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Experiment 36 – Extraterrestrial microwaves 

 
 
Place :   ML-laboratory, lab at the end of the flig ht-time tunnel 

Meeting place : Main entrance of the physics depart ment (9.00 o’clock) 

Tutor :   Mr. Hagn, Phys.-Dep. E 15, Tel.: 289-1251 8, Room-No. 2362 

 

 
1) Course of the experiment 

The experiment provides an introduction to the meas uring techniques of radio astronomy. The radio 

signals (at a wavelength of about 18 cm) of the Sun  and the “milky way” are measured. From such 

measurements the flux and the radiation temperature  of these sources are calculated. Calibration of 

the equipment (the amplifier characteristics – nois e temperature – are determined) will be carried out  

with the hot-cold-measurement method. The radiated power of the weather satellite Meteosat is 

determined via a power comparison measurement. 

 
2) Physical terms 

Emission and absorption of electromagnetic waves in  the range of microwaves, wave propagation, 

Planck’s law, Rayleigh-Jeans’s law, Nyquist theorem , generation mechanisms of electromagnetic 

waves in nature. 

 
3) Equipment and measuring technique 

Parabolic antenna 1.75m ∅, RF amplifier, frequency converter, demodulator, s pectrum analyzer, 

impedance, attenuation are explained in detail duri ng the course of the experiment. 

 
4) Remarks concerning the course of the experiment 

Before carrying out the experiment the height of th e Sun above the horizon as well as azimuth and 

height of the weather satellite Meteosat have to be  calculated. Some knowledge of electronics is of 

advantage, but not necessary. 

 
5) Since the experiment takes place partially outsi de of the building, weatherproof 

clothing won’t harm. 

 
6) Please note that we have to start at 9:00 o’cloc k in order to finish the exercises in time. 
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Experiment 36 

 

Extraterrestrial microwaves 

 

1. Historical review, motivation, aims 

 

The discovery of electromagnetic waves 

 

As in most areas of physics theory was ahead of exp eriments: When in 1864 the Englishman James 

Clerk Maxwell described the laws of electrodynamics  by the equations named after him, experimental 

physics was still far from being able to confirm th ese phenomena by measurements. Not until 1887 

Heinrich Hertz succeeded in confirming Maxwell’s th oughts by impressive experiments: The 

propagation of electromagnetic waves in empty space  was proven. At this point in time the search for 

possibilities to transfer messages via the propagat ion of electromagnetic waves began. 

 

The first transmissions with short waves 

 

It was the Italian Guglielmo Marchese Marconi, who dared to do the decisive step on this search in 

1901 and tried to transfer a message from Poldhu (C ornwall) to St. Johns (Newfoundland), although at 

that time the reach of electromagnetic waves was ge nerally still believed to be limited to the range o f 

sight. The attempt succeeded. The discovery of the potential for the world-wide transmittance of 

information, which lies in the propagation of elect romagnetic waves, is due to his intuition concernin g 

technical-physical possibilities. The transfer of a  message over the Atlantic was the date of birth of  

short wave communication and this happened at a poi nt in time, when the mechanism of this kind of 

wave propagation over the horizon was still unknown . 

 

The discovery of the ionosphere 

 

In 1902 the Englishman Oliver Heaviside and the Ame rican Arthur Kennelly, studying properties of 

wave propagation, independently came to the conclus ion that there exists a reflecting layer in the 

Earth’s atmosphere, which has later been named Kenn elly-Heaviside-layer. This reflecting layer, the 

ionosphere, was experimentally confirmed in 1924 by  the Englishman Edward Appleton when 

measuring the angle by which a radio wave is reflec ted. In this way one was able to conclude, that 

there is a reflecting layer in a height of about 17 0 km: the “sky wave” was experimentally proven. He 

detected further properties of the ionosphere: An e lectron concentration of 105 per cubic centimetre, 

an elliptic polarisation of the waves and a diminis hed wave propagation due to the superposition of sk y 

and ground wave. 

The ground wave propagation of electromagnetic wave s takes place along the Earth’s surface; it is 

largely determined by the dielectric properties of the Earth’s surface and by the territory formation.  In 

the following years Breit and Tuve have worked out their echo logging method, which allowed to 

explore fundamental properties of the ionosphere. T hus they found, that the ionosphere reflects radio 
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waves only up to an upper frequency limit depending  upon time of the day and year, that fading 

appears also with pure sky wave propagation and tha t the electron density in the ionosphere varies 

more discontinuously than described by simple physi cal models. 

