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1 Introduction

“With increasing distance, our knowledge fades, faaés rapidly. Eventually we reach the
dim boundary — the utmost limits of our telescopdsere, we measure shadows, and we
search among ghostly errors of measurement for feréls that are scarcely more

substantial. The search will continue. The urgeldger than history. Edwin Hubble (1889-1953) [1]

At every time humans have been fascinated by thes sind other celestial bodies. They
invented names for the pictures they saw in thamstellations, believed them to be gods and
even thought they could foresee the future by stugtheir orbits. Furthermore, stars were
and are still observed for navigation, time reckgnand of course in the hope to learn about

the reasons and processes of the universe’s genesis

However, the way, celestial bodies were studie@ngkd distinctly in the course of time.
While the early humans just could use their nakess ethe first telescopes of the™century
had an approximately 30x magnification. Nowadaysdenn telescopes reach much further,
like the Hubble Space Telescope that observeddhedf galaxies in a distance of more than
10 billion light years. Albeit people learnt a labout the universe and its components by
watching the sky, many celestial bodies also erttielokinds of radiation that cannot be
detected with the human’s eye. To observe thess ethissions, a different kind of telescope
is needed, e.g. a radio telescope, receiving sgrfdtequencies, which on the earth normally
are used for radio, satellite reception and otlenraercial purposes. The observations with
those differ in various aspects from the “typicalies, e.g. several radio telescopes can be
combined to gain better measurement results. Hangad a short entry to this topic in my
physic book, | decided to build a small one for next “Jugend Forscht” project in the last
autumn. This is an extended, altered and translatexdion of my related project
documentary, so beside some theoretical principbesit the origin of the celestial bodies’
radiation and radio telescopes in general, it goatdne self-built radio telescope’s description

and the measurement results gained with it.
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2 Theoretical principles

2.1 The observed radiation and its origin

Objects, e.g. celestial bodies, are visible for anmeyes if and only if they emit or reflect
electromagnetic waves with a wavelength between r880and 780 nm. Nevertheless, the
electromagnetic spectrum consists of much moreskofdvaves then these visible ones, e.g.

infrared, i.e. thermal radiation or X-rays (Fig. 1)

After the end of the Second World War scientisttsthto try to observe those other kinds of
waves to extend their knowledge about the univemsdoing so they realised, that the earth’s
atmosphere filters out most parts of the electrametig spectrum, except for the visible parts

of the infrared and the
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where the explicit limiting Fig. 1: The electromagnetic spectrum and the athesgs absorption
. (31, p- 1-2, Fig. 1-1)
wavelength differs, de-

pending on the atmosphere’s exactly compositiar agspectively above the observing place
[3].

In general, the shorter the wavelength, the morease is affected by refraction and
diffraction at clouds, dust particles and moleculethe atmosphere. Therefore even the best
optical telescopes on the earth never achieve thewretical very high angular resolution.
Radio waves, i.e. waves between 0.1 mm and 10 keeleagth are limited to a reduced
range between 1 cm and 10 m wavelength
[4], but in this interval, depending on thea)
receiver system used, even a cloudy sky
would be of nearly no difference for the

observations [5].

From the moment the observed wavelength

is changed, the measured data will differ as F19- 2: A picture of a hot coffee cup, made witfaa)
“normal” camera and b) an infrared camera (false

well. As an example Fig. 2, shows on the colourimage)

left side a “typical” picture of a cup and on thght side the same object as an infrared
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picture. Using the false colour image, the obsenl@ains no information about the cup’s
colour, but about the different areas’ temperatune it can also be detected, that infrared rays
are reflected even in an unpolished tabletop.

Analogous to this example a picture of the sky m

with an optical telescope would correspond onlg &w
parts to one produced by a radio telescope. Evantyqh
Fig. 3, made by satellites, for example t8®©smic
Backgroundexplorer (COBE)-Satellite, shows the sa

a) Radio wavelength (~ 1 m)
view of the sky. A region near the core of the Mil
Way can be seen in the middle of each picture,
because of the different kinds of radiation ocagrior
different reasons, each picture offers differg

information about physical processes within thitis@. ), 6-ared (~ 0,1 mm)

The intensity of infrared rays, for example, depend
different temperatures. The free space’s temperaitur
round about 3 K (-270°C), so strong infrared radrat
indicates hot objects. It occurs e.g. near staig tineir
formation regions, larger sections of high infrare
radiation are gases and dust heated by near sta

strong reactions.

Visible light occurs as well because of temperatbre

only at higher ones and in addition to that becaafse ) x-Ray (~ 1 nm)

activity within atom’s shells. In contrast, X- agdmma
rays, which carry much more energy than the for
ones, indicate the location of strong magneticdel

because they arise when electrons are accelerate

6) Gamma-Ray (~ 1 fim)
Fig. 3: Pictures of the sky taken at different
radiation is aneutron star wavelength [6]

those regions. The strongest source for this kihd

Because of their high energy, stars in generalikeeusion reactors, they combine atoms of
one element to a different one and thereby enesggleased. Mostly it is hydrogen that is
transformed to Helium. Stars with masses at leig$it ¢imes larger than the sun’s mass are
able to fusion even heavier elements, e.g. carbanagnesium. Thereby it turns into a read

super giant with an extreme dense core, consistingn and nickel. A star is only as long
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stable as the fusion processes within release énengrgy to counteract the gravity, i.e. the
attraction between masses. Otherwise the core’sitgencreases more and more and if its
mass is larger than 1.4 solar masses, the staapsed as a super nova. While the outer
particles of the star are accelerated in direcbbrihe core’s centre, it is heating up to a
temperature of round about®K, at the same time radiation is released. It sylie iron-
atoms of the core into helium and neutrons. Becamsggy is needed for this process, the
core’s temperature decreases. A smaller temperaguals a slower movement of the single
particles, i.e. they are stronger effected by thavity, the collapse is enhanced. In
consequence, helium cores are split into protoalsreutrons. In the following, protons and
electrons turn into further neutrons while relegsemergy. This process continues until all the
protons and electrons are transformed, the coreissity '
increases thereby up to'tg per cmi. Finally, the neutrons
are able to counteract the gravity because theywaho
further reactions, the core turns stable again.rdtius is
somewhere between 9 km if its mass equals three aenl3
km, then it would be as heavy as the sun. Thos&orestars,

as these cores are called now, occur within binstgr

systems or as pulsars [5]. The latter are soummedifferent
kinds of radiation. Due to their strong magnetediand Fig. 4: A still from a pulsar animation,

i i oy the jet is shown in violet and the
very fast rotation, a signal can be detected paradig, magnetic field lines in blue [7]
just like a giant lighthouse. They emit also radiaves,

which in general occur because of electrons chaniieir energy state.

Black holes, which also cannot be detected witlb@ical telescope, emit radio waves and as

a result can be observed with a radio telescope.

In fact, Sagittarius A, the black hole in the meldif our galaxy, was the first radio source to
be observed. In 1931 a radio engineer in New Jeramed Karl G. Jansky started to observe
thunderstorm static to improve beam antennas fansticeanic radio-telephone circuits.

Among those thunderstorm statics he discoveeedtéady hiss type of unknown origj8].

In further studies he came to the conclusion thet anknown source cannot be part of our
solar system, but must be located somewhere inctimstellation of Sagittarius. Jansky

himself never found out, what exactly he had detkcbut with these early observations he
laid the foundation of the radio astronomy andisHonour, this source is also known as J1
(J for Jansky-Source) [3].
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Different wavelengths are interesting not only heseaof them R
offering information about the conditions and pss®Es at a
certain place; some sources could not even betddtat any @
other way. For example, in Fig. 3c) the visiblénhtigffers little .
information about the galactic centre, but infrared radio

waves arising there can pass the gas and duseamayi to the s e

observer. To put as much information in one pictae

possible, results of different observations arerlaig For ig.5: An Or|ay of

measurements of Centaurus A,
the brightest object within the

galaxy, probably even the remnant of a collision tafo constellation of Centaurus [6]

example, Fig. 5 is an image of Centaurus A, a kigtdtive

galaxies [4]. The picture in visible light is ova&d a false colour picture, depicting X-rays in
blue and sub-mm waves in orange, i.e. radio enmnisswith the shortest wavelength, in the

electromagnetic spectrum being located next t@reft.

2.1.1 Thermal sources

Sources are, depending on the kind of their razh&tiincurrence, divided in thermal and

non-thermal emitters [8].

The former contains every kind of sources emittiadiation, caused by electrons moving
through gases or plasma, that means completelgdadrgas with an extreme high temperature
(5 000 K to 20 000 K) and a small density [4]. if alectron hits one of the gas’ ions, it
becomes bound again, thereby its energy decre@kedifference between the high kinetic
energy and the lesser one after being bounded igedmas an electromagnetic wave. In
interaction with matter its energy can only be askxl completely or not at all and transfers a
certain momentum, hence in quantum physics itganged as a particle callgdhoton The
same happens, if an electron approaches a proemauBe of its positive charge it attracts and
changes the electron’s way, again producing ramateleasing the so calledemsstrahlung
Examples for this kind of emitters are the Oriond &osetta Nebular and the most famous
one, the cosmic background radiation, first deteate1965 by A. Penzias (*1933) and R.
Wilson (*1936) [3; 4].

Furthermore, depending on an object’'s temperaitseatoms and therefore electrons are
moving faster or slower, thus every object emits@me way radiation, covering a certain

continuous range of wavelengths.
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2.1.2 Line spectra

Other radiations often observed are the speciii $ipectra of elements.

The energy level of an electron bound in an at@shal can change between states of distinct
energies. These are determined by the number ¢bnmdn the nucleus and the resulting
occupancies allowed. If energy from the exteriotremsferred to an atom’s electron it is
thereby forced to a higher energy level. Withirhars period or after the external stimulation
ends, it returns to its former lower level, emitimadiation with the according energy
difference. A so called emission

spectrum would show some sharp

lines at special wavelengths. These

wavelengths are specific for every

element, because of the different

energy states being quantized. A

certain element’s spectrum consists Ofig. 6: a) Some of the quantized energy levelseairhand b)

the radiation caused by the three changes betweeset
Nstates. Altogether, Neon’s line spectra consis28dfnes
gnly in the visible range [*

multiple lines, because the transitio
between different energy levels cause
different kinds of radiation. The same applies ddferent molecules. While passing a gas
cloud on its way to the observer, parts of theataln stimulate atoms and molecules of the
cloud if the photon’s energy is matching to thesgible energy states. After this stimulation,

the radiation will be released after a short,

B c D E F G HK

while again. No longer being emitted in

one single, but every direction in space

the radiation with this wavelengthesiaw i - ‘
reaching the observer is much weakel‘:ig' 7: The range of visible light of the sun’s alygtion

spectrum. The Frauenhofer lines are caused by, gmon
than the rest of the gas cloud’s emissiorgthers, oxygen (A, B and a), sodium ¢dd D)) or

calcium (G, H and K) [€
Therefore, within the resulting cloud’s
spectrum dark lines occur, the so callecuenhofer lines By measuring these lines, the
single elements and thereby the composition of &.gebular can be figured out [5]. Of
special interest is especially the 21.1 cm-hydrelgex generated by neutral hydrogen’s
emissions at a frequency of 1.42 GHz, because %f &the universe consisting of hydrogen.
A high signal at this wavelength at a special pasitvould lead to the conclusion that in this

direction a high amount of hydrogen and therebylmanother galaxy might be located.
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2.1.2.1 Doppler-Effect

Furthermore, if the original wavelength is knowmege lines allow even statements about the
velocity of an object by examining tH2oppler shift As shown in Fig. 9, if emitter and
receiver are moving relatively to each other dutting transmission, the emitted waves are
stretched or compressed, resulting in lower resgdgthigher wavelength to be observed.
The same effect, named after C. Doppler who disealvand explained it in 1842, also occurs

e.g. when an ambulance with horn approaches arattdegnd its pitch seems to change.

