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Radio Astronomy at the Backyard:
The Construction of a 11.7 GHz Radio Telescope
and a 1420 MHz Phased Array | nterferometer

Abstract

The essential goal of this project was that atypical — optically ‘exclusive’ —amateur
astronomer could learn in practice the rudiments of radio astronomy, by means of constructing
and using ssimple radio telescopes to be assembled with off-the-shelf materials within his
reach. The ideawas to capture some data from bright radio sources, and to assess the
performance of the built instruments.

Thetotal time lapse for this project spanned just three months (August- November,
2007). Two different operating frequencies were effectively tried: 11.7 and 1.42 GHz. For the
former, one very simple radio telescope was constructed; for the latter, two much more
sophisticated single units were built, with the final objective of attempting interferometry.

The construction and use of the simple 11.7 GHz radio telescope was a highly
stimulating experience. It was easily assembled from totally common satellite TV components,
and obtained outcomes largely overcame the more optimistic expectations. On the other hand,
the building of the two 1420 MHz radio telescopes was hard, as it required the construction of
very precise — and thus, highly time consuming — elements, while so far obtained results have
been disappointing.

This report describes what has been done. It begins with a short presentation of the
main equations of radio telescopes, followed by the description of the built instruments and
their operation. Then, obtained radio data (basically, solar and lunar graphs) is shown, at the
time that an interesting analysis of the lunar temperature variation with its phase cycleis
presented. The report concludes with an appraisal of the main parameters of the constructed
instruments, and a discussion evaluating the pros and cons achieved.
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I ntroduction

A radio telescope measures the total radio power received from a source. If an astronomical
source of radio waves falls within the *beam’ of aradio telescope, after proper processing, adc
voltage directly related to the strength of the incoming signal will appear at its output. “ It is
rather like a one pixel eye looking at the heavens’ [1].

Likewise the main element in an optical telescope is the piece that collects the
incoming optical photons — the objective or primary element — as it defines the potential
performance of the whole instrument, the radio photons collecting dish — the antenna — of a
single radio telescope represents its basic core.

The acceptance of the antenna is the angular region for which the antennais sensitive.
Quantitatively, it is defined as the solid angular area where the power received from aradio
source is equal or greater than half the value obtained when the sourceisright on its central
axis. For circular aperture antennas, the acceptance becomes a circle whose radiusiis called the
solid angular beamwidth (g ), and which is approximately given by * [2]

|
=1.01¢— 1
q 5 (1)

where | isthewavelength of the incoming radiation and D is the diameter of the aperture.
The larger the diameter, the narrower the beamwidth and the smaller the acceptance.

The spectral power density (P) collected by aradio telescope from a given radio source
to whom it is pointed to becomes?

1
P= Eh AF (2)

where N represents the efficiency of the dish, A is the geometrical area of the dish, andF is
the flux density of the considered radio source.

The factor 1/2 arises because the antenna can receive el ectromagnetic radiation of just
one polarization at the time of the usually two (circular polarization) that the flux density of
astronomical sources actually carries.

Using the analogy that aresistor at absolute temperature T produces a spectral power
density given by

P=KkT (3)

1 Small corrections are required to the 1.22 factor of the original Rayleigh criterion formula, as this appliesto a
dlit rather than a circular aperture.
2 All formulas presented in this section have been extracted from the following references: [3, 4, 5].
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where k is the Boltzmann’ s constant, by equating (2) and (3) it is possible to express the flux
density of agiven radio source collected by the dish of the radio telescope into units of a
fictitious temperature, so that

hAF
= 4
T @

where the temperature T,, the brightness temperature of the source detected by the antenna (or
simply antenna temperature), represents a quantitative equivalent magnitude of the effect of
the considered radio source on the dish of the radio telescope in question.

In case that the considered astronomical source radiates just thermal radiation, that is, it
behaves like a perfect blackbody of absolute temperature T, its total brightness (B) becomes
given by the Planck’ sradiation law

2hu?® 1

Bz —%w,— 5
. (5)

where h isthe Planck’s constant, U is thefrequency of the radiation, and c is the velocity of
light in vacuum.

Whereas hu << KT, which particularly appliesfor the case of radio frequencies, the
general case of (5) can be ssimplified (Rayleigh-Jeans law) as

g 20U KT _ 20°KT _ 2kT
c? hu c? | 2

(6)

Considering that the flux density equals the brightness times the solid angle subtended
by the source (W), that isF = BW, then by replacing it in (4) and (6) it becomes

_KT W o 1T,

F =
| 2 5 hAW

(7)

where T represents the real brightness temperature of the considered blackbody radiator. In
such context, the radio telescope is called a radio thermometer or radiometer.

In practice, the process of measuring T necessarily includes contributions (distortions)
from some other agents, as in addition to the excitation from the source, others non zero
temperatures must be taken into account. Thus, what in practice could be measured is not Ta
alone but the wholesystem temperature:

Tsys = TA + TR + Tsky + Tgnd (8)

where T represents the contribution due to thereceiver noise temperature, Ty, iSthe
contribution due to the sky temperature (the temperature corresponding to sky adjoining the
considered target, as radio sources are typically much more smaller than the telescope
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beamwidth), and T, iS the contribution from the ground (spillover temperature). Regarding
that Ty, can be properly estimated, having Tr + Ty, aslow as possible tranglates as | esser
errorsin finding Ta. It isusually convenient to work with the equivalent noise temperature of
the overal radio telescope (Ty), defined as

TN = TR + Tsky + Tgnd = Tsys_ TA (9)

The energy source per second (ps) passing from the dipole through the system
exclusively due to the radio sourceis given by

Ps = k TA Du (10)
where Du isthe receiver frequency bandwidth 2. Thus, thesignal power (Ps) arriving at the
diode detector after amplification by the radio receivers exclusively due to the radio sourceis
given by

Ps=GkT,Du (11)

where G isthetotal gain of al receivers.