 

Solar activity, number of sunspots and degree of io nisation 

 

The analysis of the reflection performance of the i onosphere revealed its dependence upon time of the 

day and year; thus it was reasonable to assume that  the reflection properties of the atmosphere are 

influenced by the solar activity. This conclusion w as confirmed by studies of the reflection propertie s 

during a solar eclipse in 1927. Soon thereafter the  following model for the reflection performance of 

the atmosphere emerged: The top layers of the Earth ’s atmosphere are partially ionized by the 

influence of the solar activity. Besides UV-radiati on and X-rays also the particle radiation, the so-c alled 

solar wind, causes ionization. This ionized layer, respectively the ionized layers, reflect the 

electromagnetic waves. 

However, the reflection properties of the ionospher e are not constant in time. Although it was obvious  

to suspect a variation of the solar activity with t ime, it took a fairly long time until the processes  were 

better understood and a correlation between the sol ar activity and the number of sunspots was found. 

The observation of the Sun’s surface led to intensi ve studies of the behaviour of the sunspots. 

The sunspots were already known to the Chinese a fe w thousand years ago. Also Galileo Galilei had 

seen them with his telescope and described them ver y accurately: He believed them to arise 

constantly, to vanish with different velocities and  to follow the rotation of the Sun with a circulati on time 

of 27 days. After ideas about the nature of the sun spots, partially quite adventuresome, had been 

published in the 18 th and 19th centuries, in 1908 Dr. George E. Hale, using a spe ctroheliograph, 

succeeded to prove that the sunspots were actually huge gas whirls. 

A German hobby astronomer, the chemist Heinrich S. Schwabe from Dessau, discovered the sunspot 

cycle in the middle of the 19 th century by regularly determining the number of sun spots for a long 

period of time (see Fig. 1). From 1849 to 1981 the “Zürich relative sunspot number” was daily 

determined and published by the Sun observatory of Zürich. The relative sunspot number was defined 

by Rudolph Wolf, then director of the observatory, via the following equation: 

 

R = k ( 10 g + f ) 

 

with:   R = relative sunspot number 

   g = number of sunspot groups 

   f = number of sunspots 

   k = correction factor for the measuring instrume nts used 

 

Since 1st of January 1981 the SIDC, the sunspot-index data c entre, in Belgium is responsible for this 

job. Around 1930 due to careful observations Dr. Ed ison Pettit of the Mount Wilson observatory was 

able to find the correlation between the UV-radiati on (and the electron density in the ionosphere) and  

the relative sunspot number. In 1924 Pettit started  measuring the intensity of the UV-radiation every 
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day. From 1924 to 1928 he found the relative sunspo t number to increase as continuously as the 

intensity of the UV-radiation; from 1928 on the dec rease of the intensity was coupled to a decrease of  

the relative sunspot number. These and similar resu lts allowed the conclusion, that the intensity of t he 

UV-radiation emitted by the Sun was proportional to  the relative number of sunspots. 

 

 

 

The beginning of intensive short wave communication  

 

Around 1930, the properties of short wave propagati on were sufficiently investigated to use it as a 

technical communication medium. That’s why in this time a boom in the development of devices for 

long distance communication and also an intensive e xploration of related phenomena took place. 

In 1932, on the occasion of such investigations at the US-Bell-Laboratories,  K. G. Jansky discovered 

electromagnetic radiation from the centre of our ga laxy (in the range of 15 MHz). 

However, G. Reber’s measurements concerning the dis tribution of the radio signals at λ = 1.8m in the 

sky, which he performed with a big parabolic reflec tor (10m) during the years 1939 – 1944, were the 

first to convince astronomers of the existence of t his phenomenon. From 1939 on, with the 

development of radar the search for radio sources i n the range of dm and cm became possible. The 
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radiometer developed by R. H. Dicke in 1946 present ed a further, essential contribution to the 

observation of radio signals. The discovery of the spectral line of hydrogen and of the nitrogen radic al 

was a stimulant to enlarge the measurements to the range of mm and below. 

 

2. Basics 

 

2. 1 Astronomical coordinate systems 

 

As we observe the objects in the sky from the Earth  rotating around its own axis it is necessary to 

introduce appropriate coordinate systems. 