A wave can be characterised as already mentionés by
wavelengthl , the shortest distance between two wave
peaks, or by its period, the time that it takes before the
wave’s shape repeats (Fig. 8). Expressed in anothgr
does that mean, within the tinidravels a wave with the

_ _ ) ~Fig. 8: Two of a wave’s characteristics
velocity ¢, that in case of electromagnetic waves is the

speed of light (approximatety= 2.998* 108%), the distancé

/ =cT (1)

If the source of a wave itself
is moving, the wavelength
| R received by a resting
observer would be longer or

shorter, depending on theFig. 9: a) a resting and b) a moving ambulance #&ngtconstantly a

i : . signal with the wavelength (respectively the frequenc
direction of the emitter's ~° gth(resp y quency f)

movement (Fig. 9).
/[ =/ xDs (2)
The additional distancBs is the way travelled by the emitter moving witle tvelocityv in

the timeT (Fig. 9). If its movement is uniform, g can be written as

[o=1 T 3)

=1+l (4)
C
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/R=/x1¢% (5)

While talking about pitches, it is more comfortalite use frequencies, the number of
complete periods within one second, than wavelendtbcause a high frequency corresponds

to a high pitch and the other way round.

Between both exists a simple relation:
/== (6)

wherec is again the wave’s velocity, i.e. in this caséfigpeed. Because of this inversely
proportional relation it has to be mentioned, thatigh frequency corresponds to a short

wavelength. Expressed with frequencies, formulan@lld be

-
fo f e %
%R%(Civ) (®)

fo%(ctv)=c (9)

_of
fR_civ (10)
fR :L (11)

1+

C

Like in formula (2), the minus sign in this formuis, valid if the emitter approaches the

receiver and vice versa the plus sign while depguti

2.1.2.2 Relativistic effects
Another effect that displaces lines within a chegastic spectrum can be explained by Albert
Einstein’s Relativistic Theory, when a source isving with high velocities. Einstein

postulated two basic principles:

First, within every inertial system, i.e. laborat@mystem that always shows the same results

of experiments, no matter of being moved or ndtiaals of nature are valid in the same way.
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Second, the speed of light is a constant and hasvaery system the same value of

approximately 2.9978- quﬂ .

To prove this, he made a gedankenexperiment, thealied light clock. As shown in
Fig. 10a), a closed box with mirrors at oppositdélsMa imagined. Because of being a thought
experiment only, the box can be assumed to bebigathat it takes a light beam one second

to travel from one end to the other.

If a light clock is moving, a resting observer wivatches the clock passing by will notice a
different result than one moving together with theck. The latter would, according to the
second postulate, detect no difference; one maweigih the clock would take the light beam

one second. The light beam’s movement is unifohosé can generally be described by
s=vst (12)

wheres is the distance travelled in the tirhevith the velocityv, which is, in this case, of
course, the speed of light.

Contrary, a resting observer
would notice, that the light has
travelled a longer wayg'. Due to

the postulates; has to be constant
in the system of the moved

observer as well as in the systems
Fig. 10: a) A resting light clock, the beam travedsind about

of the one at rest. They study the ; _ 2.998x10°m, i.e. nearly 300 000 km. b) A light clock
same process in both casedravelling the distance,sfter the beam started.

described by a formula like (12),

therefore the only possible conclusion is, thateatgr distance’ means that the tintein the
moved system hast to be larger thathe time the observer at rest would notice. Gaher
spoken, in a moving system time passes by morelsloan in a resting one. This

phenomenon is callegmne dilation.

Fig. shows the distancravelled by the beam within a clock at regtthe distance the clock
itself travelled ands’ the light beam’s way within a moving clock. Thesistahces are
depicted as vectors, they form a right-angled glientherefore their relations is, according to

the Pythagorean Theorem

s?=5+¢ (13)
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These distances being, as described, covered mf@m movement can be replaced by the

right part of formula (12), so
(cx')? =(cx)® +(vx) (14)
Rearranged t8, the time passing by in the resting system is

(c®)* =(ct')” - (V) (15)

c® % =(c* - vA)t*? (16)
2_ 2
t =2 Vo (17)
C
=t (18)
V2
e

A frequencyf is defined as the amount of events, e.g.
oscillations, per unit of time. So, the differenck time
between two observed systems causes also a dispate
of expected frequencies. Although, as the last @am
shows, the difference betweé&nandt is the smaller, the
slower an object is moving, because of the radicadilue
being in this case very close to 1. In fachas to be at least
5% of the speed of light to make the dilation aidibigger
than 0.1%.

Due to these two effects the position of a charatte line
within a spectrum will change, if a celestial bagynoving
or rotating. Fig. 11 shows as an example a spakixy in
top view that is rotating as well as departing frohe
observer while emitting a strong signal at the detyfs.
The described effects are visible in the diagrasievio; the
flux densityS a measurement for the signal’s strength (see
“2.1.5 Flux density”), is shown as a function offelient
frequencies observed. If the source was not movjung,

one peak would occur at the expected frequency. Fig. 11: Different effects to use
characteristic line spectra to gain

The Doppler Effect (Fig. 11b)) causes a shift ofe thacknowledgement abouta
source’s moveme
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characteristic emissions, to the lower as wellcathé higher part of the spectrum, because
due to the rotation one arm of the object appraacthe observer, the other departs
(Fig. 11 a)). As long as it is only rotating, there of the celestial body is not moving
relatively to the observer. Therefore there id stithird peak at the expected characteristic
frequencyfs. If the object is moving with a very high velogitgs explained time dilation
occurs as well; in consequence all three lines tvche shifted to different frequencies
(Fig. 11c)).

Thus, conclusions from its distance and movement lba made only by studying the
displacement of characteristic line emissions. &toee, the bandwidth of the received signal

must never be too small, otherwise frequenciedatispg by these effects cannot be detected.

2.1.3 Non-thermal sources

Charged particles are not only set in motion by perature or electric forces, but also
because of magnetic fields. Contrary to electetdB, a magnetic field forces an electron on a
circular path. Although they might be moving thexéth a constant velocity, they are
accelerated steadily. Thereby, tangential to thieection of movement, radiation is released.
Because of this kind of radiation also occurs irtipi@ accelerators, especially cyclic particle
accelerators, so called synchrotrons, this radiati® also commonly referred to as
synchrotron radiation[4]. In this way the radio signals of quasars, thee core region of

highly active galaxies or the already mentionedard, originate.

Another kind of non-thermal emission is the occaces of the so called MASER-principle,

i.e. microwave amplification by stimulated emissafiradiation.

Atoms are stimulated by an exterior source and atavhile one of them emits radiation
while falling back to the lower energy level. Thédiation makes other atoms release energy

as well in the same instant and thereby the raxhaticreases [4].

Non-thermal sources are e.g. remains of supernik@sassiopeia A, the strongest emitter
beyond our solar system, or the crab nebular,dbeltr of a supernova, that was observed on
July 4" 1054 [3; 4].

2.1.4 Black Holes

The reason for the origin of a black hole’s radiatis not quiet clarified; most likely it is a

combination of different effects, the Blanford-Paystenario and the Blanford-Znajek-
mechanism [6]. The former is caused by the blade’'siggreat mass and strong magnetic
fields: Pursuant to the law of gravitation, blaakds attract every other kind of objects, by
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friction these particles warm up. The extreme ltaases besides the light emitted radiation in
the form of X- and Gamma-rays, the so called ammealisc evolves. This free energy leads
to free and accelerated electrons; thereby a ngtatiagnetic field develops [10]. Influenced
by this field, particles of the accretion disc &dp rotate as well and thereby form a particle
beam. If its rotation is fast enough, this beamadselerated and collimated and finally sent
out as a so calleget, a subatomic beam accompanied by strong radiatiomearly every
frequency [6].

The Blanford-Znajek-mechanism in contrast occurthé& black hole itself is rotating. As a
result of the rotation, the different magnetic delin the accretions disc are twisted. If
magnetic field lines of different direction hit éacther, redundant energy is transferred to the
accretions disc’s plasma. Its kinetic energy is rogh enough to overcome the black hole’s

attraction, therefore the described jet occurs [6].

2.1.5 Radiation intensity and flux density

To compare the emissions of these different sour@esieasurement for their strength is

needed. Therefore, often thediation intensity lis used.
It is defined as

AXDt

that means, the enerd¥ that is transmitted per time intenia at an are@\.
The energyE converted during the time intervial describes the pow@, which is

DE
P=— 20
Dt (20)

so formula (19) can be written as

=T (21)

Its unit would be, according to that formul}s(\g—.

m
In the radio astronomy it is also common to useflinedensityS, the integral of the source’s
brightnes8

S=  B(g,f)dW (22) [3]
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whereF andq are the vertical and horizontal opening angleshef antenna andw,the

infinitesimalbeam solid angle
dW =singdgdf (23) [3]

Sources with a high flux density within our sodgstem are the sun, the moon, as a reflector
of the sun’s emission and parts of Jupiter's atrhesp. In Fig. 12 the flux density of some
sources is shown as a function of the observeduénecy, respectively the wavelength as
indicated at the upper axis. The non-SI unit “Bgh$Jy) given there for the flux density is
named after the already mentioned founder of td@®rastronomy. Among radio astronomers

it is an often used measurement for the flux dgnEixpressed in Sl-units

W

m?Hz

1Jy=107%

(24)

that means, the unit “Jansky” is adapted to the
mostly weak emissions of natural radio sources.
The diagram’s caption also has to be mentioned.
The axes are labelled logarithmic, i.e. one step
does not correspond to one unit, but the decimal
power’s exponent increasing by one. In
comparison to terrestrial sources like e.qg.
satellites, those celestial bodies’ radiation is
distinctly weaker, a switched on mobile phone
placed on the moon’s surface would be,
excluding the sun, the third-strongest source [4].
Therefore in the immediate surroundings of radio
telescopes such terrestrial kinds of noise sourcg%g' 12: Different strong sources and there

nal's flux density at different frequencies
must be disabled as far as possible. To keep ti@wver axis) respectively wavelengths (upper

axis) [3, edited)]
influence of disturbing emitters as low as
achievable, radio telescopes are built in remadeqd, e.g. within a desert or a valley, like the
100m-radio telescope in Effelsberg, Germany. Funtioee, several frequencies are protected
for radio astronomy by law, i.e. terrestrial tramtsens are not permitted to send at those
frequencies, e.g. in the range from 89.0 GHz td 92Hz, because of the characteristic

emissions of different organic molecules like engthanol, being located there [11].
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Having a closer look at Fig. 12 it can be detectbédf the graphs are for some sources
increasing, for others decreasing. These cours#eeajraphs allow a differentiation between

thermal and non-thermal sources.

In general, as depicted in Fig. 13, the larger dhserved
wavelength, the *“brighter” seems a non-thermal cesir
Contrary to this, a thermal source has its signakimum at
shorter wavelengths, closer to the infrared rays.

To find out, whether a thermal or non-thermal eenitts
studied, the observed wavelength just has to baggthand Fig. 13: The flux density at

the source’s flux density plotted as a function thie different wavelengths is one
possibility to distinguish

wavelength. It is useful to know the kind of radiat and between the two major kinds of
sources
therefore the related signal’s process of its cpiwer, to

determine further conditions, e.g. the temperatilme,density or the magnetic field strength.

[4].

2.1.6 Polarisation

Differentiation between these two categories ofreesl is also possible because the emitted
radiation is polarised in different

ways.

Every kind of wave is defined as a
linkage of singular oscillating

systems. These oscillators are
swinging in sequence in the same

way. Waves are now divided in two Fig. 14: a) linked pendulums as an example for aevand

. o them swinging as b) transverse (plan view) and c)
kinds, longitudinal and transverse |ongitudinal waves (side view), where the blue aris the
wave’s direction and the red one the swinging dicecof the

waves. The phenomenon ofpendu|ums

polarisation is only found among

the former, because their oscillators are not
swinging in the direction of the wave’s
movement, but perpendicular to it (Fig. 14b)).
The arbitrary oscillators’ swinging direction is
called thedirection of polarisation Mostly, it

Fig. 15: a) vertical polarisation, b) horizontal

is distinguished between horizontal polarisation erased by a polarising filter, c) étdr
selecting parts of special polarisation d) circular
polarisation being reduced to linear polarisatiof, [
p.125, Fig. 125.2]
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polarisation i.e. the vibration vector being parallel to th@wnd andvertical polarisation
perpendicular swinging oscillators. Also circular a@liptical polarisation can occur (Fig.
15d)), if a wave spreads out in a helical way. Wath calledpolarising filters the kind of
polarisation can be detected (Fig. 16). The fire ceduces, if necessary, the wave to linear
polarisation or filters out horizontal

polarisation (Fig. 16a)). The second filter,

aligned perpendicular to the first one,

allows differing  between vertical

polarised and longitudinal waves. Both

would pass the first filter unaltered, so the

second one is needed to differ betweemig. 16: Analysis of a) a horizontal polarised,dyertical
the kinds of waves, while in cases ofomarised and ¢) a longitudinal wave

linear polarisation one filter would suffice to tilguish the polarisation directions.

