinations. Since most of the project observation was planned for Spring, when the declination is actually not too far from 0 A view of the University of Liverpool
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be significant if excessive lengths are used, particularly at VHF. Matters are made worse if the cables are not correctly matched. Therefore, it was decided to convert the 151 MHz signal to a lower intermediate frequency (IF) as early as possible within the receiver chain before feeding it down from the roof to the laboratory below. An IF of 51 MHz was chosen. The receiver was split into two subsystems: the 15 1 MHz front-end through to the 51 MHz first IF amplifier would be mounted as close as possible to the antennas on the roof to reduce cable losses. The second IF amplifier, which provided the bulk of the receiver’s gain and its ultimate bandwidth of 1 MHz, was to be located three floors below in the laboratory.



The solar flare receiver No less effort went into agreeing on the specifications and features of the VLF receiver to detect solar flares. The SES method, where the onset of a flare produces a sudden enhancement of signals from one of those VLF transmitters, sounded fascinating. It became the method of choice. The SEA approach, where a flare caused sudden enhancements in atmospherics, would be on standby. Once again an operating frequency had to be selected. The list of frequencies used for submarine communications are published, but we had no idea which ones were still in operation. Not surprisingly, no one would tell us either! It was noticed that a number of such transmitters were clustered around 24 kHz. Many had interesting names such as Jim Creek and Lualualei and
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VLF receiver for solar ,flare detection



Gain = lOOdB



Fig. 5 VLF receiver forsolar flaredetection their transmitter powers were impressive too: 500 kW to 1 MW. The receiver had to be selective and, therefore, tuned to 24 kHz.In conventional radio receivers, the tuning process is handled simply enough by means of resonant LC circuits. To obtain the necessary selectivity, the L/C ratio of those components is important as well. This implies that a large inductance will be needed. But large inductors are not readily available and are cumbersome, so another approach was considered. Why not use an active bandpass filter? These are easy to design and build using standard operational amplifiers. Most importantly, they are easy to adjust should the need arise to change frequency for any reason. So, second order Butterworth filters were designed to produce the required bandpass response centered at 24 kHz. Attention was then focused on the VLF antenna. The SES phenomenon is caused by greatly increased X-ray radiation which occurs when a solar flare erupts. This radiation in turn produces an increase in the ionisation density throughout the D region of the



ionosphere. There is also a lowering of the base in the D region. This leads to the sudden changes in the field strength of signals at long wavelengths or SES effects. The antenna, therefore, must respond to signals propagating in the channel between the earth’s surface and the lower surface of the ionosphere known as the earth-ionosphere waveguide. The wavelength at 24 kHz is 12.5 km.Any practicable antenna will be physically very small. If its dimensions are expressed in wavelengths, it will be electrically very small, too. The propagation effect we are interested in occurs at some sunlit region between VLF transmitter and the receiver. Thus, the antenna must be directional and capable of being accurately aligned along the intended path. This requirement alone imposes real constraints on physical size. Two possibilities are the multi-turn loop or the ferrite-loaded loop. Actually, they are really just variants of the same antenna. This antenna has many turns of wire wound on a cylindrical rod of ferrite, a material which possesses a very high permeability. It’s this high



permeability which allows us to decrease the loop area while still achieving the same performance as the larger loop in air. It was agreed during the meetings to design a ferrite loaded loop plus preamplifier. Tuning this antenna to the required frequency presented, in many ways, the same problem as in the receiver. With an inductance measured in hundreds of microhenries, the capacitor required to produce resonance would typically be in the nanofarad range. Therefore, it would not be mechanically adjustable. The decision was made to use a fixed capacitor and to vary the inductance. This could be done quite easily by simply sliding the inductor along the ferrite rod. One hundred dB gain in the receiver (Fig. 5 ) was calculated on the assumption that the minimum discernible signal at the input would be one microvolt. This output would be sufficient to drive an analogue to digital converter (ADC) so the data could be processed and displayed on a personal computer. An 8-bit, successive approximation ADC was selected after consideration was given to the resolution required by both projects. Software requirements and the types of data display which would most effectively portray the results were soon agreed upon.