As aready seen, in practice there is always an unwanted noise power (P,) associated
with noise generated from within the receivers. This adds in an unwanted power given by

Pv= GkTy Du (12)
and hence, the real total power (P;) arriving at the input of the detector diodeis
Pr= Gk Ty Du (13)
where Ty has been introduced applying (9).
Thereal total power arriving at the input of the diode detector can also be expressed as
Pr= /R (14)

where V, isthe input voltage to the diode, and Ris the system resistance (nominally the same
value as the impedance of the connected elements). Combining this two last equations,

V, = /GKT,..DuR (15)

The effective noise temperature of the receivers fluctuates due to the random nature of
the movement of the electronsin them. Asit isarandomly generated variation, the effect of
the variation in the radiometer’ s final temperature measurement can be reduced by averaging
the noise signal over a greater bandwidth and by integrating the final dc voltage over many

3 The frequency bandwidth is usually measured between the output frequencies whose signal strength is half the
maximum when the in put signal power is constant with frequency [6].
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readings. Thus, the random fluctuation in the noise temperature can be reduced to its minimum
possible value given by the expression

TN

h«/tDu

wheret is thetime constant of the integrator smoothing the detected dc voltage. This sets the
minimum temperature change that the radio telescope system will respond to, so that DT
essentially defines the temperature resolution of the radiometer. Logically, it depends on the
quality of the instrument (the lower the noise temperature, and the greater the efficiency, the
time constant, and the frequency bandwidth, the better the temperature resolution).

DT =

(16)

The minimum detectable source flux density (S.,) for afull power radio telescope has
to deal with its temperature resolution and antenna dimensions, thus resulting

S _2KDT _ 2T, an
mn A Ah+/tDu

Summarizing, in order to maximize the detected signal and the overall performance of
any considered radio telescope, it is required that:

it maximizes the bandwidth

it has long integration time constants to smooth the signal output
it has alarge dish and efficient awell matched feed dipole

it minimizes the noise temperature of the system

YV VVY

Considering that square-law diode detectors are frequently used in radio telescopesto
recover signals immersed in the system noise (although “ their use is commonly restricted to
narrow dynamic ranges of very low signal levels where the square law isvalid” [7]), this fact
makes that the dc output voltage (V,) results proportional to the input power, so that

Vo P
Thisimportant “empirical” relation now leads to the conclusion that V, (the actual
outcome from the radio telescope) results proportional to Ty, all other factors being constant.

V, can be measured with a voltmeter, chart recorder or an ADC connected to a computer.
Then, it becomes

Vo =K Toe (18)

Therefore, by using two measurements from different sources (source #1 and source
#2), the unknown coefficient Kys can be eliminated as

V01 — KS/ST%l — TA1+TN1 (19)
Vo, KgeT T+ T

Sys ' sys2
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The built radio telescopes

Two different operating frequencies were selected for this project: 11.7 GHz and 1420 MHz.
The first one because of the readiness of required materials, the second one becauseitisa
fundamental frequency in astronomy — it is the frequency of the line emission of the most
abundant element in the whole Universe: neutral hydrogen. Even at the amateur level, serious
studies could be promisingly undertaken for the 1420 MHz system.

Therefore, the 11.7 GHz radio telescope was conceived to be merely used for this
project as an educational tool for learning the rudiments of practical radio astronomy.
Conversely, the 1420 MHz system was much more ambitiously devised, regarding it asa
valuable long term instrument for serious research at the amateur level.

Figure l
A general view of the northern facade of the observatory after embracing the radio experience.

The 11.7 GHz radio telescope

As Figure 2 shows, the 11.7 GHz radio telescope is a very simple instrument. Outdoors
there are just the antenna and the low noise block converter (LNB), while indoors there are the
line amplifier, the receiver, the analogue to digital converter (ADC), and the PC [8, 9, 10, 11].

Lesw loes S5 alim
zatsl e
cazxlal cabke
0.5 clish LME Lime srnplifier Resaiver ADC PC
=9 mi

Figure2
The block diagram of the smple 11.7 GHz radio telescope.
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The antennais an amost circular (91-99 cm) second-hand standard offset dish for
satellite TV Ku band (Figure 1, near the centre between the large dishes). Although it has no
motor, it isfully steerable in the vertical and horizontal planes by hand. For reading the
atitude angle (elevation) it already had a graded scale (Figure 3), while asimple one was
incorporated just for reading the azimuth angle (Figure 4).

Figure3 Figur_e4
The original elevation scale. The adopted azimuth scale.

The LNB isaso astandard satellite TV component (it came with the dish). It has an
operating range from 10.7 to 12.75 GHz, a 65 dB gain, a noise figure of 0.7 dB, and its down
converted output isfrom 950 to 1,950 MHz, at 75 ohm. It is fed through the output coaxial
cableat 15V.

The outdoors-indoors connection is made via9 m of a 75-ohm RG06/U coaxial cable.
Its attenuation at 1,000 MHz is 21.46 dB per 100 m [12]. All connectors are F type.

The line amplifier is a standard satellite TV wide line amplifier, 950 — 2250 MHz, 20
dB, 75 ohm, 15 Vdc (fed through the coaxial lead from the receiver).

The receiver was originally a standard Satellite Finder (Figure 5), asimple instrument
used by TV technicians to facilitate the correct alignment of TV dishes at field“ It hasto be
modified (Figure 6) due to two reasons: (a) to obtain afine variable gain, and (b) to feed the
line amplifier and the LNB through the coaxia cable itself.

The modifications performed on the satellite finder are presented in Appendix 1. Its
original potentiometer —identified by the label “dB” at its front — actually works adjusting the
threshold of the rectified signal to be amplified by the operational circuits— sort of noise
squel ch function — and the variable gain is properly adjusted by an especially new added
potentiometer [13]. The satellite finder requires 15 Vdc from aregulated power supply.

