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In this unit, we will take a moment to appreciate the multitude of possible electromagnetic
waves and then focus on those we are interested in - namely radio waves. Even with that
restriction, we will see that the spectre is quite rich and we will touch upon the different
uses of different frequencies for communication. In the second section, we will give a brief
summary of the different bands and their use. This unit is more of an informative one and
it is meant as a crude classification of the radio spectre.

1 The EM spectrum and radio waves

The electromagnetic spectre consists of continuously many different waves, starting from
frequencies very close to zero and continuing theoretically to arbitrarily large frequencies. A
quantum picture of electromagnetism tells us that each frequency can be seen as a multitude
of particles called photons, carrying energy proportional to their frequency (E = hν). This
leads to the conclusion that electromagnetic waves after a certain frequency would carry too
much energy and would collapse on themselves (this may sound strange to the reader, but
we have no time to elaborate here). This, however, means that in practice the upper limit
is not arbitrarily large! What is more very few sources exist which can produce the highest
observed frequencies.
The practical EM spectrum is divided in the following basic classes:

1. Ionizing radiation - This class includes waves between 3.1015Hz and 3.1020Hz (wave-
lengths between 100nm and 1pm), known as Ultraviolet, X-rays and Gamma rays. The
last are are highly energetic particles, usually produced by violent cosmic events. Many
modern space telescopes use these wavelengths for observation of compact objects (such
as neutron stars and black holes).

2. Visible light - This class includes waves roughly in the range of 3.1014Hz to 3.1015Hz
(wavelengths between 750nm and 360nm). As the name suggests, this is the portion
of the EM spectrum, that the human eye can see. The colors violet and blue have
wavelength of around 400 − 460nm, while red is around 620 − 700nm. Since larger
wavelength corresponds to lower frequency, we can see where the terms ”redshift” (for
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decrease of frequency) and ”blueshift” (for increase of frequency), introduced in unit
3, come from.

3. Infrared - This class includes waves roughly in the range of 1.5.1011Hz to 3.1013Hz
(wavelengths between 0.2mm and 750nm). As the name suggests, the waves in it are
”bellow” the red and so they are invisible to the naked eye. Humans emit mostly in
this part of the spectrum (the human body’s emission maximum is around 900nm -
near infrared). This class is where thermal cameras operate.

4. Microwaves and Radiowaves - This is the class we will be focusing on - it includes
waves in the range of 3.103Hz (3kHz) to 3.1014Hz (300GHz) (wavelengths between
100km and about 1mm). The waves in this class are divided additionally in 9 more
subclasses, starting from VLF (Very low frequency) and reaching up to THF (Tremen-
dously high frequency). We will review all of these separately in a moment.

5. Ultra low and lower frequency - This class consists of waves with frequencies in the
range of 3Hz to 3kHz (wavelengths between 100000000 and 100 meters). In theory these
are also radio waves, but they are normally separated in the classification since they
are only used for communications deep underwater (for example with submarines) and
are extremely hard to produce. Their primary applications are in planetary sciences,
since their sources can be linked to geoactivity.

A schematic diagram of the spectrum with the appropriate wavelengths can be seen bellow:

Fig.4.1 The electromagnetic spectrum

It becomes apparent that the human eye is quite limited, since everything we can see is in
a very narrow band! Our main focus, however, are radio waves, since they are the ones we
use for communication purposes in space. The more general classification is due to the ITU
(International Telecommunication Union) and can be seen in Table 4.1 bellow:
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Band Number Abbreviation Frequency Range Wavelength Range
4 VLF 3 to 30 kHz 10 to 100 km
5 LF 30 to 300 kHz 1 to 10 km
6 MF 300 to 3000 kHz 100 to 1000 m
7 GF 3 to 30 MHz 10 to 100 m
8 VHF 30 to 300 MHz 1 to 10 m
9 UHF 300 to 3000 MHz 10 to 100 cm
10 SHF 3 to 30 GHz 1 to 10 cm
11 EHF 30 to 300 GHz 1 to 10 mm
12 THF 300 to 3000 GHz 0.1 to 1 mm

Table 4.1 ITU radio waves classification

The abbreviations are quite intuitive and can be found online (for example VHF - Very
High Frequency, SHF - Super High Frequency, etc.). The radio waves used for satellites
communication in practice, however, are mostly in the range between 3 and 30 GHz. A
separate classification of those is due to the IEEE (Institute of Electrical and Electronics
Engineers) and can be found in Table 4.2 bellow:

Band Designation Meaning Frequency Range
HF High Frequency 0.003 to 0.03 GHz

VHF Very High Frequency 0.03 to 0.3 GHz
UHF Ultra High Frequency 0.3 to 1 GHz

L Long wave 1 to 2 GHz
S Short wave 2 to 4 GHz
C Compromise between S and X 4 to 8 GHz
X X for cross 8 to 12 GHz

Ku Kurz-under 12 to 18 GHz
K Kurz (means ”short” in German) 18 to 27 GHz
Ka Kurz-above 27 to 40 GHz
V - 40 to 75 GHz
W - 75 to 110 GHz

mm or G Milimeter 110 to 300 GHz
Table 4.2 IEEE radio waves classification

These are the band designations we will be using from now on, and in which we will give
the applications in the next section.

2 Bandwidth and bands for satellites

We briefly touched upon the concept of information in unit 1. We also mentioned a process
called modulation which allows us to encode information in EMWs. Unit 8 is specifically
dedicated to this process, but the observant reader may already suspect that it will be
somewhat similar to the way we changed the shape of periodic signals. Indeed, in the case
of the Fourier series, we needed to mix specific frequencies to achieve a certain shape of
the signal. Lacking any of the frequencies in the ”mixture” would affect the shape. In FM
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(frequency modulation), we have a carrier (the frequency near which our antenna emits)
and the baseband (the original frequency of the signal itself). We will be dealing almost
exclusively with FM and PM (Phase Modulation), although AM (amplitude modulation) is
still used today for several purposes. In the case of frequency modulation, one has a range of
frequencies which compose the final modulated signal, and it seems intuitive that the larger
this range is, the more information can be carried. This range’s ”width” measured in Hz is
exactly the bandwidth of a signal or a device.
Def: The frequency range in which the frequencies of a modulated signal belong is called the
bandwidth of the signal.
Note that bandwidth may refer to the sensitivity of a given antenna (the frequencies range
in which it can receive or emit) as well. The reader should be familiar with the fact that
electromagnetic waves with close frequencies interfere, while the effect becomes negligable for
a large difference. It is for this reason that different bands are used for different purposes! The
full radio spectrum is ”sliced” into portions of different bandwidth and each is reserved for
a given purpose or sold to a given organization. The slicing differs in different countries and
emission in a given band may be legal in one country and illegal in another one. This would
all be pointless, however, if one was always restricted to emitting a signal in its baseband
(the frequency it is generated in), since then there would be a single possible bandwidth for
sound waves and so on. The following is perhaps the most important result in modulation
theory (which we will give before we formally speak of modulation):
Statement: Any band of a given width can carry the same amount of information, regardless
of where it is located in the frequency spectrum.
This means that any 8 kHz wide band can carry sound. Since there is a total space of 1
MHz between 99 and 100 MHz in the frequency spectrum, we can fit 1000000/8000 = 135
such bandwidths just in that range. In theory, telephone calls take up just 3 kHz, since the
higher frequencies of the signal can be cut off without much damage to the quality (this is
the reason why people sound different on the telephone and some letters might be hard to
differentiate between). In practice, however, an ever larger bandwidth is required for reliable
communication (as we will later see).
As mentioned before, only the bands roughly between 3 and 30 GHz are used for satellite
communications in practice, they and the other bands are distributed as follows:

1. HF - Shortwave radio, radiotelephony.

2. VHF - TV broadcasting, FM radio

3. UHF - TV broadcasting, cellphones, GNSS (Global Navigation Satellite System) sig-
nals

4. L-band - GPS carriers and satellite mobile phones (such as Iridium); Inmarsat pro-
viding communications at sea, land and air.

5. S-band - Weather radar, surface ship radar and some communication satellites (espe-
cially NASA communications with the ISS). In May 2009, Inmarsat and Solaris mobile
were awarded each a 2x15 MHz portion of the S-band by the European Commission.

6. C-band - Primarily used for satellite communication and satellite TV.
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7. X-band - Used in radar applications such as synthetic aperture and phased array
radars. Sub-bands are used for weather monitoring, air traffic control and maritime
vessel traffic control.

8. Ku-band - Used for satellite communications. In Europe, Ku-band downlink is used
from 10.7 GHz to 12.75 GHz for direct broadcast satellite services.

9. Ka-band - Communications satellites, uplink in either the 27.5 GHz or the 31 GHz
bands.

Although shorter wavelength bands give more bandwidth in total (because of the exponential
definition), they are also more susceptible to interference from meteorological conditions and
so V and W bands are not used in practice for communication today, although they have
other applications (in radio astronomy for example).
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