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We will now briefly discuss the main ideas behind antennas - namely to direct signal only
where we need it and so allow us to reach further with the same energy being fed. As
mentioned before, antennas are the components which come after the transmitter (or before
the receiver) and they are essential for space applications, where the satellite is almost
certainly far away. Before diving deeper into the different antennas and their application,
however, we will demonstrate the main idea and give some important parameters.

1 An illustrative example

Consider a perfect spherical light bulb as a source of electromagnetic waves. It emits pri-
marily in visible light, but it can still be seen as a transmitter of a sort (although it does not
modulate). Such a source would radiate the same power in all directions, since it has perfect
spherical surface and so the graph of its Poynting vector magnitude would be just a sphere!
Def: An isotropic radiator is a source of EMWs which radiates the same power in any di-
rection, so its power flux at a given point depends only on radial distance.
It is important to note that such a source is just a mathematical idealism, and there are no
perfect isotropic sources in practice, but since a source like this would not be directive at all
(you could say it is the least directive source possible), it is useful as a reference as we’ll see
shortly!
Now let’s get back to our example with the perfect spherical light bulb and let’s place a
mirror on its right side. It is obvious that the light emitted will not have the same power
everywhere now, as half of it will be redirected. The total power on the left will now be
twice as much, while the total power on the right will be zero. Notice that the total energy
which the light bulb is emitting has not changed, but observers on the left will now see it
twice as bright! This is the main principle behind antennas - redirecting and focusing. An
illustration to this example is shown bellow (Fig.6.1).
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Fig.6.1 The focusing of light by a mirror - illustration of the main idea behind antennas.

While we used a mirror for the example, we must use a material which reflects the appropriate
electromagnetic waves for real antennas! Before moving on to the parameters, we will remind
the reader of an important mathematical result they may already be familiar with - all
parallel rays, reflected by a parabola (geometrically) pass through a single point, known as
the focus of the parabola. On the figure bellow (Fig.6.2), the geometrical rays are coming
from the left, and are all focused in a single point after being reflected by the parabola!
Geometrical reflection means that the angle between the normal to the point of reflection
and the incoming ray is the same as the angle between the same normal and the outgoing
ray!

Fig.5.2 Geometrical focusing of parallel rays by a parabola.

2 Basic parameters of directional antennas

We guessed that the light bulb with the mirror will be twice as directive as the light bulb
without the mirror, but how can we quantify our idea of directivity? On the graph showing
the power distribution of a dipole antenna, we saw two main directions in which it was
focused, and a dependence on the angle θ. We will now define the following quantity as a
measure of power radiated in a certain direction:
Def: The directive gain of an antenna D(θ, ϕ) in a given direction, characterized by azimuth
and polar angles (ϕ, θ) is defined as the total power power density per unit solid angle in that
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direction:

D(θ, ϕ) =
4πU(θ, ϕ)

Ptot
(2.1)

Where the ratio Ptot/4π is the average power per unit solid angle (Ptot being the total power
emitted) and U(θ, ϕ) is the power in a specific direction, given by the angles ϕ and θ. The
quantities from the definition are obviously related as follows:

Ptot =

∫ 2π

0

∫ π

0

U(θ, ϕ) sin θdθdϕ (2.2)

Using this definition for our dipole antenna example from last unit and the result for P (θ)
and 〈P 〉 obtained there, we can easily see that its directive gain is given by:

Ddipole(θ, ϕ) =
3

2
sin2 θ

We can now assess how directive an antenna is, by looking at how much power it radiates in
its primary direction. The most widely used definition of directivity is simply the maximum
of the directive gain:
Def:The directivity of an antenna D is the maximum value of its directive gain:

D = maxD(θ, ϕ) (2.3)

This maximum is evaluated by both θ and ϕ, and there may be more than one (as with our
dipole antena, where the maximum is a whole circle in three-dimensional space, defined as
θ = 90o). It is clear that the maximum value of sin2 θ is simply 1, and so for our dipole
antenna:

Ddipole = maxDdipole(θ, ϕ) =
3

2
= 1.5

In practice, one almost always compares the antenna to some reference and so the directivity
is re-expressed in decibels:

DdB = 10 log10

(
D

Dreference

)
(2.4)

The two most usual references are the perfect isotropic radiator, which we defined in last
section and which has directivity 1, and the perfect half-wave dipole with directivity 1.64
(formally the dipole we’ve been considering is called short dipole and differs somewhat). The
decibel units for references with respect to these two are given an additional letter - dBi and
dBd, which stand for isotropic and dipole respectively. So the directivity with respect to
these units can be given as:

DdBi = 10log10D (2.5)

DdBd = 10log10

(
D

1.64

)
(2.6)