If a signal is not polarised in any way, it is detmal origin, non-thermal, i.e. synchrotron
emitters in contrast would show elliptical polatisa [4].

Another way to classify sources is there extenstFo allow the derivation of formulas or to
describe the behaviour of very small or distanttesrs, the approximation ofint sourcds
made sometimes, although not existing in realitysoirce of larger extend up to 1° angular
diameter is commonly referred to aslogalised sourcepigger ones are calleextended
sources. Although the distinction between large and extensieurce is in fact arbitrary, the

value of 1° angular diameter is the agreed bordwmg radio astronomers [3].

In summary, to realise meaningful measurementd® talescope should be able to allow the
alteration of the observed frequency, to distinguaostween different kinds of polarisation and
to be sensitive enough to permit conclusions ab@durce’s flux density. Furthermore, there
must be a way to determine the “viewing direction’the telescope, i.e. to identify a certain

position at the sky.
2.1.7 Often used systems of coordinates

So reproducible to find a source or to observestme points again, it is necessary to define a
celestial body’s explicit position in the sky. Thtare a system of coordinates is needed.
Contrary to most systems used especially to idempifices and distances on earth, galactic

coordinates provide no length specifications, mgies.
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Depending on the source observed, i.e. its distdaocthe observer or the period of the
measurement, different coordinate systems are Udedlsimplest one is the horizon system
depicted in Fig. 17.

The origin of ordinates equals the observer’s
position, the coordinates of a celestial body
are therefore defined by two angles relatively
to this place, one for the horizontal and one
for the vertical direction. The reference plane
for this location is a circle parallel to the
horizon with the observer in its centre. The
Fig. 17: The horizon system of coordinates
object’s height, itsaltitude or elevation is
given as the angle between this plane and a loma the observer to the object. The imagined

circle described by this line passing the zenittai$ed theobject circle

The horizontal coordinate, thezimuth is measured clockwise from the north direction as
zero point to the point of intersection of this edijcircle and the reference plane. It assumes
therefore values between 0° and 360°. The advaraédkis system of coordinates is the
option of easy measurement of the coordinates,vatf. a compass and a protractor and
therefore an easily alignment. Nevertheless, theeer’'s position, i.e. his longitude and
latitude, must be indicated, because the coordnatrild be of course different at an altered
place. Moreover, due to the earth’s rotation arelrttovement of the object, its coordinates

change at every time [3].
A different system of coordinates often used isaheatorial one (Fig. 18).

The earth is imagined to be in the
middle of a sphere with a large radius,
where the plane through the earth’s
equator is the plane of reference. The
points of intersection between the line
through the terrestrial poles and the
surrounding sphere are theelestial
poles To ascertain a celestial body’s
horizontal  position called right
ascension first a circle through the

] ) ) i Fig. 18: The equatorial system of coordinates
object and the celestial poles is defined,
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called the object’siour circle The right ascension is measured from this cilan arbitrary
reference, mostly the line of the vernal equino, the circle through the celestial poles and
the sun’s position at approximately March'2Because of having been in the direction of the
constellation of Aries years ago, the line of véeguinox is commonly referred to as first
point of Aries.The right ascension is expressed in degreest iassumes values from 0° to

360°, or in hours, minutes and seconds of arc, &her

360° 2 24h (25) and
1° 2 4 min (26)

Furthermore, the objecttsour angle the angle between the hour circle, andnttegidian the
circle through the celestial poles and the obs&vagnith, can be declared to indicate an
object’s position. The relation between the rigetemsionRA; of an object, the right
ascension of the meridian as the observer’s lodataal timeRA, and the hour angldA is

HA=RA, - RA, 27)

Accordingly the algebraic sign of the hour anglevles the information, whether the object

has already passed the zenith, in this case dgsipe, otherwise it is negative.

The vertical coordinate, thadeclination is given, similar to the horizon system, as thgla
between the reference plane and the line from dnié’emiddle to the object. The scale is the
same as the earth’ system of latitude, i.e. thérdgmon assumes values between 0° and -90°
south of the equator and up to +90° in the nortthemisphere. Fig. 18 shows an object at 30°

declination, for an observer on the earth at 30tmlatitude it would pass the zenith.

In contrast to the horizon system, an object’s doates remain the same independent from
the observing place, however, they cannot be sbbwi requiring major effort. Nevertheless,

because of the earth’ axe rotating with a periotbahd about 26 000 years, seen over a long-
term period, these coordinates change as well. éj@éngether with equatorial coordinates a

date of reference, the so callgaoch is given.

Both types are useful while observing sources withi near our solar system. Other systems
of coordinates, used to describe movements andgusbn a larger scale, base on a different
plane of reference, e.g. theliptic systemusing a plane through the earth’ orbit or the

galactic systembased on a plane parallel to our galgty
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2.2 Functional principle of a radio telescope

Generally a radio telescope consists of two maimpmnents: a receiving construction to

observe the radiation and a method to measuredigg, an evaluation electronic.

2.2.1 Components of a radio telescope

Put simply, to send or receive electromagnetic wat@o electric components connected in
series are needed: a coil, in

whose inside a magnetic field

arises with current being

supplied, and a capacitor, a

storage for electrical charges,

generating an electric field

between its plates. Either of

these components is able tOFig. 19: Within a resonant circuit magnetic andatte field change
store energy in its specific Periodically

field. They are, depending on the way they aregiatied within a circuit, able to transform an
AC (alternating current) signal into an electro-mefic wave or the other way round.
Thereby, a decreasing electric fiéldat the capacitor causes an increasing magneiicBiat
the coil (Fig. 19). When the capacitor is dischdrgempletely, the process reverses, the
coil's strong magnetic field induces a current thghin charges the capacitor, while the
magnetic field’s energy is reduced. Such an arnawege is calledesonant circuit because of
having one distinct resonant frequerfgyat which the circuit can be stimulated to nearly
undamped oscillations. This frequency is definedhaycoils inductivityL and the capacitor’s
capacitanc€&€

1
= ;/;C (28)
In the simplest way, a piece of wire or a metal, rod
called a Hertzian dipole, can assume the function o
both, where the different fields are caused by the

electrons movement within the wire (Fig. 20) [4].

Fig. 20: Resonant circuits with increasing
While studying strong sources, an antenna likeesonant frequencies [5, p.287, Fig. 287.1]

shown in Fig. 21 suffices completely as transforimetwween the waves and a voltage signal.

To observe weaker radiation, in addition a parabaflector has to be used to enhance the
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receiving area and to focus the incoming radiatijhmounting deed horn concentric metal
tubes in front of the receiving dipoles, the waaes additionally concentrated; furthermore,
feed horns can filter out special kinds of polai®a so the incoming information is first

reduced to a range closer to the desired one.

When the incoming radiation is strong enough to be
detected, behind the Hertzian dipole first the ¢farmed
AC-Signal is amplified, whereas the system should as
little inherent noise to the signal as possible.e Th
component’s noiséN can be described with the Nyquist

formula

N =k>T>Df (29) Fig. 21: A cross dipole of the MPIfR,
especially made for the hydrogen’s

where/F is the noise’s bandwidththe Boltzmann constant émissions at 1.42 GHz

(k=1.381>40'23%) andT the temperature of the system, which is directlypprtional to the

noise. Therefore the HF-components of larger radlescopes are refrigerated down to
temperatures of ca. 15 K above absolute zero. Alfedra bandpass filter limits the frequency
range, to reduce the
influence of disturbing
sources transmitting in
close proximity to the
desired frequencies. The
lower a signal’s frequency, o _

Fig. 22: general receiving technology, the valuéshe frequencies are
the lower are the lossesexamples from a LNB, a receiver used for satéellit
during the transmission along any conductors. Heaneoscillator’'s signal with a constant
frequency is mixed with the signal to decreasdrigguency. If f is the frequency of the

received signal andb the oscillator’s, the resulting sum- and differerficeguency can be

written as
fo="fs+ 1, (30) (sum-frequency)
and
fo="fs- fo (31) (difference frequency)

Because of the difference frequency being now waugh smaller than the originally received

one, only this part of the signal continues to bedu Then it is separated from the rest of the
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signal with a low pass filter. Generally that isrdanation of a resistance and a capacitor, but
in this case, using high frequencies, a combinatbimductances and capacitors is used.
Depending on the kind of measurement the filterigghads can then either be analysed

immediately or saved to do so later.

2.2.2 The angular resolution

The parabolic reflector is also crucial for theesglope’s angular resolution, which equals the
minimum angular distancBa between to objects, that is required to asceradefinitely

distinction between them.

The waves that are emitted by one or multiple ssjrinterfere at

location of the receiver, furthermore every ob&taml aperture causes

diffraction. According to C. Huygens (1629-1681)egy obstacle

causes the arising of elementary waves, circle wavepagating in iy 23: Huygen'’s principle
every direction (Fig. 23). Therefore we cannot obsean object,

but its diffraction pattern. Those patterns shouddve a

sufficient distance as shown in Fig. 24; otherwibe

picture gets fuzzy (Fig. 24 b)). This minimum distaR

corresponds to the length between tReofder maximum

and the 1 order minimum. If Fig. 25, the depiction of

diffraction at a slit is considered as a simplifixample,

a relation forR, the image distanck and the angular Fig. 24: Diffraction pattern of two

. ) ) ) . sources that a) cannot and b) narrowly
distanceDa arises from geometrical considerations. be distinguished

sin(Da) =§ (32)

Rearranged t® it shows, that

R=sin(Da):b (33)
For small angles the approximation

sin@) » tan@) »a (34) Fig. 25: Diffraction at a slit
can be made. So formula (33) can approximately fit¢ew as

R=a>b (35)

Now, another way to expressis searched.
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While talking about interference it must be distirgped between constructive, i.e.
amplifying and destructive, i.e. effacing superposi Fig. 25 shows an arrangement that
produces a picture at the screen, so constructteeférence occurs. Therefore the condition

sinCa)>d =n:/ (36)

valid for constructive interference must be
true. It arises from geometrical
considerations, according to Fig. 26; the —
difference between to amplifying waves

can be either expressed by

Ds=n>/ (37)

Fig. 26: a) destructive (above) and constructiveld)

interference and b) interference at a slit.
or

Ds=d>sin(Da) (38)
both combined yield to formula (36).

Rearranged tein (Da) respectively, a can approximately be expressed by
a=n XL (39)
d

whered is the slit's width,/ the light's wavelength and n the order of the maxn or
minimum. Because the first order minimum was regdrdh would be 1. But in reality
diffraction of waves seldom occurs like in Fig. 2yt similar to the diffraction at a circle
aperture. The calculation of the intensity disttibn, like the right part of Fig. 25; is much
more laborious and complex. The first one who seded to do so was A. Fresnel (1788-
1827), but because of its complexity this calcolatis nowadays done by a computer. The
circle aperture’s area is divided in regular steeakccording to Huygens the assumption is
made, that every one of them is
the origin of elementary waves
(Fig. 23). These waves’
amplitude is directly
proportional to the streak’s
acreage, i.e. the intensity is not

) Abb. 27: The intensity distribution a) caused edi exposure and b)
uniform.  The smaller the if the main focus is not quiet hit [4a]
distance of a point to the margin of the circulperdure, the lesser is the intensity at this

place. To calculate the complete intensity distidny the horizontal and vertical components
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of every streak are added up for every single ptackeevery angle of incidence. The result of
these calculations looks like Fig. 27. They provedealue of approximately 1.22 farfor the

1% order minimum, resulting in

a= 122% (40) [5]

As long asb is known, a minimum distande given in metre can be calculated with formula
(33), but mostly formula (40) is of more interesh. contrast to optical telescopes or
microscopes in the radio astronomhyloes not correspond to a slit's or lens’ width, the
diameter of the parabolic reflector. The it is, #mealler becomes the fraction’s value, i.e. the
smaller is the minimum angular distance betweendhjects. Therefore radio telescopes with
large parabolic reflectors have a better angulsolution than smaller ones. As a negative
result the tracking and control have to become racoeirate to allow the precise alignment to
a specific point.