Hint: Look at fig. 2, in particular, and try to qua litatively make clear to yourself the situation at the sky. 

 

• The horizon system 

 
 
Fig. 2: The horizon system: The celestial globe, th e horizon with north, east, south and west points. 

The (sky) meridian passes through north point, pole , zenith, south point and nadir. – Coordinates: 

height and azimuth. 

 

Keep in mind that we observe the sky from a certain  point on the Earth given by its longitude and 

latitude (Garching lo = 11.6°, la = 48.2°). For thi s point on Earth the so-called horizon system can b e 
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used. In doing so the direction in which an object in the sky appears is given by the two angles 

azimuth and height. The ground plane of this system  is the horizon plane of the observer. The zenith 

is perpendicular above the observer. The direction south-north is defined by a great circle through th e 

(sky) pole (direction of the rotation axis of the E arth) and the zenith. This great circle is called l ocal 

meridian. In order to determine the coordinates azi muth and height of an object (star) in the sky the 

great circle passing through the zenith and the obj ect is essential. Then the height is the angle 

between the horizon plane and the object (star). Th e azimuth indicates the angle between the 

southward direction and the great circle, which inc ludes the object in the sky, along the horizon plan e 

(see fig. 2). 

This coordinate system is easy to use and of intere st for radio telescopes, as, due to their dimension  

and weight, they are mounted in a way that azimuth and height can be adjusted directly (rotation 

around a vertical and a horizontal axis). Our anten na is mounted in that way, too. 

 

• The equatorial system 

In order to easily compensate the rotation of the E arth around its own axis the equatorial system is 

normally used for astronomical observations and for  tabulating positions of objects in the sky (fig. 3 ). 

In this system, the equator of the sky is the groun d plane (extension of the equator of the Earth to t he 

fictitious celestial sphere). The northern resp. so uthern pole of the sky are perpendicular above resp . 

below this ground plane. In this coordinate system the position of an object (star) in the sky is 

determined by the two angles, right ascension (RA) and declination (δ). The right ascension is 

measured along the equator of the sky, considering the great circle including the object and the poles  

of the sky (hour circle of the star, fig. 3). The z ero-point of the right ascension angle is the posit ion of 

the Sun, when, in spring,  it changes from the Sout h to the North side of the equator of the sky on it s 

fictitious path among the fixed stars generated by the revolution of the Earth around the Sun (point o f 

intersection: ecliptic (= fictitious path) – equato r of the sky). This point is called vernal equinox or Aries 

point (it used to be in this zodiac sign). The decl ination (δ) indicates the angle of the object below or 

above the equator ( -90° < δ < 90°). 

After the zero-point of this system has been define d, all fixed stars can be tabulated with distinct 

coordinates in this coordinate system (RA, δ) (in order to take into account the remaining chan ges due 

to the precession of the axis of the Earth and poss ible peculiar (eigen) motions of the “fixed” stars,  the 

catalogues are regenerated every 50 years). 

In order to establish a relation to the point of ob servation and to its horizon system, which is also 

plotted in fig. 3, the term “local sidereal time” i s needed. This is the current angle between the loc al 

meridian and the vernal equinox. It is given in hou rs, minutes, …, and is equal to 0 h, if the vernal 

equinox is exactly in the South of the point of obs ervation. As our (civic) time is connected to the S un, 

which moves ahead of the fixed stars by about 4 min utes per day, the momentary local sidereal time 

has to be evaluated by calculation, with the help o f tables or by using a suitably set sidereal time 

clock; the longitude of the point of observation ha s to be known. 

If one desires to locate an object in the sky at a certain time, one needs its hour angle indicating h ow 

far one has to go along the equator of the sky in a  westward direction in order to cross the hour circ le 

of the star. In fig. 3 the following relation can b e seen: 
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Hour angle = sidereal time – right ascension RA 

 

Annotation: sidereal time = hour angle of the verna l equinox. 

 

 
 
Fig. 3: Equatorial system with the coordinates: rig ht ascension RA (distance Aries point ( γ)-hour circle 

of the star on the equator of the sky) and declinat ion δ. Hour angle t = sidereal time minus right 

ascension RA. Pole height = latitude. 