Our dipole example would then have a directivity of about 1.7 dBi, or equivalently−0.39dBd.
Notice that 10 log10 2 ∼= 10 · 0.301 ∼= 3 and so if the directivity doubles as a dimensionless
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quantity, it increases by about 3 in dBs. In the same way, if the directivity becomes twice
less, it decreases by 3 in dBs. These are important to note, since they are crucial for the
next definition:
Def: The half-power beam width is the angular distance between the points where the directive
gain drops twice (has the value of −3dBs) symmetrically on the two sides of its maximum.
The definition follows the name of the quantity - it is the angular width between the two
points where the power drops by one half. Considering our dipole antenna example, this
would be the angular distance between the two values of θ around the maximum (which
occurs at ±90o), for which sin2 θ = 0.5. Using a basic trigonometric table, one can find that
sin2

(
±π

4

)
= sin2

(
±3π

4

)
= 0.5. These values in radians correspond to the values ±45o and

±135o. Let us pick the maximum at θ = 90o (we could choose the other one as well), then
the two points around it, for which the directive gain drops by half correspond to angles
equal to 45o and 135o. The angular distance between these is 135 − 45 = 90o and so the
HPBW (half-power beam width) of the dipole antenna we considered is 90o or π/2 radians.
A schematic drawing of one of the two ”lobes” is shown bellow on Fig.6.3.

Fig.6.3 Half-power beam width schematically drawn for the considered dipole antenna.

Notice that our antenna had a symmetric pattern about the azimuth angle ϕ and so it
doesn’t make sense to ask about the beam width by it, but generally an antenna’s pattern
may not be axially symmetrical and so we may need to define the half-power beam width
both by θ and ϕ.
As mentioned before, antenna directive gain patterns may have more than one maximum.
The points where the directive gain drops down to 0 are called nulls and each region enclosed
by two nulls is called a lobe. The lobe with the maximum is known as the main lobe. As an
example, our dipole antenna has two lobes (as we called them before), both of which can be
considered as main. Some antennas may have tens of lobes, but one of them is usually much
larger than the rest! An example of a 2D directive gain plot is shown on the graph bellow:

Include directive gain 2D plot (lobes and all);
The main lobe is easily visible, and several side lobes can be seen, symetrically on its sides.
In practice, the directive gain plot is 3D (as seen in our example of the dipole). Such a plot
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need not be symmetric about any of the angles, as can be seen on the figure bellow (Fig.6.5),
where we have 1 main lobe and 4 side lobes which do not look fully symmetrical (the ones
seen behind the main lobe appear larger than those in front of it from our perspective).

Fig.6.5 A 3D patch antenna pattern

In practice, numerical integration and some experimentation may be required to find the
best set of sources (charge distribution and current density) as well as external components
(like reflecting dishes), which will give the desired radiation pattern. Our next section is an
overview of the most widely used antenna types for space applications.
Another very important formula for finding the directivity of an antenna is related to a
concept known as ”Antenna Effective Area” - AE. This is an associated effective area for
a given antenna, which corresponds to the physical area the antenna would have assuming
it was an aperture antenna and had no radiation losses. This concept may also be used
for the dipole antenna we considered in unit 5, which had no physical area, and it is most
generally defined as the ratio between the radiated power and the power density being fed
to the antenna. If there were no radiation losses, then this ratio would give exactly the area
of an aperture antenna (following from the definition of power flux density). The directivity
of an antenna in terms of this effective area can be given as follows:

D =
4πAE
λ2

(2.7)

This formula can be derived by considering the emission of an isotropically radiating body
at a given temperature and generalizing upon it, but its proof is not that important for our
purposes. What is important to remember is that directivity also depends on the frequency
(wavelength) of the emitted radiation! Intuitively, you can think of it as follows – the larger
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the effective area, the more power our antenna can gather, on the other hand the larger the
wavelength, the smaller our antenna ”looks” to the radiation and so the lower its directivity
is.

3 Antenna types overview

Nearly all types of antennas for space applications rely on the geometrical properties of the
parabola we reminded the reader of in section 1. The simplest one is the front fed parabolic
antenna. It consists of a simple ”horn” antenna (which is a type of waveguide known as
the feeder of the configuration) placed in the focus of a paraboloid (a surface obtained by
rotating a parabola around its axis). The paraboloid reflects all the rays from the horn
antenna (coming from the same point) and turns them into roughly parallel rays. In the
same way, the incoming parallel rays are reflected from the paraboloid and are all focused
in the central horn. A schematic drawing of a parabolic antenna is shown bellow on Fig.6.5.

Fig.6.5 Front fed paraboloid antenna - a schematic drawing of emission.