Another possibility to achieve a high resolutioreewvithout big reflectors is the saving and
subsequent computational interference of the sigriar Very Long Baseline Interferometry

(VLBI) two or for Very Long Array (VLA) even moreetescopes are pointed at the same
coordinates. The signals they detect are saved avitlghly precise time signature, for this

purpose atomic clocks are used. Later on a computer

program correlates the signals as if they had been

detected by one giant reflector with a diametee like

distance between the singular telescopes [5]. By

combining different radio telescopes, an angular

) 1 )
resolution ofm arc second could be achieved. That

Fig. 28: The VSOP, its effective parabolic
eflector is shown in blue, its diameter
equals round about 2.5 times the earth’
diameter [4]

Space Observatory Programme (VSOP), a Japanese

would mean being able to detect a tennis ball an t

moon’s surface. This concept is also used in th&NVL

radio astronomy project started in 1997. With te&ptof an extra terrestrial 8 m-receiver and
the correlation with radio telescopes on the eatheffective diameter of up to 30 000 km
could be achieved [4]. Its aim is among othersttmys AGNs, Active Galactic Nucleus, i.e.

black holes respectively their jets.



Julia Bienert: Radio astronomy with a self-buildia telescope - 26 -

However, a radio telescope can only be orientednat only point, i.e. contrary to optical
telescopes, which produce a complete depictiohefégion

observed, just one pixel can be obtained at anyedim

Nevertheless, pictures of larger areas of the skybe taken

when the parabolic reflector is moveable, just ttke 100 m

radio telescope of the Max-Planck-Institute for ®Rad

Astronomy in Effelsberg, the biggest rotatable oadi

telescope in Europe. To alter the radiation’s angte

Fig. 29: The 100-m moveable radio

incidence on the receiver and therefore the “VieWingescope in Effelsberg, Germany

direction” of the telescope in a limited way, thasfion of
the receiver relatively to the prime focus can banged as well. That is the way e.g. the big

radio telescope in Arecibo, Puerto Rico, is workiaging a reflector that fills a whole valley.

While observing moving objects, the reflector cangwminted on one place on the object’s
path and then be fixed. Due to the inherent modibthe object the intensity distribution can
be detected as well.

3 The self-built radio telescope

Being a competition entry to the “Jugend Forschtmpetition, my self-built radio telescope
should be realisable with basic materials and meeia horizontal and vertical direction. A
short enquiry in the internet revealed the gengoakibility and several examples for such a
project. Most of them use the most common possitih receive radio radiation: a customary

satellite system for television.

3.1 The receiving system

To receive satellite television, a LNB, law Noise Blocka
signal converter adding very little hissing to timecoming
signal, is used. In my project, | am using the typearp
BSCS86M50 Dual that is able to receive and process

frequencies between 10.70 GHz and 12.75 GHz, ¢aording

. Fig. 30: A LNB from the outside
to formula (6) signals from 2.35 cm and to 2.80 cm

wavelength. This range is near the lower limithed atmosphere’s radio window (Fig. 1) [4].

Firstly, as already mentioned, concentric metaincdrs focus the incoming waves on two
perpendicular dipoles, one for each kind of po#dits), because of satellite’s signals being

either horizontal or vertical polarised. By switahibetween a 14 V and an 18 V DC (direct
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current) signal for the LNB coming from the recejviloth

kinds of polarisations can be used. As described ¢hapter
“2.1.2 Non-thermal sources”), natural sources camite
circular polarised waves; therefore both dipolesraeded to
receive these signals, thereby a switching betwten

different amounts of both kinds of polarisatiompassible.
Fig. 31: The LNB’s receiving
As a protection against dirt, LNBs are equippechvaitcover hole aperture with the two dipoles

at their entry opening, therefore they can eas#ydamaged while opening. That is why the
pictures shown are photographies of a broken dmeepnly difference between the actually

used and the depicted one is the number of conmseftiosatellite receivers.

Afterwards, the received signals are amplified 44yl reduced to a frequency between 950
MHz and 2150 MHz by being mixed (2) with a built-in

oscillator's signal (3). This reducing is necessary

because the Ilower a

signal’'s frequency, the

lower are its losses

while being conducted

in even longer coaxial

wires Furthermore Fig. 32: The LNB’s inside with a) a covering oviee thigh-frequency components
' " and b) without it

thereby the following

electronic, e.g. the satellite receiver, can harldée
incoming signals and produce a TV image at a
monitor. The amplifier stages are partially conedct
with a capacitor, a component that represents an
infinitely high resistance for DC signals. Therdhg
signal having been mixed with a DC signal is freed
of it again. Because of the depicted LNB having fou
connections, amplification and decoupling of the
signals happen two times on the circuit board’siffro

and back.

This LNB (1) is mounted in an existing holder at th
lower verge of the satellite dish (Fig. 33). Its

effective diameter is 70 cm, so in comparison t@ig. 33: The construction at the observing place
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“real” radio telescopes very small, but manageabléhe framework of this project. It is

mounted on an old rotary plate, placed upside-danth a short steel tube. Because of this
kind of fixture the dish’s easily horizontal movemhas ascertained without the need for
moving the whole construction. The rotatable p&the plate is also supported by four rollers

(2), to prevent the steel tube from tilting andréiy distorting the elevation angle.

The reflector’ turning in horizontal direction ismtrolled by an electric rotating motor fixed
at the plate (3). It is connected to the plate l®ans of a threaded rod used as a drive spindle
(3a). A piece of acrylic glass, rotatable fixed at
the rim of the plate and provided with a screw
thread, connects the drive spindle with the
) _ Fig. 34: The azimuth control
plate. (3b). If the motor starts rotating, it
approaches or withdraws the motor due to the spmdlrning. This allows turning the plate

by about 100° in horizontal direction.

For the elevation control, a second motor (4), radlyrapplied to adjust
valves in a heating system, is used. By moving ng @down a copper
tubing (4a), which is fixed at the back of the eetbr's mounting, it
alters the elevation within a range from 0° to 256. determine the
initial telescope direction, as already describadcompass and a
protractor can be used. For this purpose, a m&td, s placement for
the compass, is located next to the LNB (5). Tlisnecessary to
ascertain, that the compass, whose accuracy isl raoout 3°, is
positioned horizontally; otherwise the measuremegatild be F9- 35: The elevation control
falsified. A self-built protractor (6), consistiraf an angle scale and a small weight fixed at a
brass rod, allows to read the elevation angle withrecision of approximately 1°. Although
there is already an angle scale at the reflecbatk, this method is more accurate, because of
the former being very small. To guarantee the lootizl positioning of the whole
construction, a combination of three sprit-levelsnounted at the steel tube (7). With the help
of these levels and three adjustable feet, thedefee can be adapted even to uneven grounds.
Having been partly mounted at the outside of ttsncg(8), the electronic components for the
motor control have to be protected against the. faimthermore, the plate consists of wood,
so it should not get too wet either. A sunshadendodig enough to cover the whole
construction, can be put in the steel tube to foncas a provisional rain shelter (9).
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3.1.1 The electronic control

The electronic part of the construction consiststlod
control circuit for the two motors, located in tinemediate
vicinity (Fig. 33, (8)) and the control unit (Fig6) that can
be placed near the measuring station. The compieteit
diagrams of all self-built electronic elements che

found among the appendixes. Fig. 36: The control unit's front and back

The control unit contains the source for the motansl
control's supply voltage. Its circuit diagram is
“Appendix 1I”. To provide the voltages required, a
transformer (Fig. 37, TR1) and a rectifier, the
combination of the capacitor C1 and the diode 31, i
needed. The first one smoothes the DC voltage a@pmin
from a socket, while the diode is conductive omyohe
direction and hence produces the voltage polarity
desired. A DC-DC-Converter (DC1) and a voltage
stabiliser (IC1), provide a bipolar supply voltaigem -

15 V to +15 V and a stabilised 10 V supply used as
reference voltage for the construction’s positiorp:ig_ 37: The electronic components
feedback. As a voltage being defined as a potentfgl the mains voltage transformation
difference, one common

reference point, ground

(GND), is needed for all of

them. The transformer’s

output of 24 V AC s

connected directly to the

motor control circuits. The

regulation voltage that

controls the two motors’

movement is determined

by the two potentiometers

R2 and R3, adjustable

resistances ((9a), blue

Fig. 38: The other components of the control unit

mark Fig. 38). According
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to their setting, a voltage signal is transmittegin 3 and 4 of the sub-D connector X3 and
together with the other signals via a long shieldelle to the motors’ control circuit at the
rotatable plate.

The casing there has two further sub-D connec¥tsand X5, each of them is connected to
one of the motors (“Appendix II"). As it can be sdaa Fig. 39, the 24 VV AC signal at pin 2 of
connector X4 is first applied to two diodes, D1 &l (blue mark). The latter is conductive
for the negative portions of the AC signal, vicesaeD1 for the positive ones. Thereby the
incoming voltage is split in a negative and a pwesisignal, this arrangement of diodes is
called half wave rectifier The two capacitors C3 and C4 are periodicallyrgba by the
incoming supply current via the two diodes and liisged by the electric load of the
following components. Thereby they smooth the atis pulsating DC voltage.

These supply voltages are applied to the transisfit and Q2 (violet mark). Those are
semiconductor  devices

that function as current

amplifiers, controlled by

the current that is applied

between two of their

ports, the base and the

emitter. Due to the high

current at their third oort, Fig. 39: The circuit diagram for the azimuth coritro

the collector and the according power dissipation, they haveetanbunted on heatsinks on

the casing’s outside.

The algebraic sign of the arriving signal deterrairtkee direction of the motor’'s turning.
Therefore, it is necessary to make one transisindactive while the other stays insulating.
For this purpose the second voltage from the cbatri, the regulating signal is used. In case
of the azimuth control it is applied to pin 4, athise pin 5. The combination of the capacitor
C1 and the resistance R9 is a low pass filter tgeftee the signal from possible noise or
disturbances and prevents the motor from trembliigerwards, it is connected to the
positive input of IC2, amperational amplifierred mark) Those are used in various types of
circuits, e.g. for amplifying or like in this cadey regulation of a voltage signal. It contains
three ports, two for input and one for output. Tlader's signalUy is the amplified
difference between both incoming signéls; andU;,; at the positive and negative inputs

Uout = n)(U in2 ~ Uinl) (41)
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If the output signal becomes negative,

transistor Q2 turns conductive,

otherwise it is Q1. If the desired

position is reached, the motor should

stop its rotating. For this purpose, the

signal at the negative input port has

o be raised while the motor is Fig. 40: The electronics for the azimuth control

turning. Therefore the steel tube is connectedhtiiteer potentiometer R1 (green mark, Fig.
40 (3d)) with a steel wire and a coil (3c)). Byrmpiconnected in this way, it turns while the
steel tube is moved, and the negative input signtaéases until the output signal becomes 0
again and the motor stops. Decreasing the sign#teopositive input causes the output to
become negative, and the other transistor movesmbir in its opposite direction. As
already mentioned, the azimuth can only be altexéitiin a range of 100° due to the
mechanic fixation. To prevent the motor from tughihe reflector despite of this further on,
two microswitches ES1 and ES2, demounted from dncomputer mouse, are fixed at the
outer edge of the plate at exactly the two endtjpos (Fig. 40, (3e)). If one of them is
pressed, the motor stops automatically its movemeetause in this case the current is
stopped by diode D3 or D4. Inverting the motor enty the appropriate diode allows the
motor to turn in its opposite direction again.

Because of the elevation drive unit having beerd dee a defined
purpose, its casing already contains a circuit doaith such an
arrangement; therefore its circuit diagram is pmgiattern depicting
the different sorts’ assignment (“Appendix 1I”). i connected with
the same AC voltage supply as the azimuth motolty dhe

regulation signal is of course the one controlleg the other

Fig. 41: The inside of the
elevation motor’s casing

potentiometer.

To be able to realise at a remote measuring plded, the
reflector has reached its desired position, fouD&Eare used
(LED1-4, Fig. 42, (9b)). As can be seen in Fig. 8% nominal
signal, connected to pin 3 respectively pin 4, &nel current
signal, i.e. the voltage changing while the turpingnnected to
pin 8 and 9, are applied to two other operationapldiers, IC4A
and IC4B. Just like at IC2 in the motor's contrtiigir output

Fig. 42: The control unit’s interior
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signals turn negative, to O or positive. The cote@t.EDs are according to this light emitting
or not. By setting the two potentiometers R5 and tR&8 position feedback can be adjusted.
In addition to that, the voltage determined by ih@tor’'s current position is applied to IC5,
another operational amplifier. In this case it & nsed to amplify, put to ascertain that the
signal is not falsified. It is connected to pin Btlee sub-D connector and used to determine

the telescope’s azimuth from a remote place.