 

Most optical astronomic telescopes are mounted in a  way that one axis of rotation is parallel to the 

rotation axis of the Earth (parallactic mounting). The hour angle can be adjusted by rotating the 

telescope around this axis. The second axis is moun ted perpendicular to it and directly permits the 

adjustment of the telescope to the declination of t he object. 

• example: object at RA = 3h, 30min, δ = 40°, local sidereal time 6h 

This results in an hour angle of the object of t = 2h 30min. 

Using a parallactically mounted telescope it has to  be set, starting from the southern direction, to a n 

angle corresponding to 2h 30min, which means 37.5° to the west, and then, by rotation around the 

axis of declination, to 40° above the equator of th e sky. 
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• Objects in the solar system 

In the coordinate systems never more than two angle s appear because the finite extension of the 

Earth can be neglected for the distant objects in t he sky. This is true for the fixed stars and still for the 

planets and the Sun (not for Meteosat!).  Also for the fixed stars the annual motion of the Earth arou nd 

the Sun plays no role for practical observations (R A and δ virtually fixed, hence the name). For 

practical observations, in order to handle the comp licated fictitious paths of planets, comets etc. in  

front of the fixed stars arising from the combinati on of their eigen motion and the revolution of the 

Earth around the Sun, RA and δ of these objects are tabulated in compendia for ea ch year 

(ephemeris). 

• Conversion: Horizon – equatorial system (according to F. Becker, Einführung in die 

Astronomie, page 26ff). 

As our radio antenna, as mentioned before, is only adjustable in azimuth and height, we finally need 

the formulas to be able to adjust an object tabulat ed in RA and δ (-> t). Frequently used relations 

between the equatorial and horizontal coordinates c an be deduced from the spheric triangle, named 

astronomical or nautical triangle, with the corners : pole of the sky, zenith, star. With α meaning right 

ascension, ϑ sidereal time, t hour angle (given by t = ϑ - α), further δ the declination of the star, A its 

azimuth, z its distance from the zenith and ϕ the height above the pole, the application of the basic 

formulas of spheric trigonometry on the triangle me ntioned above leads to two groups of formulas for 

the transformation between the two coordinate syste ms 

 sin z sin A = cos δ sin t 

  cos z = sin ϕ sin δ + cos ϕ cos δ cos t 

- sin z cos A = cos ϕ sin δ - sin ϕ cos δ cos t 

and 

 cos δ sin t = sin z sin A 

   sin δ = sin ϕ cos z – cos ϕ sin z cos A 

 cos δ cos t = cos z cos ϕ + sin z sin ϕ cos A. 

 

 

2.2 Extraterrestrial sources of radiation 

 

Microwaves are in a frequency range from 1 GHz up t o 300 GHz, according to a wavelength range 

from 30 cm to 1 mm. The range of interest to us is restricted to the so-called radio window (fig. 4), in 

which the absorption of the electromagnetic waves b y the atmosphere of the Earth is negligible. 

Extraterrestrial sources of radiation may have a co ntinuous spectrum (synchrotron radiation, thermic 

radiation) or a discrete spectrum (e.g. the 21 cm H  line). The thermic radiation can be described by 

Planck’s law of radiation in the approximation ν << kT/h (Rayleigh-Jeans). 
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Fig. 4: Absorption of electromagnetic waves in the atmosphere 

 

This radio window allows the observation of extende d and point radio sources in the sky. The well-

known 3 K background radiation fills out the hole s ky isotropically. In the following we want to deal with 

sources standing well out of the 3 K background and  amongst them we restrict ourselves to the 

strongest radio sources. If you’re further interest ed in the methods and results of the vast field of 

modern radio astronomy, you’ll find additional lite rature in the library of the physics department. Us ing 

the equipment of the lab some objects quoted in fig . 5 can be observed. Fig. 5 shows spectra of these 

objects: the radio flux (in Jansky) reaching the Ea rth is plotted against the frequency (resp. wavelen gth 

at the top edge of the picture). Apart from these s ingle objects we can observe the band of our milky 

way in the radio range, too. The unit Jansky repres ents 10-26 W/(m²Hz). In table 1 further radio sources 

are listed together with their flux at λ = 20cm. The radio flux indicates the power (W) per  unit area (m 2) 

perpendicular to the direction of incidence and per  unit frequency interval (Hz) reaching Earth. The 

choice of the unit “Jansky” already tells you that very low radiation power has to be measured correct ly 

in the experiment. 
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Fig. 5: The flux of the most intensive sources as a  function of frequency. The vertical line at 1.7 GH z 

corresponds to our frequency of observation. 