4 The Satellite Finder takes the signal that comes from the output of the LNB, and after proper amplification and
rectification, it presents the corresponding signal strength on an analogue meter at its front. This allows that after
arough initial orientation of the dish towards the satellite in question, the precise alignment is rapidly achieved
just by moving the dish until obtaining maximum needle displacement.
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b SATELLITE 7"
FINDER

Figure5b Figure6
The original satellite finder device. Modifying the satellite finder.

The electrical parameters of the modified satellite finder are: operating band 950 to
1450 MHz, 17 dB of RF gain, diode detector, an integration time constant about 0.1 sec, 40 dB
of variable DC gain, 0 -7 Vdc output, 75 ohm input.

The backend is completed with the ADC and the PC (Figure 7). The ADC is based on
the MAX186ADC integrated circuit. It isa 12 bit device, has 8 channels, afull input range
from 010 4.095 V at a samplerate of 133 kHz, and RS232 output to enter into the PC [14].
The software is SkyPipe Pro version [15], working under Windows Xp. This softwareisa
typical recording chart program but especialy designed for working with the MAX186ADC
integrated circuit. It expresses the input voltage at the ADC directly in millivolts.

75 ohim coexlal o
11.7 GHz LNE

Figure7
The complete backend of the 11.7 GHz radio tel escope, actually collecting the graph shown in the PC.
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The 1420 MHz radio telescopes

The block diagram of both 1420 MHz radio telescopes, connected together in order to
perform as a drift phased array interferometer, is shown in Figure 8. Each frontend comprises
the dish, the half wave dipole, the low noise amplifier (LNA), and the filter; both frontends are
identical. The backend includes the adder/impedance matcher, the line amplifier, the receiver,
the ADC, and the PC [16, 17, 18].
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The complete block diagram of the constructed 1420 MHz phased array interferometer.
Except for the adder & impedance matcher, and the DC filter, the backend is
exactly the same asfor the previously discussed 11.7 GHz radio telescope.
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Figure9
Theidentical 3.7 m antennasfor the phased array: the W at left, the E at right.

The dishes (both second-hand Paraclipse, model 12, shown in Figure 9) have a
diameter of 3.7 m of diameter, afocal length of 2.6 m (thus /D = 0.7), and have been placed
19 m apart along the east-west direction. Both antennas can only be moved on the meridian,
by means of slow 12 V motors that are commanded from indoors. Electronic inclinometers
(Smart Tool Technologies model 1SU-S) with an accuracy of + 0.1 degree, connected via
RS232 to an indoor PC, permits to know the precise elevation angle of each antenna.

The two required 1420 MHz half wave dipoles (Figure 10) have been especially
constructed for this project, according to exact dimensionsincluded at Appendix I1. Each
device hasto be placed in order that the focus of the dish precisely lays on-axis, half way
between the dipole and the backing disc. The expected bandwidth is about 75 MHz (it was not
measured yet).

*
Ardjusting mrreas bor T SRR
Hacing he
Faall wirea o pedo
Ll i wxscl luzsliun

Figure 10
The 1420 MHz half wave dipoles have been constructed according very precise dimensions.
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The 1420 MHz LNASs (Radio Astronomy Supplies) are the only elements used along
this project that neither were standard satellite TV surplus components, nor were made by the
author. These LNAS, particularly designed and constructed to work for radio tel escopes, have
again of 28 dB at noise figure of 0.34 dB, 50 ohm, N connectors, and require 100 mA from an
externa 12 VVdc regulated power.

The 1420 MHz resonant mechanical filters (Figure 11) have also been made for the
case, according to exact dimensions included at Appendix I11. Both filters were adjusted for
minimal attenuation at 1420.0 MHz. One presents an attenuation of 4.2 dB and a 26 MHz
passband (from 1408 to 1434 MHz), while the other has 3.8 dB and a 78 MHz passband (from
1364 to 1442 MHz).

Figure 11
At left, finishing the assembling, at the exact required dimensions (the copper rods and air gaps act
like inductances and capacitors). At right, adjusting the filter at bench, with a noise generator and a
2GHz spectrum analyzer, in order to center the passband at exactly 1420 MHz by tweaking the gaps.

The used coaxia cableisalow loss 50 ohm 8D-FB type. Itsrated loss at 1,000 MHz is
4.50 dB per 30 m [19]. All connectors used are N type. The length of the coaxial cable to the
eastern antennais 16.20 m, while for the western one is 21.17 m. For the correct phased array
operation, a coaxial cable supplement of 4.97 m is added at indoors to the former in order to
obtain perfect phase matching ®. For just single operation, the shorter length of the eastern
antenna can be conveniently use.

Asits name implies, the adder/impedance matcher has two purposesto fulfill at the
same time: (a) to join together the signals from both antennas at 50 ohm, and (b) to match the
output to 75 ohm. The practical solution to this problem is shown in Figure 12. After the

® The length of the cables has to be normally cut to better than 10% accuracy (ie 2cm for 20cm wavelength) if the
fringes are required to not be phase shifted with respect to time. That is, if the lengths differ, all that will happen
is that the maximum will occur at a displaced time (say at 11:50 am or 12:10 pm instead of exact 12:00 eg for a
proper observation of the sun at midday). Inaccuracies do become important for a variable base line
interferometer (producing different sets of fringes) when it is required to add al the fringe patterns from the
different base line separations together. Correct phasing for aperture synthesisis absolutely essential [20].

Page 11 of 32



Project: Radio Astronomy at the Backyard - Course HET 608, November 2007
Supervisor: AdamDeller - Student: Eduardo Manuel Alvarez

soldered joint of the two 50 ohm coaxial cables, thereis still a 50 ohm short run (actually 3.5
cm) before meeting the 75 ohm cable (diagram and computations at Appendix 5).

Figure 12
Signals from each antenna are directly added, and impedance then changes from 50 to 75 ohm.