Within a circuit the different currents and voltagean have influence on each other, but to
ascertain that the motors stand still when thepsesition is reached, the control signals have
to be stable. To provide the required low impedaonagut, two additional operational

amplifiers IC2A and IC2B are placed between theptobmeters and the connectors that lead
their signals to the motors. Thereby currents chuse disturbances produce only a low

voltage disturbing.

As an even more comfortable and precise alternativese the potentiometers for a manual
control, the two regulating voltage signals carrdy@aced by analogue signals from an USB-
interface. Such a one is able to send and rece@®gue and digital signals from a computer
and send them to a device like the control unitneated with a cable. For this purpose the
device’s signals have to be amplified by the openal amplifiers IC4C and IC4D from
approximately 4.4 V to 10.0 V. By using switch $2g 42, (9¢)), it can be changed between
the manual and the computerised control.

3.2 The evaluation electronics

To analyse the signals measured, two ways witlerdifft advantages and disadvantages are
possible. Mainly a customary satellite finder, aide used to direct the satellite dish to the
right position was used. An alternative is the FUIRKE Dongle, a software defined receiver
the size of a USB-stick.

3.2.1 The satellite finder

A satellite finder helps to find the correct pasitifor a
satellite dish by giving an optical and acoustiegldback
according to the strength of the received signat. this
purpose it is inserted at one end of the cable datvihe
LNB and the satellite receiver. The stronger trgnai,
i.e. the nearer the dish’s focus is pointed todhiellite’s

position, the stronger becomes the beep signaltiamd Fig. 43 The modified satellite finder
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higher is the pointer setting. This characterigtticates, that within this appliance the AC
signal coming from the LNB is changed into a DCnsig that can be processed further, for
example by amplifiers connected to the USB-intfand an appropriate software.

For this purpose the satellite finder depictedion B3 has been modified in several ways.

As visible in the circuit
diagram (“Appendix III"), the
LNB’s signal is divided. One
part passes the appliance
unaltered, the other part is used
to supply the finder with the
necessary voltage and to

produce an information about

the signal's amplitude. It Fig. 44: The satellite finder's component genergtihe operating
voltage
indicates not only the

received HF signal, but also the operating voltegethe LNB coming from the satellite
receiver to switch between the two possible pdénss. So, to gain its own DC voltage
needed, the overlaid DC-component is filtered gupassing an inductance within the finder
(Fig. 44). With the help of transistor V2 and résmnce RL1 it is altered to a signal of round
about 8 V (VCC). Furthermore, it is applied to LEEHat lights the display. As already
mentioned (see chapter “3.1 The receiving systeth& value of the DC voltage supply from
the satellite receiver, either 14 V or 18 V, deteas whether vertical or horizontal polarised
waves are detected. If the latter is the casesétellite finder is able to indicate this with
another LED. This visualisation is
controlled by transistor V5. If the voltage
applied to its base and emitter is the
mentioned 18 V signal, the current at the
collector becomes high enough to make
LED3 emit light. In addition, the
receivable range of signals is divided in
the low band, i.e. frequencies between
10.70 GHz and 11.70 GHz and frequencies
up to 12.75 GHz, the high band. To switch

to the latter, the DC voltage supply is modulatathva second signal at a frequency of 22

Fig. 45: The signal processing

kHz. In this case, the satellite finder uses tlaig pf the voltage to activate LED2.
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To process the HF part of the LNBs signal, firstsitireed from the DC signal and then
amplified by transistor V8. Due to the capacitor &id the resistances R8 and R9, acting as a
voltage divider, transistor V9's signal dependsthae LNB signal's average value. It is
connected to the positive port of IC1B (Fig. 46heTsignal that is applied to the negative port
can be altered with the potentiometer VR201 (Fig, @)), the adjuster for the finder's
sensitivity. Because of the relation between astasceR, a voltagdJ and a currenitbeing

R=" (42)

its high value cause a low current. This is neaggsta keep the appliance’s electricity
consumption low and to prevent high heat developntesr processing it further, the voltage
regulated by VR201 is transformed to a low-resistasignal by IC1A, another operational
amplifier in this case used as impedance convekfegrwards, it is connected to the negative
port of IC1B. As already mentioned in formula (4@gnerally an operational amplifier's
output signal depends also on a constafthis constant equals the relation between the two
resistances connected to their negative port andukput port. In this case

_Ri8

n= 43
R17 (43)

Therefore, the signal is

amplified by nearly factor

40. Finally, this output

signal is connected to the

level meter M1, and there

it determines the pointer’s

setting. In addition to that,

it is applied to IC1C. The Fig. 46: The evaluation of the signal

arrangement within the

red frame contains is callednaultivibrator with a voltage controlled frequends already
explained, the two incoming signals determine tbkage at the output port. However, this
signal is connected to the input port with the t@sistances R20 and R22, this is cabbadk
coupling. As a consequence, it influences the voltage atitiput ports. Due to this, it
increases first and when it reaches its maximum,pitocess is reversed; the output signal
approaches the other maximum. Hence, the outputalsigwings periodically, with a
frequency that is determined by the used resissaR@€, R22, R25 and the capacitor C9. The

resulting AC signal is then applied to the signahegrator, the beep signal arises. As one
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modification, switch S1 (Fig 43, (3), Fig. 46, gnemark) is integrated in this arrangement to
override the capacitor and thereby disable theasigenerator if desired. Furthermore, an
additional bushing (X3, Fig. 43, (4)) was integchte the satellite finder's casing and
connected to the signal applied to the level metergspectively if the setting of switch S2
(Fig. 43, (5)) is changed, to the signal comingrfrransistor V5. The latter option would
offer some advantages, because the output signaidependent of the potentiometer’'s

setting, but also requires an additional circuit.

Therefore, the relative signal from the level meier

processed further. With a BNC cable it is transgditto the

control unit. Never assuming values higher than\Otbere

it first has to be amplified by factor 10 by IC&fore being

transmitted to pin 6 of the sub-D connector and the

interface. Afterward the signals strength is es#d and i 47. The amplification of the signal

saved using a computer. from the satellite receiv

The complete measurement arrangement can be s&em #8. Due to the cables length, the
receiving system can be located up to 10 m away tree evaluation electronics. The motors’
control unit is connected to the control unit (hdahe LNB with the satellite receiver (2)
with the satellite (3) inserted. The USB interfa@nsmits its signal as described to the USB
interface (4) that allows further evaluation wiktie tcomputer, as well as the remote control of
the mechanical construction. As

long as television satellites are

observed, a small TV screen (5)

represents a second way to

visualise the received signals. Fig. 48: The complete evaluation electronics

3.2.2 The FUNcube Dongle
2009 a group of British radio amateurs and astra@renstarted the “AMSAT-UK’s

FUNcube”-project under the motto “Fun in space witmateur Radio”. Their aim is to

interest primary and secondary school children icierse and especially radio
communications [12; 13]. For this purpose, evermalk satellite, emitting signals at two

distinct frequencies measurable with relatively @enmethods, will be sent into space this
summer [14]. Among other projects this initiativevers the development of a software
defined receiver (SDR), tHdUNcube Dongle
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This appliance has the size of a USB stick (Fig), 49
nevertheless it contains all the components nedded
processing received signals like depicted in Fiy. 2

It is directly connected to a computer. Therevalies 9 4% The FUNcube Dongle

for the LNAs, the voltage controlled oscillator athe

related mixers and further amplifier and filtersncae adjusted to a certain extend by a
corresponding program (Fig.

50). There the received

frequency can be set within a

range from 64 MHz up to 1.7

GHz, signals with at least a

value of 0.15uV can be detected

Fig. 50: A screenshot of the program used to seRtNcube’s

within this range. A second characteristic

program can be used to visualise and save theveztdata as well.

In contrast to the satellite receiver, the FUNcaaenot
provide the DC supply voltage request by the LNB. A

a consequence an external power supply is needed
("Appendix IV”). Within this appliance shown in Fig

51, mains voltage is transformed into the requiréd/
Fia. 51: The power supply ur
and 18 V DC supply. It could be chosen between both

voltage levels via the computer if this appliancasvas
well connected to an interface; otherwise the swi@
is used. The DC signal is then inserted to the

arrangement with a bias tee (Fig. 52), a kind @fpd€r Fig. 52: The bias tee used for DC voltage
that is equipped with two jacks for HF cables anges supply of up to 12V

the signals with the desired DC signals appliethéothird jack.

For increasing the sensitivity of the complete
system, additional amplifiers (Fig. 53) can also
be inserted between the receiver and the
FUNcube, respectively the satellite finder.
Thereby the signals of weaker sources can be
detected; e.g. studying the sun’s emission N _
Fig. 53: a) a LNA used for receiving satellite TV a

would not be possible without them. In case ofemote places and b) another amplifier with a an
amplification between -10 dB and +20 dB



Julia Bienert: Radio astronomy with a self-buildia telescope -37 -

the satellite finder, the LNA’s amplification migbe too strong; as a result any meaningful
measurements would not be possible. To regulateathelification more properly, an
attenuator (Fig. 54) can also be placed in frorthefevaluation

electronics. To provide the LNA with its operatiugltage, the

power supply unit also contains another jack fotzaV DC

voltage (Fig. 51).

All this components can be connected with differaapters in

various arrangements; Appendix V shows a compleeview 5;%?;%?56‘}5?}?:3 rzvgighBa

about the possible combinations.

3.3 The Programs

To control the mechanical construction and to eataluhe received data, two programs were
written. The programming language used is ,VisuasiB®, the complete program code
supplemented with short comments can be seen irepp VI. As already mentioned, the
data received with the FUNcube requires a diffeientl of evaluation program, hence the

basic functions of the enclosed freeware “SpectedWll be explained as well.

3.3.1 The control program

When being started, the program for the positiantrod automatically searches for connected
interfaces, results are listed in the combo boxhm upper left corner (Fig. 55). With the

“Verbinden”-button a connection is established, nihe program has access to the motor
control and the unit connected to the satelliteldm The current signal received from the
latter is now visualised in the progress

bar labelled as “Signal”, the numeric

value given in the textbox “aktuell”

below. The value of the box named

“Counts” indicates the number of the

interfaces analog channel read outs

within the measurements time interval,

“Mittelwert” the average between all

these signal values. Below the progress

bar the information about the parabolic

reflector’s actual position is listed. It is Fig. 55: Control via sliders
given as relative (“Rel.”) and as absolute

position (“Abs.”). As already described, it can yle altered within two distinct ranges of
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angles, so the relative position assumes valueseleet 0° and 100° for the azimuth. As
already mentioned, the signal from the potentiometaved by the steel tube’s turning is also
applied to the interface. By reading out the cqroesling analogue channel, a value for the
current azimuth is obtained. It is entered in #etox below the sliders. The fixture at the
steel tube requires a minimum of 16° for the elevatmoreover, the elevation motor needs a
minimum voltage signal to start moving; therefohe telative elevation allows for angles
between 17° and 41°. For using the horizon systecoardinates, the absolute position has to
be determined once. Before it is measured with @ragector and a compass as already
described, the reflector has to be driven to themmim azimuth angle and to an elevation of
21.5° to put the compass’ placement in a horizoptaition. This can be achieved by
pressing the “Kalibrierungsposition anfahren”-battéVhen the desired position is reached,
the coordinates can be determined as described.eBl# of this measurement is then placed
in the “Offset’-textboxes and the
program adds these values to the
relative position indicating the absolute
position. After this initial alignment, the
construction can be directed to an
arbitrary position by moving the sliders.
This function can be found in the same
tab page, called “Manuell”, where the
button for the coordinate’s calibration is
located (Fig. 55). If the hook in its
upper left corner is set, a signal

Fig. 56: The tab page ,Parameter”
according to the slider's position is
transmitted to the interface immediately and thereh the motor control unit. The actual
angle is shown in the left textboxes. The interfa@curacy being 8 bit, it can proceds 2
different numbers assuming valusstween 0 and 255, that correspond to the slidsale
divisions. The relation between these values amdatfigle not being uniform, a numeric
function has to be found, to allow adjusting certangles, while scale divisions are send to
the interface. For this purpose, the sliders’ pasitvas changed in defined intervals and the
angles the reflector moved listed. Evaluating tmsasurement series with “Excel”, a
polynomial of third degree for the elevation anglesl a linear function for the azimuth could

be determined.
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Their coefficients are written in the provided textes within the tab page “Parameter”
(Fig. 56). In entering different values, modificats of the mechanical adjustment can be
made, that would yield to deviating coefficientsthwut requiring altering the program code.
With the sliders below it can be tested, whether tloefficients produce correct values
without moving the reflector. The geographical kma is also entered there, as well as the
time interval between the measuring place and Grieen This information is crucial to use
the function of the fourth tab page “KoordinateRig. 57).