 

 

2.3 About the devices 

 

• The parabolic antenna of the radio telescope 

As long as d >> λ (d is the diameter of the antenna), the resolution  of the reflector, i. e. the angular 

distance between the primary maximum and the first diffraction minimum, is given by 
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P0 = 1.22 * d (rad) ≅ 70 * λ/d (°). 

In radio astronomy, often the beam width, i. e. the  distance between two opposing points at which the 

measured power has fallen to half of its maximum va lue, is given instead of the resolution of the 

reflector. The beam width is 

2 * p1/2 = 1.03 * d (rad) ≅ 59 * λ/d (°). 

 

 
 

• The electronic setup 

From the parabolic reflector (1.75 m diameter) the radio signal goes via a circular wave guide, a cabl e 

of 1 m length with low attenuation (Fa. Andrews) an d a circulator to a low-noise GaAs-FET 

preamplifier. Then a further amplifier follows, fro m which the signal is brought into the measuring 

room. Having passed through a high-pass filter and a power divider the signal is given to a frequency 

converter via an RF-relay. This frequency converter  “converts” the input frequency range 1675 – 1700 

MHz to the range 121.5 – 146.5 MHz. In the so-calle d “Meteosat branch” the frequency 137.5 MHz 

(band width 30 kHz) is filtered out. The “astronomy  branch” works at about 127 MHz (band width 1.5 

MHz). Further explanations will be given when the e xperiment is performed. 
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block diagram of the electronic assembly 
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3. Tasks 

 

Notice: Tasks 1 and 2 are to be done before the day  of the experiment 

 

Task 1: Calculate azimuth and height of the Meteosa t-satellite! This satellite is geostationary above 0. 

degree of longitude. 

Annotation: Garching: lo = 11.6° (eastern longitude ), la 48.2° (northern latitude). 

 

Task 2: Calculate height and point in time (MEZ) of  the Sun passing in front of the antenna on the day  

of your experiment! 

Annotation for task 2: You can take (with interpola tion) the right ascension and declination of the Su n 

on the day of your experiment from the table in the  appendix. You have calculated the azimuth 

(identical to the azimuth of Meteosat) of the lab’s  antenna in task 1. You can obtain height and hour 

angle t from the transformation formulas between ho rizon and equatorial system. The sidereal time for 

the evening of the day of the experiment can be det ermined with the help of the table in the appendix.  

Assume the position of the Sun for the day of the e xperiment to be fixed and neglect the difference 

between sidereal time and civic time in the course of one day as well! 

 

Task 3: Calculate the “antenna temperature” from th e rise of the signal when the Sun passes. With the 

help of this value the flux of the Sun can be deter mined using S = k*T A / A, where S is the flux density 

of a point source at the surface of the Earth in W Hz-1 m-2, k the Boltzmann constant (1.38*10 -23 J/K), A 

the effective area of the antenna in m² and T A  the “antenna temperature” in K. What do you have to 

keep in mind when calculating the real flux of a so urce from the “antenna temperature” ? Map the 

obtained value in fig. 5 of the experiment’s instru ction sheet. 

 

Task 4: Measure the “antenna temperature” by varyin g the elevation of the antenna from about –15° 

(ground) to 50° (cold sky) ! The noise temperature of the receiver was determined to be 64K by a 

hot/cold-measurement. Map the obtained values into a diagram! (The antenna temperature is not the 

physical temperature, but the effective temperature  “seen” by the antenna. In addition, there are 

contributions to the temperature from side lobes an d losses in the material of the antenna.) 

 

Task 5: Measure the voltage at the antenna output ( impedance 50 Ω) when receiving the signal from 

Meteosat (The measurements are performed with the “ small” antenna. The diameter is 1.75 m, the 

illumination 55 %) ! 

 

Task 6: Evaluate the flux of the “milky way” from t he recorder print-outs! 

 

Task 7: Determine the opening angle θ of the radio telescope on the basis of the recorde r print-out 

and compare θ to p1/2 (see Section 2.3: About the devices) ! 
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Task 8: Calculate the radiation temperature of the Sun at the observed frequency with the help of T A  

and θ! 
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