The line amplifier, the receiver (modified satellite finder), the ADC, the software and
PC are exactly the same as for the previously described 11.7 GHz radio telescope. Figure 13
shows the actual connections for the 1420 MHz operating as a single radio telescope (at left),
or as a phased array interferometer (at right).

Figure 13
At left, the configuration required for performing as a single dish 1420 MHz radio telescope, using the
more convenient (nearer) eastern antenna. At right, the configuration required for performing as a phased
array interferometer (besides the adder, extra cable is needed for compensate different coaxial lengths).
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Operating theradio telescopes

The first task performed with the 11.7 GHz radio telescope was to learn how to properly point
it to the desired radio target. Asthe LNB is placed off axis, the usual straightforward method
of making its shadow to appear right at the dish’s centre was obviously useless.

Working with the Sun’s signal (the strongest and easiest one), by trial and error it was
found out that the maximum output signal corresponds when the dish is positioned at exactly
8.5 degrees above the altitude angle of the celestial radio source — readily obtained from a
planetarium software — measured on its vertical scale (Figure 3). Such angular displacement
was verified to be the same for all possible elevations.

The next step was to learn how to set the potentiometers of the modified satellite finder
for obtaining a proper output. On the one hand, this means that the dc output should stay at its
lowest value when there is no radio source within the radio telescope beamwidth; on the other
hand, when aradio source is actually present, the dc output should not overflow the following
ADC unit. This setting depends on both the particular selected target and reigning conditions
at that moment. The right proceeding was found to be the following two steps method:

> Firstly, the dish has to be pointing to open sky, and the ‘gain’ potentiometer positioned
just at middle way. Next, the *squelch’ potentiometer has to be slowly turned
clockwise until the needle barely deflected, and then, turning it backwards as minimum
asrequired for leaving the needle again in repose.

> Secondly, the dish has to be pointing directly to the radio source in question. Without
touching the squelch pot, the ideaisto adjust the gain pot in order to obtain the largest
possible dc output that still does not saturate the ADC unit —that is, it should remain
always under 4.095 V, which can be easily checked in the corresponding graph.

One thing worth mentioning is that every time the 11.7 GHz system was turn on (that
IS, after the LNB became fed) the dc output of the satellite finder immediately went to its
maximum, and then began to decrease very slowly — not matter where the dish was pointing
to, or whether the LNB had been working very recently. The complete stabilization normally
took about 45 minutes. The justification for this behaviour is yet not understood.

In the case of the 1420 MHz system, there was an important task to be performed
before the described proceeding could be applied. Unlike the former case, where the LNB had
already been placed at its right location — such dish and LNB had been normally operating and
never became disassembled — the half wave dipoles had to be precisely positioned at the right
focus of the large dishes.

Thisimplied to axially move the central tube which supports the half wave dipole so
that it becomes closer or farther apart the dish, until the focus precisely laid on-axis, half way
between the dipole and the backing disc. In practice, this was performed by exactly pointing to
the Sun when three little mirrors had been strategically placed on the mesh, without distorting
its shape. Incidentally, by changing the position of the mirrorsit was also possible to
corroborate the correctness of the parabolic shape. Considering that deviations up to ~ 2 cm (
| /10) aretotally acceptable [21], both dishes are in *very good shape'.
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First radio graphs

On October 20, 2007, after proper installation, alignment, and adjustments, and despite it was
(lightly) raining al day long, the very first radio graphs were finally obtained from this
amateur facility . Figure 14 shows the solar transit captured by the 11.7 GHz radio telescope.
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Figure 14
The 11.7 GHzradio signal from the Sun while it was (almost) transiting
by the observation facility on Oct 20, 2007, at 15:40 UT.

Asthe signal from the Sun is so strong, it was necessary to work without the line
amplifier (just the LNB directly connected to the modified satellite finder). Even in this
configuration, the ‘squelch’ pot had to be placed not right at the threshold value but well
below it, as otherwise there was no remedy for saturation at the maximum signal. The
consequenceis clearly visible in the abrupt raising and declining of the curve. The total curve
elapsing time is 226 seconds.

Some few hours later, with the Moon favourably located at the sky, it was also possible
to obtain valid lunar graphs after proper adjustments. Considering that the 11.7 GHz radiation
from the Sun is about 100 times larger to that from the Moon (the corresponding graph is

6 The excitement provoked on the author by these real first-captured radio graphs was only comparable to the
satisfaction achieved on occasion when the anxiously observed dc voltage output of the radio telescope clumsy
began to react for the first time, whenever the dish was pointing to anything but the open sky.
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included in Appendix 1V), those required 20 dB of extra gain were supplied by means of
adding aline amplifier.

Figure 15 shows the first lunar graph obtained. Compared to the solar curve, it is
readily noticed that the lunar graph appears very different, as (a) it gradually raises and sets
from therest level, and (b) it shows a much lesser level of variability. In this case, the total
curve period is 683 seconds. Given the gentle rise and decline, such high quality response
intimately corresponds to the dish beamwidth (the computation isin the following section).
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Figure 15
The 11.7 GHzradio signal from the Moon on Oct 20, 2007, at 21:18 UT.

The first radio graphs from the 1420 MHz radio telescope (actually from the eastern
single antenna) were obtained on October 28, 2007. Figure 16 presents the document of the
solar transit of that day (in reality, it occurred 15:35 UT), captured simultaneously by the 1420
MHz (in red) and the 11.7 GHz (in blue) radio telescopes.

The solar radio graph at 1420 MHz appears much more noisy that at 11.7 GHz,
denoting that there is much more local interference at the former frequency. Regarding that the
noise squelch adjustment for each receiver was arbitrarily set, nothing can be said about the
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relative signal strength at each frequency ’. On the other hand, the notoriously different
elapsing times (about 878 and 314 seconds, respectively for the 1420 MHz and 11.7 GHz
cases), denotes that the beamwidth of the 1420 MHz radio telescope would be considerable
wider than the beamwidth of the 11.7 GHz.
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Figure 16
Thesolar radio graphs at 1420 MHz (red) and 11.7 GHz (blue) collected simultaneoudy
while (almost) transiting on October 28, 2007, at 15:39 UT.