3.3.1.1 Coordinate transformation

Like mentioned in chapter 2.1.7 “Often used systefordinates”, celestial coordinates are
not given uniform, but according to different sysge A conversion between both systems
mentioned can be useful because e.g. some bookgragidams only use one system.
Horizontal coordinates can be entered in the pexitextboxes and the program converts

them in equatorial ones.

The declinatiorD that corresponds to the elevation is calculated by
18 - .
D = = arcsir(sin(el)>sin(lat) + codel) xcodel) xcodaz)) (44)

where el is the elevation,az the
azimuth andat the telescope position’s
latitude given in radian measure. The
conversion between both angular
measurements is made within the
program code, thus the measured
values can directly be entered in the
textboxes. The result is then output in
hours, minutes and seconds of arc.

In comparison the calculation of the

Fig. 57: The conversion between systems of cootelna

right ascensionRA is a bit more and the automatic offset correct

laborious, requiring first  the
determination of some other items, theal sidereal time LS&nd thehour angle HA which

are output in two additional textboxes (Fig. 5According to formula (27) they yield
RA=LST- HA

The hour angle is given by
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180 sin(el)- sin(lat)>sin(D)
HA =—>arccos . s(lat) >c(t) s(D)

(45)

The calculation of local sidereal time requires tBeeenwich sidereal time GSdnd the

telescope’s longitudien

LST=GST+T—Q (46) [15]
For the GST in turn it is necessary to determimglthian Timeand the UTC, theoordinated
universal timeand two additional items containing these (seeefpix VI). Because of the
latter items depending on the time and date, bothgaven in the lower right corner. By
default this textboxes contain the current valubsy are updated by a timer with every
second. This timer can be interrupted with the tZmmhalten”-button, afterwards every
arbitrary time or date can be entered in the texdbo

3.3.1.2 Automatic scans

To make a measurement, the second tab page “Autdmatused (Fig. 58). It provides
setting and performing automatic measurement ofealgiermined area, i.e. the reflector
scans a section of the sky, while saving a valuehe received signal after every step. First,
the ranges for the azimuth and the elevation atermdned by filling the textboxes in the
upper left corner with relative initial and finables. In addition, the step range for both
directions, i.e. the angle that is passed befora@soming again, is set. Because of the elevation

control motor requiring a minimum signal, this valonust not be smaller than 0.5.

The right part of this tab page allows setting aerttime intervals, used throughout the
scanning process. The first entry “Positionieruegszletermines the time in seconds that it
takes to move from one position to the next oreevé#lue depends mainly on the angle step
values “Schrittweite” and

has to be increased with

larger step sizes. Because of

the feedback for the

azimuth movement being

added very lately in this

project, the constructions’

velocity was never tried

Fig. 58: The tab page for automatic scans duringeasurement

out; therefore this value is

only estimated. Nevertheless, the azimuth motandslower than the one for the elevation,
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the reflector turns one step in azimuth directiblan scans the whole range of angles for the
elevation. While the reflector turns at the end d@again, the azimuth is increased by on step.
The time it takes the elevation motor to make gspane degree is the second entry, named
“Rucklaufzeit (Elevation)”. A value of 1.3 secongsr degree is sufficient. The last entry
“Messzeit” sets the actual time interval to acquire signal desired. During this interval, the
analogue-digital-converter of the USB-interfacel wdmple as much values as possible; the
actual number is used to determine the averagealsagnplitude to be saved. The total time
for a scan of a certain area amounts from the numbéistinct positions and theses time
settings. The estimated time is displayed belowathgles settings. During a measurement,
the time that already has passed can also be finanel. All this presets can be saved with the
“Save”-button, in this case a text file, containithge numeric values for the parameters, is
created and a Windows dialog opened, where thag#docation can be chosen. The same is
happening the other way round if the “Load”-butisrmpressed, the parameters are read out
from a chosen initialisation file and written inethiextboxes. If the program is closed, the
values for the telescopes last position are savedhother file named “position.ini” as well as
the parameters of the last automatic scan. They
can be reloaded by pressing the “last™button,
the next time the program is started. When
finally all presets are set as desired, the
“Startposition anfahren’-buttons is pressed to
move the antenna to the position at the lower
left end of the determined area. With the
“Start’-button the scan starts. In this moment, a
text file not visible for the observer is created,
containing all the parameters, covering presets
and all values determined in the tab page
“Parameter” as well as the initialising file's

Fig. 59: An excerpt from a measurement file
name (Fig. 59). A timer with the interval of the
time it takes to pass one step (timerAuto, see AgpeVI) starts a second timer (timerMess),
that reads out the interface’s analogue channethiersatellite finder's signal. The average
value of these results is added to the text fibenlosined with the current date, time, azimuth
and elevation. Because of the accuracy of thefadeis channel used for this again being 8

bit, the signals assume values between 0 and 25&.values for azimuth and elevation
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printed in this file correspond to real horizon monates, because the offset written in the

provided textboxes is added to them.

For the next position, according to the presetlsi&athe scale divisions are calculated and
transmitted to the motor control via the interfatfethe hook “Anzeige” is set, a second
screen window containing a picture box is openegiddure box is an element provided by
Visual Basic, that allows displaying graphical e@ats, i.e. pictures saved on the computer or
the creation of own images. To indicate the agpaaition of the reflector, a small rectangle
is displayed, whose position corresponds to theeatirposition of the reflector within the
scanned area. The value for “Twips” in the lowdt ¢@rner of the scan tab page determines
the pixel's size within the picture box and henoe total size of the window to be displayed
with (Fig. 58). According to the signals strengthihas position, the rectangle is coloured. For
this purpose, colour palettes normally used foualising the results of measuring with an
infrared camera, are utilised. With another progsaroh files could even be created, but to
represent the results of a scan in a graphical Wa@yexisting ones suffice completely. When
the program is started, it is searching for pasettéhin the current directory, i.e. the folder in
which the programs EXE-file is located. For cert&nestigations, other palettes can be
chosen as well. If the search should not return @rlgur palette entries, the signals are
depicted in gray scale. A mouse click on an arbjitposition of this picture box displays the
absolute coordinates of this position respectitbly corresponding signal below the upper
edge of the window (Fig. 58). If the “Pause”-Butois pressed during a measurement, the
timer responsible for the movement is stopped a$ agethe motors themselves, but the
process can be continued with a second click. ®p 8te measuring definitely, the “Stop”-
button can be pressed. In this case, all timersameelled and the buttons for saving the text

file and the picture as a bitmap are enabled.

3.3.1.3 Correction of the offset

This automatic scan also allows another optionrotiet in the tab page “Koordinaten”. The
function “Offsetkorrektur” provides a possibilitprf verifying the offsets that determine the
values for the real position without using a conspas protractor. The idea behind this
method is scanning a small area near a sourcekwdtvn coordinates, to determine thereby
the coordinates of the received maximum signal emchpare both of these values. The
difference is added to the current offsets andetinethey are corrected. For this purpose it is
only necessary that the scanned area is small artouggcertain, that the measured maximum

signal belongs to the known source only.
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With pressing “Messung starten” the chosen tabpsswitches to the “Automatik” page.
There the textboxes for the presets are automigtidédd with values that allow a quick scan
of an area of 10° azimuth and 8° elevation, stgriiom the current position. If desired, these
presets can be altered; subsequent the measurbasetd be started by the observer. If it is
finished, the window for saving is automaticallyeoed. By pressing the “Auswerten”-button
the coordinates of the highest signal within thies ér any arbitrary other one are determined
and written in the textboxes under “Messung”. Téal icoordinates of the source are placed
in the other textboxes. The “Offset korrigierentiom adds the difference between the real
and the measured coordinates to the offsets amneliypéhey are corrected. The coordinates of
such sources of reference can be saved with theell®speichern”-button. The option
“Automatisch kalibrieren” provides presets for aajuscan as already described, covering a
certain surrounding region of the coordinates efgburce of reference, respectively the place
it is supposed to be. The only attendance by tlsemer is pressing the two buttons required
for setting the telescope in motion, because the passing until the start position is reached
actually cannot be determined automatically. Aft@wving finished the measurement, the
program asks again where to save the file; aftatsvéine already described operations are
performed, but this time without requiring furthgicks. The textbox for the scale divisions
next to the signal’s progress bar might show thealae that is not within the range of O to
255, but will be actualised the next time the tebge’s position is changed.

3.3.2 The evaluation program

The evaluation of these measurements takes plaaesetond program that can be opened
directly from the control program with the “Ausweng starten’-button, or as an additional
executable program (Fig. 58). There a measurenientfiosen after pressing the “Datendatei

offnen”-button, can be read out.

According to the data

contained, the described

false colour images are

created, where the choice

between different palettes

is possible again (Fig. 60).

By setting the hook next

Fig. 60: A screenshot of the evaluation programtsdenfor analysing the data

to “Signal strecken”, the

possible colours of the palette are not assignedl the values between 0 and 255, but only to
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the range of values for the signal, that reallyuocen the measurement. Thereby, e.g. the
colour for the strongest signal, in this case téig.(60), does not only occur if the signal

assumes a value of 255, but depicting the plachigifest signal. As a result the picture

becomes more differentiated (Fig. 61).

As used for the correction of the offset, the signaximum is

determined. Its coordinates are shown above tharpitogether

with the folder path of the opened file, the ramf@ngles being

measured and the offset used. Next to the falseicainage two

additional picture boxes are placed. If the formsetlicked on at

a distinct position, these boxes are filled witlagrs depicting

the signal’s curve alongside the crosshair outg&ioign the point
. Fig. 61: A picture of the satellite
that was clicked on. Astra 1 a) without and b) with the
spread colour palet
By clicking on them the coordinates correspondiing that

position are written above the boxes (Fig. 60)his way it is possible to detect points with a
relatively high signal that might be not visible tme false colour image and to get their
related coordinates without searching the measurefibe. These three pictures can be saved
using the measurement file’s

name supplemented by an

“A” respectively the

coordinates of the click in

case of the two graphs in the

current directory, by clicking Fig. 62: A screenshot of the evaluation prograngsand mode “Bild”

the window using the right

mouse button.

A way to adapt the false colour images itself is

provided by clicking at the option button “Bild”

instead of the preset “Messen” (Fig. 62).

The number written into the textbox for the signals

offset is added to the value of the signal while

creating the image. Thereby, as depicted in Fig. 6lg’ig. 63: A picture of another satellite adjusted by
more or less details are added to the pic,[urgi.fferent offsets, i.e. the minimum value occurring
Furthermore, the image size can be changed by tigatige value written in the textbox for

the pixel’s size.
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3.3.3 “SpectraVue”

The FUNcube in contrast provides other kind of paterefore its evaluation requires a
different program. For this purpose, the officidlNicube website can be found, providing
several documents such as information about the dalb#l itself, possible applications and
helpful programs. Among these recommendations

was a link for the freeware “SpectraVue”.

It is used for transforming digital data into a
frequency domain spectrum. Wave files, data from
a soundcard or SDRs software defined receivers,
like the FUNcube Dongle, are read in and after
submitting a FFT, dast Fourier transformation
displayed in different possible ways [16].
According to Fourier’s theory, every function can
be expressed as a sum of sine and cosine functiopia._ 64: The operating principle of “Spectravue”
If a program performs a FFT, it calculates thél6. Fig. 1]

frequency and amplitude of harmonic oscillationat thave

to be superposed to form the incoming signal [%].dBing

so, the incoming signal’s frequency spectrum, tieldaude

as a function of the frequency, can be issued.