From paperwork to hardware Designing an electronic system on paper is one thing. Making it workwith electronic circuits in boxes, meters of interconnecting cables, antennas suitably mounted to withstand the rigours of the weather and, last but no means least, the necessary attention to the electromagnetic compatibility (EMC) of all the elements-is something else. Without good design and construction practices, the systems were more likely to interfere with themselves and each other than receive any signals from space! Products intended for mass production have to satisfy aesthetic as well as functional criteria; the time required to construct this hardware to those standards just wasn’t available. So the sub-systems were built in the most appropriate way for the specific tasks they had to perform. All the radio frequency (RF) circuits, laid out as functionally as possible as so-called
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153 MHz



Receiver passband and interfering signals



Fig. 6 VHF receiver passband and nearby signals



“breadboards,” were all accommodated in individual shielded boxes made with double-sided printed circuit board. Not only is this an effective way of shielding sensitive or potentially noisy circuits, but it is also very easy to do. Careful attention also was paid to the adequate regulation of all power supplies and particularly to the decoupling of these at every sub-system. Such attention to constructional detail often keeps what is supposed to be a high gain amplifier from becoming a completely unintended oscillator! Making radio frequency circuits work as intended is not for the feint-hearted. However, attaining success is a very satisfying experience.



Thwarted by nature The acid test of any engineering design is how the system performs in practice. The very tight project plan had allowed only a month for actual use of the two systems. During this time, it was hoped to obtain identifiable interference fringes from the sun as well as evidence of a solar flare or two at VLF. Both receivers produced outputs suggesting they were functioning correctly except the recorded traces were not readily identifiable as either fringes or flares! By monitoring over a 24 hour period one should be able to identify certain specific characteristics, but both pictures were confusing. What was the problem? After a few tests, it was clear the signals that were essentially overwhelming the radio telescope were man-made. Use of a spectrum analyser soon uncovered the culprits and a bit of thought provided the explanation. Part of the VHF spectrum on either side of the radio astronomy band is allocated predominantly to the so-called land-mobile services. Typical users are emergency services as well as public
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and private transport operators. Very strong signals were found around 153 and 155 MHz as shown in Fig. 6. All were licensed to be there and were above the upper limit of the radio astronomy allocation in the UK. Yet their effects were clearly evident and audible at 151 MHz. The problem was caused by what is called “third-order intermodulation.” Ideally, the first RF amplifier of the receiver is linear and considerableeffort went into designing it to be so, even when subjected to strong nearby signals. However, if such a signal is strong enough, the amplifier can be saturated. The result is that it functions as a mixer as well as an amplifier with possible dire consequences.A simple calculation confirmed that the second harmonic from one transmitter (but generated within our receiver!) could mix with the fundamental of the other to produce the third-order intermodulation product (IMP) of (2 x 153) - 155 =151 MHz. This not only falls within the radio astronomy band but is precisely the frequency on which our radio telescope was operating. The obvious solution is to insert a filter ahead of the receiver to reject the unwanted signals. Time constraints wouldn’t allow this so a compromise was made. If an attenuator with an attenuation of x dB is inserted ahead of the RF amplifier then the required signal will be attenuated by a x dB. However, a third order IMP will be attenuated by 3 x dB. It is remarkably successful as long as x dB of attenuation, or loss of sensitivity, can be tolerated in the receiver. The only way to determine x was by experiment and it was found that as few as 3 dB were sufficient to cure the IMP problem. We were in business! The solar flare receiver also turned out to be the victim of considerable man-made interference. In this case, the culprits were the ubiquitous personal computers. The receiver and its loop antenna had insufficient selectivity to adequately reject the noise from the line time-base oscillators of all the PC monitors in the vicinity. No amount of careful positioning of the receiving antenna nor its deployment as far from such sources as possible was sufficient to overcome the noise problem. A receiver with a considerably narrower passband and a quiet location for the complete system were the only answers. Unfortu-



nately, neither could be implemented in the time available.



Lessons learnt No readily identifiable effects which were caused by the sun were recorded. This was disappointing. Two phenomena conspired against us: an unusually quiet sun and a high level of man-made electrical noise and interference. We will have to find a quiet site in the countryside for the next phase of these two projects and also to schedule them closer to the peak of the sunspot cycle when flares are much more common. In the wider context, the projects were very successful. The students’ appreciation for professional collaborative effort, if nothing else, for engineering projects to be really successful, was adequate testimony to that.
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