Considering that there was not much activity on the solar surface at the time of the
observations (the solar cycle is presently going about its minimum), it would be interesting to
investigate what was actually causing the variations detected while the Sun was being mapped.
At the time of thiswriting, thisis still an open matter.

Finally, despite all the attempts performed to obtain any observable interfereometric
outcome from the phased array pointing to the Sun (the greatest astronomical source at 1420
MHz), no one single fringe ever appeared. It was tried filtering either at each frontend (as
described) or at indoors, without any filtering, adding another line amplifier (and even athird
one, which resulted completely useless as there was no way to stop oscillation), eliminating
the line amplifier, and all possible combinations among them. The invariable outcome was
always noise, just noise, and nothing more but noise.

7 Asthe graph of “ The Strongest Radio Sources’ on Appendix IV presents, the flux density for the quiet Sun at
1420 MHz is about as half asfor 11.7 GHz.
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Lunar radio graphs

Lunar 11.7 GHz radio graphs were obtained from the Observatorio Los Algarrobos, Salto,
Uruguay (31° 23’ 31.5" S, 57° 58 41.5” W) during nine observing sessions, covering atotal
period of 15 days (from October 20" to November 4™, 2007). Missing days were due to
electrical storms. A minimum of five graphs were attempted at each observation session,
although several graphs had to be rejected due to interference. Incidentally, afew points at the
sky where the strength of the 11.7 GHz signal was moderate to high appeared unexpectedly
(most likely, due to satellites emitting TV signals).

Figure 18 shows several of the collected lunar graphs. The totality of obtained datais
contained in the table presented in Appendix V.

All datawas collected by using the same equipment. In particular, the indoors devices
also operated basically under the same environmental conditions (permanent air conditioning).
The used modified satellite finder was always the same; its gain setting was never modified,
while the noise squelch potentiometer was barely readjusted only twice or thrice.

For each graph it was measured the maximum dc voltage obtained, the voltage base
level, the total time from theinitial detection of the raising edge to the last moment of the
trailing merge, and the time lapse of the curve full width corresponding to the value equal to
half its maximum (FWHM). The use of the FWHM was preferred to the total curve time due
to representing the actual drifting time much more accurately, especialy considering that some
graphs were moderatlely asymmetric.

Different total drifting times (or different FWHMSs, as they are intimately related),
denote that lunar drift pathsin front of the beamwidth of the 11.7 GHz radio telescope were
also different — something most likely to expect, considering the broad * 1° pointing accuracy.

Figure 17 examples such situation. In case the Moon drifted by the AB path, its drifting
timeis clearly different compared to, for instance, the CD path. In practice, things are more
complicated, as the beam of the dish istwo dimensional but not necessarily symmetric, so the
actual shape of the acceptance instead of a neat circle could perfectly be an ellipse.

Fig 17
The drifting of the radio source in front of the beamwidth of the radio telescope.
Drifting times depend on the real traveled path, and also on the actual shape of the beamwidth.
Even worst, real drifting paths are not straight lines (as shown), but arcs.

Page 17 of 32



Project: Radio Astronomy at the Backyard - Course HET 608, November 2007
Supervisor: AdamDeller - Student: Eduardo Manuel Alvarez

i

YN
e b
! r;' \'.,.
i k
A \
¥
_ﬁ/ “\x____
: f //-w\‘x
b J_.-’ \._
f.-"f %
m;. _.l'. ,.
J." L
" sl SR
- .f"‘"‘"-\
rl"/ \
Fi “
v '."‘.'
/ g
.-"IIF .
'3
vy —--'/-
b,

R

......

J_F)_n_"r-\_' e

Fig 18

Lunar graphsat 11.7 GHz obtained on the following days (from upper left to bottom right):
(1) Oct 20, (2) Oct 21, (3) Oct 23, (4) Oct 24, (5) Oct 28, (6) Nov 2, (7) Nov 3, and (8) Nov 4.
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The different FWHMs “ are due to the fact that the moon is not moving through an identical
part of the beam everytime. The beam of the dish is not itself perfectly symmetrical (even if the
dish is) due to the way that the feed dipole in the LNB matchesto the dish” [22].

As the maximum dc voltage output (V) depends on for how long the Moon actualy
drifted in front of the beamwidth, maximum dc voltages per se do not represent the real
strength of the considered radio signal. However, in case the FWHM — V., relation were
known for agiven signal strength, from measured (FWHM, V.,..,) pairsit could be found out if
the radio source at that time was either higher, equal, or lower, than the reference one.

Plotting observed FWHM drifting times against measured V.. for all accepted graphs
it isreadily noticeable a strong correlation, as seen in Figure 19, which can be properly
represented by the equation

Vinax = 7.019 X (FWHM) + 268.01 (20)

Measured lunar drift times vs maximum dc voltages
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Fig19
The plotting of all accepted data from the nine observing sessions, showing a strong
correlation, whose analytical expression appears at the bottom right of the graph.