Before using “SpectraVue” the first time with thelRcube
Dongle, the “SoundCard Input Setup” window has & bh

. Fig. 65: a) a wave and b) the waves
opened. There the current soundcard that is reela®uto  found by a FFT that must be superposed

be changed to “FunCube Dongle V0.0”. This windc EJ_O;TQTE approximation c) [5, p-116,

provides also further presets, covering
among others the sample rate that in
case of the FUNcube is 96000 Hz, and
the centre frequency. The latter is the
frequency that will later be shown in
the analysis spectrum in the middle of
the screen (Fig. 66). The next step that
has to be made is to assess the settings
for the data output. Opening “Data

Output Selection”, it can be chosenFig. 66: “SpectraVue “showing the raw data received
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between different recording modes. It can be chobetween a 30 minutes lasting
measurement with manual set adjustments or sepezakt proposals. The program is also
able to demodulate the incoming signal, i.e. makaudible by transmitting a transformed
version to the computer’s soundcard. Hence, theigegd combo box should be assigned with
the right appliance. Further adjustments can beemadthe “General Program Setup”
window, covering mainly settings concerning theptiig. All these presets can be saved as an
initialising file within the “File” window [17].

By pressing the “Record’-button or the F12 key,ording is started; the screen shows a
picture similar to Fig. 66. “SpectraVue” providesveral different options for visualising the
analysis results, selected by clicking at one eftdb pages below the screen (Fig. 66). The
first provides a line showing the raw data per tumé, the second the FFT’s result as a graph
depicting the amplitude as a function of the frequye Frequencies of high amplitude are
thereby highlighted by coloured marks. By clicking the third tab page such a graph is
shown as well, but instead of being overwritter® ldst graph is shifted up and to the right,
resulting in a 3D plot. The “waterfall” tab pagesntbine information about all three items
mentioned in one continually complemented pictwkere time and frequency are the axis
and the amplitude is depicted in false colour. Gsapnd such a waterfall can be shown at the
same time within the tab page “Combo”. “ContinuudiSplays the total power of the entire
frequency span versus time. To gain better reseilgs,with a lower signal offset or less noise,
additional different settings can be made. As an®le, the “SDR-IP Setup” provides some

possibilities to give further information about ttezeiver used.

The analysis results can not only be displayed alsg saved as a graphic file of .jpeg, .bmp
or .png format, or as a comma-separated text @ildaning the frequency, the corresponding
amplitude and if desired a time stamp. The lattevides a possibility to combine the self-
built telescope and this kind of evaluation eleaito The measuring file would be gained as
described by the self-written programs, but theueslfor the signal’s strength could be
replaced by the data received and processed watlrtiNcube according to the time stamp
contained in both files. For this purpose an addal program to process the different files

and merge their data would have to be written [16].

4 Measurements

The aim of this project was to build a working @delescope that is able to receive the

emissions of sufficient strong sources. To find dbe possible limitations, several
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measurements were made, first of television stds|liater of the sun and it was even tried to

detect the radio rays reflected by the moon.

The measurement’s execution was thereby similatyduae. The rotary plate was positioned
at a place that offers a free view to the arednefsky to be observed. Using the spirit-levels
and the adjustable feet below the plate, the cocistn was levelled horizontally. At the
measurement station the reflector was moved toctidration position and the offsets
determined by using the compass and the protraétiterwards, as already described,

automatic scans of several parts of the sky werema

4.1 The satellites

Before trying to measure the emissions of any tialdsody, the construction, the electronics
as well as the programs used had to ascertainhtaiare working together correctly. For this
purpose, a strong source with known coordinatesitiagmwaves within the range detectable
by the LNB, was needed. Because of the latter beeiregeiver for satellite television, the idea
to use a television satellite as test source wasoob. The place of the measurements
providing the freest view in the southern directitime only satellites that could first be
detected were the Astra 1 group located at 158hath and 29.2° elevation. So, the Astra
satellite was targeted during the process of dgwaipthe telescopes parts several times and

often ahead of a measurement for correcting treetsf

Fig. 67 shows the very first picture that was gdineith the

construction, an image of Astra. Because the prodnast scanned

line by line in horizontal direction and did not oduce a

reproducible movement at the end of every line,piceure looks a

bit fuzzy. Therefore, it was necessary to change dnder of

movements. The elevation movement being more rejpibke; Fig. 67: First wave
now one vertical line is scanned before moving

one step in azimuth. Afterwards, the image

shows a much improved picture (Fig. 68). Being

now able to obtain reproducible results, further

functions of the program could be tested, Fig. 68: The four Astra satellites
e.g. the influence of the used step size. AR) b)

shown in Fig. 69, similar to a digital

camera, the picture becomes the sharper,

the higher the number of pixels. So, Fig. 69: Images of Astra 1 made with a) 1° and b)
0.5° step siz
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measurements with a small step size might requimglaer amount of time, but in return the

results are giving more evidence.

As mentioned in chapter “2.2.2 The angular resofttthe telescopes resolution is always of
interest for the observer. To determine the opeaimgle, the reflector was moved until the
image on the TV screen was clear. Then one directias altered until the first position,
where the image disappeared in the background .nBisenoving the reflector back until the
image reappeared a further to the opposite vehngeppening angle could be determined. The
result was approximately 3° for both directionse thalue that is normally assumed by
television dishes [18]. For a mathematical veriiima formula (39) is used

a= 122L
d
Using a parabolic reflector with a diameter of 0Mi0at an observed wavelength between

0.0235 m (12.75 GHz) and 0.028 (10.70 GHz) leads to

Da = 1220'0235» 0.0410
0.7C

Da = 1220'0280» 0.0488
0.7C

These values are given in radian, converted inededgine result is 2.3° respectively 2.8°.
Within the precision achievable with the compassl déne protractor these values are

agreeable to the measured one of 3°.

To determine the probable influence
of the direction of polarisation, one
scan of the complete possible range
was made for each direction. The
result is shown in Fig. 70. Although
the pictures seem to differ

significantly on first sight, it has to

Fig. 70: A of the complete possible area (125220° azimuth
and 17,5° to 41,5° elevation) with the settingdpwertical

about 8 hours to make such a scarfnd b) horizontal polarisation

Because of being acquired one immediately afterother, the first measurement took place

be mentioned that it takes round

during daylight, while the second measurement watesl in the night, at 9.54 pm on a day
in December. According to formula (29), the tempa®is direct proportional to the noise.
Therefore, due to the fact that the constructios placed in the outside at night for several
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hours, the low ambient temperature has reducedhdfse within the electric components as
well as in the outside itself. As a result, in $econd picture even some structures in the
background can be seen, which are reflectionse#str

The same measurement

was started a third time

one month later, this

time with an additional

LNA with an

amplification of 20 dB

between the LNB and Fig. 71: A complete scan with one additional LNAwWmMg Astra again (red) and
the receiver. The result further geostationary satellites

is shown in Fig. 71. Again the reflections of tressl the satellites of the Astra group are

visible, but in addition al lot of further satedl#g which seem to be located on a circular arc.

Satellites to be used for TV-communication mustehaviixed celestial position, in order to
use receiving dishes mounted in a certain directBuch satellites are called geostationary.
After having been send into space, two main foioflsence the satellites position: First,
because of still being near to the earth, the tawnal forceFs which is

Mg XMg
r

Fe =9 (47)

wheremg is the satellite’s masgsy the earth’ oner, the distance between there centres and
3

the gravitational constant (approximatedy 6.673&0‘11%). This force is in every case
g>xs

attractive. Therefore, the satellite would fall dow earth immediately. This is not the case in
reality, because the satellite is moving around ¢hgh. Its orbit can be supposed to be
circular, as a result a centripetal fof€g also affects the satellite, thereby it represdmes

second force that is opposed to the gravitational dt can be expressed by
Fo =m x/ x (48) [5]

wherew? is the satellites angular velocity. To prevent sagellite from departing as well as
from approaching the earth, both forces must baletperefore to find the only radiughat
allows that, both formulas equated with each o#imet afterwards rearrangedrtahat yields

to a distance of approximately 35 800 km betweendéarth’ surface and the satellite. So
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every one of the depicted satellites has the sdstande to the earth’ surface, the apparent

arc is the consequence.

4.2 The sun

Having tested whether all components are workiraperly, the next aim was to measure the

emissions of a natural radio source, more spetiifidhe sun’s.

For this purpose, a little mirror was fixed on tharabolic reflector’s surface. It is small
enough to not to disturb the incoming waves, buteflects the sun’s beams as well.
Therefore, if the sun’s position is

reached by the reflector, a small

point of light is visible on the

LNB’s covering. In addition, the

program “CyberSky”, simulating

the starlit sky to any arbitrary

time at every place, was used to

list the sun’s coordinates during

the estimated time of

measurement. The sun reaches itgig' 72: A screenshot of “CyberSky”

highest position during the day in

the south around noon, achieving an elevationthess 20° during January 31Hence, to be
sure, that the sun might not be covered by anyacles, first trials to

measure it were made at 12.50 pm respectively 12m80Within a

quarter of an hour, the sun moves 15°, so movirgg ahimuth is

redundant. Its presets were adjusted to producesmowement,

whereas the elevation was changed within the cdampb®ssible

Fig. 73: An example for a

range. Nevertheless, all these measurements legstdts similar t0 ¢ icq measurement

Fig. 73.

The sun could not be detected until an additional

LNA was used (Fig. 74). The elliptical shape is a

result of the sun’s movement towards west, while

the changing of the azimuth’s angle was about ten

times faster. However, this stretched shape &i. 74: The result of two measurements
started one after another

well as the fact that the source moved relative fas

towards west indicates, that the detected objeatisally the sun. Due to the reflection of
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sunlight in the blank rod that holds the LNB, aeamith a higher signal occurred in the
lower right part of the image. This reflection wast detected before, because the sunlight’s
angles of incidence on the reflector changed wthidesun moved. That is why the sun seems
to be emitting a weaker signal, visible at the darled, at 11.55 pm.

To ascertain that it really was the lesser seriitiiat caused the first measurement’s failure

the same area was scanned again without the LIsaltireg in a picture like Fig. 73.

4.3 The moon

Having access to two other LNAs, the sensitivitysviiather increased by connecting them to
the telescope, in the hope to be able to deteatrtiissions of the next strong source after the
sun: the moon.

To be precise, the moon is no emitter, but a

reflector for the waves emitted by the sun.

Therefore, the highest chance for detecting its

signals is a night of full moon. Fig. 75: Result of the first trial, in the right ga
The first trail made at the usual measurinéjhe Astra satellites are visible

place in February resulted in Fig. 75. In the rightt, the Astra satellites are visible, but the
moon’s signal perished in the strong reflectiona tree.

Therefore, the next trial was made at a differdatgy where a free view to the east was
provided several weeks later. In spite of measuinng night of full moon and clear sky, the
arising picture showed no significant source. Meegzpduring the measurement a part of the
power supply unit broke, therefore it had to berntpted.

Due to the changed position of the moon in Apadl, the last trial the usual measuring place
was relocated to a position that allows a free viethe west.

At this time, 53% of the part of the moon’s surfdbat is visible from earth was lit by the
sun. First, to be sure, that no other sourcesrthishe measurements, a complete scan of the
area was made. The result offered no big disturbmgce but further satellites, so the arc of
geostationary satellites

could be complemented

(Fig. 76). Furthermore,

these satellites provided

additional  points  of Fig. 76: A complete depiction of all satellites thgere detected

reference on the earlier

measurements. Nevertheless, despite scanning b&weza, the measurement resulted again
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in no detection of the moon (Fig. 77), where theomshould have to be visible in the right
half.

There are several reasons
possible. First, as depicted in
Fig. 12, the moon is distinctly

weaker than the sun, so even the

Fig. 77. The result of the westwards directed meament, the

usage of two LNAs might not source in the left part is the satellite at thehigend of the arc

lead to a sensitivity high enough

to detect its radiation. Second, the last trial mifurthermore have failed because the
reflected intensity was too small. Another reasould be the high amplification of the LNAs
having enhanced the background noise at such @eletyat the moon’s signal was overcast

by this noise.

4.4 Measurements with the cross dipole

Because of a very friendly donation from the Maasiek-Institute in Bonn, the “Jugend
Forscht” study group owns a cross dipole constcuébe measuring the 21.1 cm-hydrogen
line (Fig. 21). Albeit, a suitable reflector thabwd be able to detect these emissions does not

still exist, some other measurements could alrégdgone with it.