Note the dashed lines on the drawing - these represent the support for the feeder, since it
cannot be suspended in thin air. In practice, the support struts are very thin and they do not
cover much of the paraboloid surface, but since their diameter may be comparable with the
wavelength of the emitted waves, a phenomenon known as diffraction may occur. Diffraction
is somewhat similar to interference in its effects, but it is caused by the interaction of waves
with objects of comparable size. The emitted waves can be deflected as a consequence and
the directivity of the antenna can be worsened. For this reason, a very popular (and widely
used) antenna type is the off-fed parabolic reflector. In that configuration, only part of the
paraboloid is cut in such a way, that the support strut does not get in the way of the parallel
rays. A cross-section schematic drawing is shown bellow on Fig.6.6.
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Fig.6.6 Off-fed parabolic antenna - a schematic drawing of emission.

The reader has certainly seen such reflectors many times as they are widely used for receiving
television nowadays. There are two more basic configurations used for larger antennas, whose
names come from telescope configurations of the same type (it should not be surprising, since
light is just another wavelength of electromagnetic waves and telescopes are just ”antennas”
for the receivers known as eyes). These configurations are known as Gregorian and Cassegrain
antennas (respectively telescopes). They use a front fed parabolic reflector as well, but also
a secondary reflector, which is used to increase or decrease the effective focal distance and
so make the antenna more compact. Every parabola has a specific focus which cannot be
changed without changing the parabola itself. If this focus is too far or too near, this may
cause problems for the positioning of the feeder and this is where those secondary reflectors
come in. Consider the case when the focus is too far away, then we can place a secondary
convex reflector closer than the focus, which will redirect the rays again as shown bellow in
(Fig.6.7) to the feeder, now placed in the middle of the parabola.

Fig.6.7 Normal and Cassegrain parabolic reflector comparison.

The decrease in size may not seem like much on the sketch, but it can make a large difference
for very big antennas. Another important benefit is the fact that the feeder is no longer
suspended (now there’s only a secondary reflector being suspended) and so this configuration
is preferred for larger and more complex feeders (like those in satellite ground stations). The
Gregorian configuration is very similar, but instead of a secondary convex reflector, it uses
a concave reflector. A schematic drawing of these four parabolic antenna types is shown
bellow on (Fig.6.8):
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Fig.6.8 The four main parabolic antenna configurations (image by Chris Burks)

There is another very widespread directive antenna type (which does not use parabolic
reflector), known as a phased array. As its name suggests, it feeds different phases of the
same signal to different points on its surface to direct and shape the beam. To see how this
works, consider a two dimensional phased array - a line of emitters, each of which emits a
spherical wave. We shall label then from 1 to 7 (starting from the right). Let’s suppose that
the first one is fed some sinusoidal signal sinϕ1, where ϕ1(t) is the phase as a function of time.
Suppose further that each consequent transmitter to the left is fed some forwarded signal,
so the phase of the second one is ϕ2 = ϕ1 + ∆ϕ, the phase of the third one is ϕ3 = ϕ1 + 2∆ϕ
and so on. Then the phase of the nth transmitter is ϕn = ϕ1 + (n− 1)∆ϕ.

Fig.6.9 Phased Array wavefront shaping.

Since the wavefront is defined as the surface with the same phase of the wave, we can see
that it will be tilted, as shown on the schematic drawing above (Fig.6.9). Making the phase
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difference equal to zero would remove the tilting. Increasing the phase difference will tilt the
wavefront even further. If we consider negative phase difference (so ∆ϕ < 0), then the tilting
will obviously be in the opposite direction. This is a simple illustration which shows how the
process works and how we can change the direction of a flat wavefront, but by manipulating
the phase difference in a more complex manner, we can even change its shape so that it is
no longer a plane (line in the 2-dimensional case). In practice, phased array antennas use a
three dimensional configuration of emitters and a complex beam-forming network to give us
the right phase delays for our desired shaping and pointing.
The last widespread antenna type for satellite applications we will mention in this overview
is the Helical antenna. As the name suggests, it consists of a conducting wire in the form of
a helix and a feed line. This type of antenna can work in two main modes - normal and axial.
In the normal mode, the diameter of the helix is small compared to the wavelength and the
antenna emits like a short dipole with more or less omnidirectional radiation pattern similar
to that on (Fig.5.4). The radiation in this mode is linearly polarized (parallel to the antenna
axis). In the axial mode, the diameter of the helix is comparable to the wavelength and the
antenna is highly directional. The emission maximums are parallel to the axis of the antenna
and the waves are circularly polarized in this mode. To maximize emission in the desired
direction, a reflective surface is placed on one side of the helix. The second operational mode
is the one used for satellite applications, where (as mentioned before) circular polarization
is preferred, as it allows for any relative orientation between the satellite and the ground
station!
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