Then, for each observing session it was calculated the average V... and theaverage
FWHM. By applying equation (20) to this latter value, it was possible to obtain the dc voltage
output that would have corresponded in case the lunar 11.7 GHz radio emission were always
of the same strength (Viormuia)- Finaly, by subtracting those values (the average V., minus
Viormua) @ quantitative indicator of the relative strength variation of the lunar radiation at the
observed frequency, for the considered period, was able to be found.
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The following table summarizes the data in question:

Date of Moon age | Vma (aV) FWHM Viormula Vimax — Viormua | Error Viermua
observation (days) (mV) (av) (sec) (mV) (mV) (mV)
2007-10-20 89 2617 385 2970 -354 139
2007-10-21 10,0 3320 433 3304 16 313
2007-10-23 12,2 2596 317 2491 104 237
2007-10-24 134 3304 435 3321 -18 271
2007-10-28 17,0 3213 389 2996 217 226
2007-11-01 21,7 2968 386 2975 -7 184
2007-11-02 22,7 3396 455 3460 -64 270
2007-11-03 23,7 2983 398 3064 -81 91
2007-11-04 24,7 3128 402 3088 40 277

The last column at right represents the error of the corresponding dc output voltage
obtained by applying (20), given the dispersion of the different FWHM s supporting the
corresponding average FWHM. The actual computation for each value was

Error = 7.019 x (standard deviation of considered FANVHMS)
where the factor 7.019 is the angular coefficient of (20).

According to (17), the measured dc output directly relates to the power of the radio
signal input and consequently to the temperature of the blackbody radiator. Therefore, the
detected variation of the Vi.x — Viormuia Values as the Moon' s cycle aged also represents the way
the lunar radiation at 11.7 GHz varied during the observed period. Figure 20 presents (in red)
such interesting graph, with corresponding estimated error bars.

For the first days of observation —the lunar disc increasing itsilluminated area as the
phase was approaching full moon — the measured temperature was a so increasing. However,
the maximum temperature seems to be reached just past full moon (according to the plot,
about 0.8 day after it ®). The temperature curve also suggests a minimum about day 23.

Finally, Figure 21 represents published lunar temperature data obtained for similar
frequencies (the wavelengths of 0.86, 1.25, and 3.15 cm respectively correspond to 35, 24, and
9.5 GHz) [23]. At least, the qualitative behaviour of the measured temperature coincides fairly
well with such curves, as all of them show a phase lag. However, such real delay (about 3.5
days) is much larger than the found value (0.8 day).

8 This quantitative value can be tricky, as (1) there are not enough values measured for that part of the curve, and
(2) the red shown tendency line (4" order polynomial) is the one that better approximated among the few options
that the used Microsoft Excel software allows. For instance, asthereis also no sine curve alternative, the blue
curve had to be represented by a 3™ order polynomial, which is clearly wrong after days 22-23 of Moon’s cycle.
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Detected lunar temperature against Moon age
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Figure 20
Inred, the measured lunar temperature at 11.7 GHz, asa function of Moon age.
In blue, the corresponding variation of the lunar disc illumination.
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Figure 21

Thereal lunar temperature at different wavelengths, as a function of lunar phase.
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Preliminary appraisal of built instruments
In order to properly assess the potential performance of the constructed instruments, it isfirstly
required to know as accurately as possible their basic parameters.
The 11.7 GHzradio telescope
1) Beamwidth

The first parameter to deal with, and also the easiest one, is the beamwidth (g ). From
the lunar plot of Figure 15, it was obtained atotal lunar drift time of 683 seconds. Assuming

that the Moon was moving at 14.4 degrees per hour °, those 683 seconds mean 2.73 degrees.

0.0256

I
From (1),q = 1.0195 =1.019x =0.0275 rad = 1.57 degrees

Regarding that the diameter of the full covered areais actually twice the beamwidth,
the total maximum expected drifting time becomes 3.14 degrees (which perfectly agrees with
the measured value, considering that most likely the lunar disc has not exactly drifted by the
centre of the beam dish). Thus, the acceptance covered by the 11.7 GHz dish is

W76 =P q2=pP x0.0275% = 2.38 x 103 sqr rad
2) Geometrical area of thedish

A=p (D/2?=p (0.95/2)2=0.71 m?
3) Solid angle subtended by the Moon

Considering that the average disc diameter of the Moon for the observing period was
32 arcmin, then

W moon = p (32 arcml n/2)2 = p [(16/60)(p /180)] 2= 681 X 10-5 &:]r rad

4) Ratio of lunar solid angular areato acceptance of the 11.7 GHz dish

W -5
Re M _ 6.81X0° _ oo
Wize,  2.38x10°2

5) Flux density from the Moon at 11.7 GHz

From (7), and using an average Troen = 213 K [23], then the flux density from the Moon
becomes

% Asit roughly takes about 25 hours for the Moon to pass at the same azimuthal direction.
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_ KT oo Wi 2X1.38x10°*x213x6.81x10°°

F 2
| 0.0256

= 6.11 x 102 W/Hz/m?

6) Antenna temperature of the Moon at the 11.7 GHz dish

From (4), it results

-22
T =hAF _ 05x0716.1140% _ o

A2k 2x1.38x10" 2

7) System temperaturefor the Moon

The LNB aone has a noise figure of 0.7 dB, which is equal to atemperature noise of
50.7 K [24]. Estimating conservatory that osses in the feeder and line amplifier could add
about 5 K, it becomes that Tz » 56 K. Then, for Ty, » 3K, and Tgouma » 4 K, from (8)

Tysmoon) = Ta+ Trt Tay+ Tga » 7.9+56+3+4=71K
8) Gain

Thetotal gainisfrom the LNB (65 dB), plus the line amplifier (20 dB) and the RF part
of the modified satellite finder (17 dB), minus the losses of the coaxial cable (1.9 dB) and four
F connectors (~ 1 dB each). This gives atotal gain about 96 dB (» 4x10° times).
9) Voltage input before the diode detector dueto the Moon

From (15), for Du = 500 MHz, and for R = 75 ohm,

Vi = /GkTys.DU.R = /4x109x1.38x10 2 x71x5x10° x75 = 0.38V

Thisresult isan analytical verification of what was already known — that the lunar
radio signal is strong enough for this radio telescope.

