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Problem 1

Consider a point-to-point link on the surface of the Moon (no atmosphere, radius of the Moon
R = 1737 km). The distance between the transmitter and the receiver is d = 10 km and the
operational frequency is f = 30 GHz. Considering the same height h for both antennas:

1) Determine the minimum value of h to guarantee full visibility between the transmitter and the
receiver.

2) Determine whether the direct and reflected rays combine constructively or destructively at the
receiver. To this aim, assume: plane wave reflection on the Moon surface (i.e. surface is locally
flat); horizontal polarization; EM characteristics of the Moon surface: & =4, ur =4, o=0.

Solution

1) Making reference to the sketch below, the antenna height depends both on the surface curvature
(h1) and on the Fresnel’s ellipsoid, which needs to be free to have full visibility (h2)
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The former can be calculated simply as (no atmosphere = no ray bending = no need of equivalent
Moon radius):

d/2)°

hlzl—( / ) =7.2m
2 R

The latter is calculated as (a is the semi-minor axis of the first Fresnel’s ellipsoid):

h,=a=+Ad/2=5m

The total antenna height is therefore:



h=hi1+hy=122m

2) Defining Eo as the electric field at the receiver associated to the direct ray, the combination of the
direct and reflected rays can be assessed as:

E=E,(1+Te’ ) VIm

where T is the ground reflection coefficient and ¢ is the differential path, i.e. the difference
between the path travelled along the reflected ray and the one travelled along the direct ray. By
definition of the Fresnel’s ellipsoid 2 6 = A/2.

Therefore:
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E=E,(+Te”)=E,(1+Te *2)=E,(1-T) V/m

The reflection coefficient T" can be calculated using the assumptions. Specifically, labelling free
space (no atmosphere on the Moon) as “medium 1’ and the Moon surface as “medium 2, we can
calculate the intrinsic impedances of both media for the TE wave (for the horizontal polarization,
the electric field is completely parallel to the discontinuity). To this aim we first need to calculate
the incidence angle & (from the geometry) and refraction angle & (using Snell’s law):
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As aresult > E ~2E,, i.e. the rays combine constructively.



Problem 2

Making reference to the figure below, a ground station points to a spacecraft (elevation angle
6 = 20°) with operational frequency f = 30 MHz. For a specific day, the maximum ionospheric
electron content evolves in time as reported below (right side). Calculate the percentage of time
during the day for which the link to the spacecraft can be established.
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Solution

To determine if the ionosphere can be crossed, we need to invert the following equation, given 6
and f:
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If Nmax < N'max, the wave crosses the ionosphere, otherwise it is completely reflected.
The trend of Nmax In the figure is given by (t expressed in hours):
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By imposing that Nmax < N’ max:
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The time percentage of the day is therefore P = 30 %.



Problem 3

A plane sinusoidal EM wave propagates from free space into a medium with electric permittivity
&2 = 4 (assume x4 = 1 for both media) with incident angle 4. The expression for the incident
magnetic field is:

H (z,y)=-pn g 10050,94252-(sinG,94.25Y | A iy
i ’ - X
1) Write the expression of the electric field.

2) Considering a dipole antenna placed in A(1,1,1), determine the incident angle 4 and the antenna
orientation to maximize the power received by the antenna.

3) Calculate the power received by the antenna assuming its gain is G = 3 dB.
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Solution

1) The electric field associated to the wave is:

Ei (21 y) _ 0.001770 (COS@ﬁy —sin 9,&2 )e—jc05994.25ze—jsin994.25y _ 0.377(C0$9ﬁy —sin eﬁz )e—j005994.252e—jsin994.25y
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The wave frequency is:

,B:ﬂ = f :%:4.5 GHz
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2) The wave is a TM wave: if the incident angle is the Brewster’s angle, the wave is completely
transmitted in the second medium. Such angle is calculated as:

0 =0, = tan{ &J = 63.4°
&n

The refraction angle is given by;

6, =sin™ {sin 0 /ﬁ} = 26.6°
€2



Thus, to maximize the power received in A, the antenna must have the same direction as the electric
field in the second medium, which, in turn, is orthogonal to the propagation direction of the wave in
the second medium, according to &.

3) The power density of the wave in the second medium is:
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Considering G =3.16 and A = f C  -00333m-> P=263x10° W

8r2



Problem 4

A terrestrial link, with path length d = 3 km and operating at f = 30 GHz, is subject to rain. The
electric field emitted by TX is polarized along 4, and, as shown in the figure below, rain drops are

horizontally aligned. Both antennas at TX and RX are suited for vertical polarized waves. The
atmospheric attenuation for the horizontal polarization, An, can be modelled using the following
Complementary Cumulative Distribution Function (probability expressed in percentage values, A4
expressed in dB):

P(A,) =100e %

while for the vertical polarization (same units):
P(A,)=100e ™%

Determine the power to be transmitted by TX to guarantee a minimum SNR of 10 dB for 99.999%
of the yearly time. Use the following data:

the gain of both antennas is 10 dB

assume that both antennas are optimally pointed and have no side lobes
the receiver equivalent noise temperature is Tr = 120 K

the physical temperature of rain is Tr = 278 K

the bandwidth is B = 1 GHz

Assumptions: consider the field as a plane wave, that the Earth is flat, that there are no reflections
from the ground.
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Solution

The wave polarization is vertical and the antennas are suited to receive that polarization. The
electric field is aligned with one of the drop symmetry axis, therefore drops will cause no
depolarization. In order to guarantee the target SNR for 99.999% of the time, the atmospheric
attenuation needs to be lower than a given value. This value can be determined by setting
P(Av) = 100%-99.999% = 0.001%. As a result, Ay = 10 dB = 0.1. This value can be included in the
link budget to determine the transmit power (the wavelength is A = c/f = 0.01 m):
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where fs and fr are assumed to be 1, as antennas are optimally pointed.
The noise power depends on the total system equivalent noise temperature:
Ty =Ta+Te =T, (1-A)) +Tg =3702 K

By inverting the SNR equation, Pt can be determined.

Pr=726 W