As depicted in Fig. 78, for this purpose the
power supply unit (1), the FUNcube (2) and at
least one LNA (3) for amplifying the signals are
needed. The latter is necessary because the
normally used parabolic reflector is too small to
focus the radiation for the cross dipole, therefore

the measurements must be done without it. The
Fig. 78: measuring arrangement for the cross dipole

only wave guide is in this case the feedhorn (
that similar to the LNB’s focuses

the waves on the dipoles.
Furthermore, their shape prevents

disturbing currents caused by
electromagnetic induction in the

metal from occurring.

Fig. 79: Analysis of a WLAN transponder’s signathithe
“Continuum” mode



Julia Bienert: Radio astronomy with a self-buildia telescope -53 -

For example, using this special antenna was a gotiod to test the FUNcube and the basic

functions of “SpectraVue”.

The FUNcube covers a larger range ofa

frequencies; hence a simpler detectable source

than the satellites could be used for this

purpose, a transmitting mobile or better a

WLAN transponder. The latter is not emitting

continuously, but only during special actions,

e.g. if a browser window on a laptop is updatedd

as visible in Fig. 79. To analyse the exchanged

signals, the “Continuum” mode, was used, i.e.

the program visualises the signal's amplitude

within the set frequency range versus the time.

Thereby this mode functions as power meteg;y go: The “3D plot” mode depicting a) no and
depicting clearly the difference between nd) e transponders emission

signal at the beginning (left part) and the tramgj®’s emission (right part).

As already described, another way to combine infdion about time, frequency and the
amplitude that corresponds to them is the “3D plodde (Fig. 80). To gain information
about the amplitude of a distinct

frequency, i.e. to see the

complete result of the FFT, the

“Waterfall” respectively the

“Combo” mode is more likely

(Fig. 81).

In this way the emissions of sun
could also be detected, simply
by pointing the cross dipole on

yp 9 b Fig. 81: The “Combo” mode showing the analysed daitn false
it, but the corresponding data colours, the bright line depicts the transpondesignal a centre

frequency of 48 MHz
were not saved.

5 Results

The evaluation of all these measurements revealedorder of radio sources that can be
detected with the self-built radio telescope, amdhiermore different aspects that have to be

considered.
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5.1 Influencing factors

As the measurements showed, several factors ctremce the results gained by a radio
telescope, mainly divided in ambient conditions grdblems concerning the telescopes

components themselves.

As already hinted, e.g. in chapter “4.1 The sassdliwhile commenting Fig. 70, the ambient
temperature can change the telescope’s sensitistinctly by influencing its component’s
noise. A refrigeration of the electronically compots is therefore standard among bigger
telescopes, but the effect was also already detemitehe self-built one. Nevertheless, the
relation between temperature and noise, respegtikadiation, can also have negative
consequences. Objects with a high temperature sepresources of disturbance, therefore it
has to be ascertained, that no hot items are plaeadthe LNB or in its viewing direction.
The same is of course valid for sources emittindioravaves purposely, e.g. WLAN
transponders. The higher the telescope’s sengittvie more tend other celestial bodies to be
disturbing noises. For that reason, radio astronalmbbservations, e.g. with the 100 m-
telescope in Effelsberg are mostly made at nightprevent the sun from falsifying the
measurements results. Another important factoeilection. For further measurements the
rod holding the LNB was wrapped in a black spirakdy to reduce the radiation that is
reflected in it. By holding ones hand in front bEtLNB during an observation of the sun, the
heat focussed there by the dish can be detectedustog bigger reflectors it would be
necessary to cover its surface with something abgbrbs the infrared rays, maybe a black
foil.

The components used for the telescope itself arwesal for the measurement’s results as
the surroundings. As already mentioned, the recelgtermines the range of frequencies that
can be observed, while the parabolic reflectorrefithe angular resolution and in some way
the border of the weakest signal that can be dmdebecause a bigger reflector of course can
focus more radiation. The direction of polarisatwes not crucial for detections with the self-

built one, but it is useful to distinguish betwehba different kinds of sources.

The evaluation electronics determine the infornrmatimat can be won from the received data,
e.g. whether just its strength is found out, opmplete picture for the spectral distribution is
gained. In the case of the self-built radio telpscat is the satellite finder that has to be
mentioned, because of the adjustment for its deitginot being definitely reproducible.

Therefore the accurate minimal value for the sigisadifferent in every measurement.

Nevertheless, it determines the accuracy of theegaresults. If its sensitivity is too small,
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weaker emissions cannot be detected, neverthéhesbackground noise and a source cannot
be distinguished if the sensitivity is too high.nde, it is adjusted at a value that assigns a
pointer deflection to the second scale divisionhi® free sky. Thereby, the resulting picture
showed mostly enough details while the strongestces measured, the satellites, did not
cause an overflow. In contrast, the LNA overdrdwe satellite finder if its sensitivity was not
set near the lowest possible value while measuhegsatellites. Two of them can only be
used together with the attenuator; otherwise tlgmadis offset was too high. So, the
telescope’s sensitivity and the method used forsméag the signals strength have to match

otherwise it cannot be used properly.

5.2 Calculation of received power and voltage

As described within the elevation electronic a agé corresponding to the received signal is
produced. This voltage’s strength could be caledldiefore to create own ore alter existing
evaluation circuits, if the received power is knownaddition, if the relation between both is

known, it would be possible to draw conclusiongrfrthe voltage measured to the source’s

transmission power.

As the letters in the brackets indicate, thesestame not given in their normally used Sl-unit,
but indB respectivelydBW. Generally while talking about amplification antleauation, it is

more comfortable to use this unit.
An amplificationn of for example a power is normally expressed by

P t
o 49
b (49)

n

n=

where R, is the incoming signal and,fthe power after the amplification with the factor

Hence, amplifications or attenuations require rplittations or divisions. To ease those

calculations the transformation in dB can be made b

n(dB) =104g % (50)
As a consequence, to calculate an amplificatiamstgnal’s value in dB and the amplification
factor in dB can be added or subtracted. To trarsfetem from its Sl-unit value into a dB
value, the same operation as depicted in formiagBe made. The fraction’s denominator
would in this case be a reference with the valuethe item’s unit [19]. As an example, a
voltage V of 5 V would equal
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V(dB)=10%g % »107dB

Of course a division with 1 does not change theealithin the brackets, but contrary to
maths, in physics the item’s units are as welltemitin a formula. Nevertheless, mathematical
operations like logarithms cannot be applied tdsyniriting “the logarithm of volt” would
make no sense in reality. By division with 1 V tirets can be cancelled, thereby the

bracket’s content turns into a number without aniy.u

For powers the denominator would usually be 1 mW for the items used in formula (53) 1

W was used.
For this purpose, first the reflector’s g&is calculated. It is defined by

G=h>D (51) [3]
whereh is the reflectors efficiency aridl the so calledlirectivity. The latter is given by

D=2 p (52)
wherel is the wavelength observed, aAgthe effective aperture of the reflector. Between
both and théveam solid angl&V exists the relation

/7 =AW (53) [3]

The beam solid angle is approximately the arithenptoduct of the horizontal and vertical
opening angle given in radian; therefore it is give steradian, i.e. rAddCombining all three

formulas yields to

G=hxP (54)
W
or
G(dB) =104g ><4Wp (55)

The aerial’'s efficiency corresponds to the ohmgsés, it can be assumed to have a value of
1. Thereby of course a strong approximation is madeit eases the calculations now. The

result has to be regarded as an upper limit value.
The received powd?(dBW)can then be calculated by

P(dBW) = G(dB) + EIRP(dBW) - A(dB) (56) [20]
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where EIRP(dB) is theeffective isotropic radiated powethe power that an isotropic, i.e.
uniformly in every direction sending, emitter hate transmit to gain the same radiation
intensity as an emitter transmitting with an aeuath the gain G. The Astra satellite for
example has an EIRP of round about 50 AglB) is a value for the losses that occur while a

wave is transmitted from an emitter to the receiver

The third item of formula (53), the signal’s losses combination of the so cdike space
lossFSL, caused by the distance between receiver mittee and an arbitrary value between
1dB up to a maximum of 10 dB, representing facliues the weather, i.e. as an example the
strength of the cloud cover.

The FSL can be calculated by

2
FSL(dB)=104g 1 (57

According to logarithm’s laws this can also be tentas

FSL(B)=204g 2 (58

Because of the relation between a wavelength dretjaency this equals

4 rf

FSL(dB)= 20xg (59)

This can be further rewritten to approximately

FSL(dB)= 204g —+" fm (60)
3X0° —
S
FSL(dB)= 20 4 1 (61)
9 0340 mAC° s
FSL(AB) = 204g 2 +20Mg —— +1g —' (62)
0.3 10°m 10°s*

FSL(dB)) = 204g % +20Ag(n)[km +Ig(f)[MHz]  (63) [20]

Being located as already mentioned at a geostasianait, the Astra satellite has a distance
of approximately 36 000 km above the equator. Needgss, measured from another place at
the earth surface, this value would be differers.a®result of geometrical considerations, the
distance between the satellite and an observetr°’dabtude can assumed to be 37 700 km.
Emitting at an average frequency of 11.7 GHz, AstfSL would be round about 205.3 dB.
Measurred by an aerial with the g&n
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G=104g — P ,366dB
0.0524ad

the power received yields according formula (54) to
P(dBW)=36.6 dB+50 dBW- (2053 dB+2 dB)=- 120.7dB

with an additional loss of 2 dB. According to aanmangement of formula (Def dB) does this
corresponds to a power of 0.85 pW. Between a péveard a voltag®/ exist the relation

V =+vPxR (64)
where in this caseR has a value of 50V due to the cables and amplifiers’ impedances.

Therefore, the voltage corresponding to the recepaver is round about 6.5 pV.

6 Conclusions and possible modifications

The aim of this project was to demonstrate thedoasnciples of a radio telescope by means
of a self-built one. The construction can be useddmonstrate the components needed and
the factors that could influence a measurementusyg relative simple and low cost parts,
observations of several geostationary satellitespassible. Furthermore, with an additional
LNA even the sun’s radio emissions could be detectd the moment the measurement of
sources weaker than the sun, like the moon, arepoesible. Despite the cross dipole
delivering the best results at the frequency it s@sstructed for, some other emissions could
be studied with it.

Nevertheless, different improvements can be acliéyesome alterations of the components
used. First of all, to gain a better angular retsotua larger parabolic reflector should be used.
This would also increase weak signals so far, ttheyf can be detected and processed with the
evaluation electronic.

Using a LNB, one possible alteration of the lattas already described in chapter “3.2.1 The
satellite finder”: A self-built arrangement thatcals using the satellite finder's absolute
signal. Thereby the strength of different sourcesla be compared independent from the
actual gain setting.

For measuring at other wavelengths, the componeosained in the LNB have to be
constructed anew, covering in especially filtersl amxers. A spectrum analyser could then
be used to create frequency spectra basing orathegdined.

To improve the programs used, as described aniaaaitfunction for processing the data that
were analysed by “SpectraVue” could be added aadythphic representation adapted to it.
Furthermore, the controlling program could be invye to allow converting equatorial to

horizontal coordinates.
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By altering the way the reflector is moved, e.gnstoucting a different kind of connection
between the plate and the motors, the telescopkl dmidriven to any arbitrary position
without manual interventions of the observer. Femtore, to study the emissions of a
moving source during a longer interval, an autooadliy tracking could be added, but this

would require a possibility to calculate a celddi@dy’s orbit.
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8 Tools

Several programs were used in the scope of thjegqirdAs already mentioned, the programs
were written with “Visual Basic 6.0”. “EagleWin%ia program that provides the creation of
circuit diagrams, therefore it was used for thesonequired by the self-built appliances.
During the measurements the position of the sunthedmoon was determined with the
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simulation program CyberSky and “Microsoft Officexdel 2007” to find the function
parameters as needed for the control program. dduement was written with the according
“Word” version. Pictures used within it were eitltrawn with “CorelDraw 12.0” or taken as
screenshots with the “Windows snipping tool” antelaon processed with “Corel Photo
Paint” or “ACDsee 3.0".
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Appendix I: Circuit diagram of the control unit
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Appendix II: Circuit diagram of the motors’ control
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Appendix IlI: Circuit diagram of the modified satel lite finder
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Appendix IV: Circuit diagram of the power supply unit
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Appendix V: Possible measurement setups (SAT-LNB)
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Appendix V: Possible measurement setups (cross digd