10) M easurement of the temperature system

The second parameter actually (although roughly) measured was the system
temperature (Tys). By pointing the dish at the ground, which acted as a noise source at ambient
temperature (» 293 K), it was obtained a dc output of 10.32 V (measured with adigital tester).
Then, by pointing the dish vertically at the sky (» 3 K) so that the spillover temperature were
virtually zero, the corresponding measured value was 795 mV.

T+Tw Vo, 293+T,, _10.32
T,+T, V., 3+T,, 0.795

=12.98

Assuming T, » Ty, =Tg, then it resultsTg = 21 K, which is about 40 % of the
previously estimated value (Tr » 56 K). Anyway, thiswas avery crude measurement.
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11) Minimum detectable temperaturefor the 11.7 GHz radio telescope
From (13), the resolution temperature becomes

T 50.7+3

T=—S2— = =0.015K
hotDu  0.5x./0.1x5x10°

12) Minimum detectable sour ce flux density for the 11.7 GHz radio telescope

From (14),
-23 26
S. = 2kDT _ 2x1.38x10""x0.015x10™ _ 58 Jy
A 0.71

The 1420 MHz eastern radio telescope
1) Beamwidth

For the 1420 MHz system, the correspondent ! /D factor results 0.057, that is, 2.1
times greater than the | /D factor of the 11.7 GHz (0.027). Consequently, the beamwidith of

the 1420 MHz radio telescope is about twice as large as of the 11.7 GHz (a predictable result
after analyzing the graph of Figure 16).
2) Geometrical area of thedish

A=p (D/2?=p (3.7/2)2=10.75 m?

3) Antennatemperature of the Sun

From (4), and taking F » 10° Jy = 10%° W/Hz/m? from Appendix V, it results

hAF _ 0.5x10.75x10"*

TA = -23
2k 2x1.38x10

=1947K

4) System temperaturefor the Sun

The LNA aone has anoise figure of 0.34 dB, which is equal to atemperature noise of
23.6 K [24]. Estimating conservatory that losses in the feeder and line amplifier could add
about 5 K, it becomes that Tz » 29 K. Then, for Ty, » 3K, and Tgouma » 4 K, from (8)

Tws(moon) = TA + TR + Tsky + Tgnd » 1947+ 29+ 3+4=1983K

5) Gain
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Thetotal gainisfromthe LNA (28 dB), plusthe line amplifier (20 dB) and the RF part
of the modified satellite finder (17 dB), minus the losses of the filter (3.8 dB), the coaxial
cable (2.5 dB), four N and three F connectors (~ 1 dB each). This gives atotal gain about 52
dB (» 1.5x10°times).

6) Voltage input before the diode detector dueto the Sun

From (15), for Du = 70 MHz, and R = 50 ohm,

Vi = /GkTg.DU.R = \/15x10°x1.38x10 2x1983x7x107 x50 = 0.0038 V

Thisis exactly 100 times lesser than the same value for the Moon in the 11.7 GHz
radio telescope, so that it now comes very clear why the 1420 MHz radio telescope is so noisy.
Even for the Sun — the strongest radio source — the available signal before the detector diodeis
just too minute. It is required much more gain (at least, 40 dB more). That is the key that will
definitively open the door towards the elusive fringes.

7) Minimum detectable temperaturefor the 1420 MHz radio telescope
The LNA has anoise figure of 0.34 dB (»23.6 K)

DT = LN _ 23.6+3 - 0.020K
htiDu  0.5x/0.1x7x10°

8) Minimum detectable sour ce flux density for the 1420 MHz radio telescope

_ 2kDT _ 2x1.38x10"%x0.02x10%
o A 10.75

S =51

Thisis about one full order of magnitude lesser than for the 11.7 GHz system. In other
words, the 1420 MHz radio telescope would have the potential of detecting radio signals about
10 times more feeble than its sibling instrument.

Discussion

Obtained results from the 11.7 GHz radio telescope were very stimulating, and far beyond
expectations. The LNB has proved to be atruly low noise element. A careful calibration is till
to be done, which will permit accurate temperature measurements to be attempted.

The obtained partial plot of varying microwaves from the Moon at 11.7 GHz with the
lunar cycleis very convincing. Such thermal radiation come not just from the surface but isan
integral over the surface of the Moon down to a depth of several meters [25]. The variationsin
temperature of the lunar surface are naturally quite large from day to night, but several meters
down the variation is much smaller. This fact has been properly observed.
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Another clear outcome, also correct, is the detection that the maximum temperature
does not correspond exactly with full moon, but after it. However, such maximum appears too
close (almost one day after full moon) compared to published data (about 3.5 days). Collecting
more data would have surely improved the accuracy of the measurement.

The strong signal level detected from the Moon — the real support for the quality of the
lunar results obtained — means that other radio sources in the sky will aso be observable with
this simple radio telescope. Conversely to earlier assumptions, this instrument still has a great
potential to be worthwhile investigated.

The short time available to complete this project (just three months) conspired to obtain
more and better results. Regarding the 11.7 GHz radio telescope, it would have been very
interesting to obtain lunar graphs for an entire Moon cycle. Regarding the 1420 MHz system,
the technical difficulties which prevented full operation of the singles radio tel escopes — let
alone the phased array interferometer — have yet to be solved.

Two plans are already high on the agenda of this amateur observatory. First of all, to
make the interferometer to properly operate, and secondly, to use the 4 GHz LNB that came
with one 3.7 m dish to build another “simple” radio telescope. The Pandora s box of radio
astronomy has been opened at thisfacility, and exactly like thisit will remain.

Conclusons

Practical radio astronomy has to do with close examination of tiny elusive ripples riding above
an entire sea of noise. It is not an easy and straightforward activity to embark on —like
amateur optical astronomy certainly is. Clearly, the author was excessively optimistic at the
time of commitment to this project, basically due to hisignorance about the subject.

Just alittle more than three months ago, practical radio astronomy was atotally
unknown field for the author. Now, at least the fundamentals for designing and using single
dish radio telescopes have become well understood. Considering that that was precisely the
main objective for undertaking this project, the endeavour has been highly rewarding.

Certainly, amateur radio astronomy can be promissory attempted from backyards. As

demonstrated, stimulating results can be readily obtained with off-the-shelf components.
Excitement is guaranteed. It just requires a serious, strong-willed approach.
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Appendix |

The modified satellite finder
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Severa modifications were performed on the original circuit of the satellite finder device. The
main ones are the addition of a new potentiometer (the “gain pot”, at bottom left) that allows
obtaining afine variable dc output and, of course, the access to the dc output itself.

This simple but efficient circuit includes a system noise elimination facility (or squelch
control) in the detector stage. This eliminates the bulk of the dc signal due to the noise
generated primarily in the previous amplifiers, especialy at the LNB. However, it does not
eliminate the fluctuations in this noise signal caused by small random temperature changes of
the electronsin the previous amplifier components. This latter variation causes the well known
hiss in out-of-tune radio receivers, referred to as white noise.
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Appendix |1

The constructed 1420 MHz half wave dipole
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1420 MHz half wave dipole

The resonant length of a half wave dipoleis aways slightly less than exactly half a
wavelength, normally about 98 % of the actual length. The resonant frequency is 1420.4MHz
(21.1 cm), so that 98% of the half wave is about 10.4 cm. Thisis the reason explainingthe
total length of the dipole, and the distances from the dipole to the backing plate and to end of
the supporting bar (the crucial dimensions).
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Appendix 111

The constructed 1420 M Hz resonant mechanical filter
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In pink, the copper rods. All the remaining pieces are aluminium. After the proper tuning at
1420 MHz, the air gap between the fixed rods and the screwed rods resulted about 0.2 mm.
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Appendix 1V

The strongest astronomical radio sources
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Appendix V

Total valid obtained data from lunar graphs

Date

2007-10-20
2007-10-20
2007-10-21
2007-10-21
2007-10-23
2007-10-23
2007-10-24
2007-10-24
2007-10-24
2007-10-25
2007-10-25
2007-10-25
2007-10-28
2007-10-28
2007-10-28
2007-11-01
2007-11-01
2007-11-01
2007-11-02
2007-11-02
2007-11-02
2007-11-02
2007-11-03
2007-11-03
2007-11-03
2007-11-04
2007-11-04
2007-11-04
2007-11-04
2007-11-04

UT Time
of the

maximum
21:17:59
21:44:40
22:43:47
23:06:54
23:13:54
23:47:42
00:03:37
00:21:34
23:54:37
00:13:46
00:31:44
00:52:11
03:11:16
04:05:46
04:24:06
09:45:03
10:17:07
10:35:02
11:04:12
11:39:37
11:58:40
12:56:38
10:43:02
11:10:36
11:34.06
11:02:06
12:25:34
12:44:04
13:08:25
13:29:24

Moon coordinates

Azimuth
68° 35,344
60° 13,355
46° 35,341'
35° 42,523
52° 37,692
43°27,128'
38° 30,460
32°24,981"
48°52,138'
44° 18,565'
39° 40,398
33° 56,283
32° 36,559
20° 31,707
16° 07,795

356° 39,397
347° 51,370
343° 04,656
347° 28,790
337° 16,250
332° 07,294’
318° 12,730
08° 39,875
359° 15,298
351° 12,367
18° 32,338
346° 25,761
339° 32,768
331° 03,991
324° 22,879'

Altitude
60° 50,876
65° 50,284
63° 22,359
66° 29,312
42° 20,350
47° 27,969'
49° 35,118
51° 41,265
35° 16,039
38° 05,517
40° 31,446
42° 59,744
24° 09,794
29° 05,381
30° 14,419
35° 35,186
34° 46,641
33° 53,535
39° 31,894
37° 24,384
35° 46,052
29° 00,885
45° 14,004’
45° 44,269
45° 25,018
49° 39,952
50° 47,140
49° 43,101
47° 40,137'
45° 23,327'

Disc
illum.

(%)
66,23
66,35
76,62
76,71
92,94
93,04
93,08
93,13
97,88
97,91
97,94
97,97
93,87
93,71
93,66
55,40
55,26
55,18
44,48
44,33
44,24
43,96
34,53
34,42
34,33
25,28
24,99
24,92
24,83
24,75

Angular
size
(arcmin

)
32

32
32
32
33
33
33
33
34
34
34
34
34
34
34
32
32
32
31
31
31
31
31
31
31
30
30
30
30
30

Moon
age

(days)
8,9
8,9
10,0
10,0
12,2
12,2
12,2
12,2
13,4
13,4
13,4
13,4
17,0
17,0
17,0
21,7
21,7
21,7
22,7
22,7
22,7
22,8
23,7
23,7
23,7
24,6
24,6
24,7
24,7
24,7

Total
time

(sec)
702
680
867

1024
496
564
577

1076
811
807
804

1307
662
721
983
831
788
707
853
611

1188
872
799
853
777
742
652
856
835
686

Base

(mV)
782
790
783
780
776
77
775
777
772
776
776
790
778
779
788
766
783
789
781
782
787
784
783
774
770
778
779
783
776
77

Maximu
m
voltage

(mV)
2603
2630
2860
3779
2312
2551
2454
3065
2586
3667
3353
3609
2641
3401
3597
3155
2729
3020
3539
3095
4029
2922
3436
2710
2802
3335
2893
2986
3516
2909

Half Max
voltage

(mV)
1693
1710
1822
2280
1544
1664
1615
1921
1679
2222
2065
2200
1710
2090
2193
1961
1756
1905
2160
1939
2408
1853
2110
1742
1786
2057
1836
1885
2146
1843

FWHM

(sec)
371
399
401
464
280
312
313
362
387
445
428
480
361
381
424
389
410
358
446
449
508
416
402
384
409
382
355
417
460
395
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