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Problem 1

An Earth observation satellite, at altitude H = 800 km, downloads data to a ground station using two
channels centered around the carrier frequencies fi = 25 MHz and f> = 35 MHz (zenithal link).
1) Determine 7>, the data travel time at frequency f», knowing 71 = 2.774 ms (data travel time at
frequency f1).
2) If the ionospheric profile changes due to a sudden ionospheric anomaly, determine the
maximum peak electron content value, Ny, for the system to operate correctly.

Assumption: no effects induced by the troposphere (neither delay, nor attenuation).
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Solution

1) The total travel time 7 is due to the free space and to the ionosphere, the latter being frequency
dependent. 7' is defined as:
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where TEC is the total electron content. As a result, inverting that equation with 71, fi and H >
TEC =49.7 TECU

Therefore, using the same equation, 72 =2.721 ms.



2) For the system to operate correctly, both channels need to download data to the ground station.
When N,..x increases, so does the critical frequency fc. Specifically, both carrier frequencies need to
be higher than the critical frequency for the waves to cross the ionosphere (zenithal pointing).
Therefore:
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1
81



Problem 2

A pulsed radar with zenithal pointing (transmit power Pr =1 kW), working with carrier frequency
f =80 GHz and with antenna gain G = 40 dB, illuminates an aircraft flying at high altitude. As
depicted in the figure below, the wave crosses a layer consisting of anisotropic particles
(hr= 3.5 km), whose propagation constants are:

Y, =a, +j B, =6x10*+,1675.5 1/m
Ve = @y +j By = 4%x10* +1675.5 1/m

For this scenario:
1) Which polarization among the following ones allows improving the radar sensitivity to
small aircrafts? Linear along x, linear along z, circular.
2) Working with the polarization chosen at point 1, calculate the minimum backscatter value o
that allows the target identification by the radar, knowing that the radar receiver sensitivity
is P,y = 1.279x107"> W. Consider all targets flying at altitude /4 = 8 km.

Assumption: no further tropospheric attenuation other than that due to the anisotropic particles.
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Solution

1) From the propagation constants, it emerges that the two linear polarizations are subject to the
same phase delay, but to a different attenuation: the z-component will be more attenuated than the
x-component. If the radar pulse is less attenuated, it can identify smaller targets (i.e. associated to a
lower backscatter o) => it is better to use the linear polarization along x.

2) Considering this scenario, the power density reaching the aircraft is:

Sa = T AG
A7 amh2 TR
The power received back by the radar is:
Sio A?
P
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The tropospheric attenuation A4 is given by:
A% q, -8.686-1000-hy = 12.16dB > Az = 0.0608

Inverting the equation by setting P = P,,, and solving for the minimum backscatter 2 o= 2 m>.



Problem 3

Considering the legacy GPS, the typical Signal-to-Noise (SNR) value after the Low-Noise
Amplifier (LNA) for a link to any SV of the constellation is around -17.5 dB. Concisely explain
how and why the system can properly work even with such a low SNR.

Solution

The legacy GPS, like many GNSSs, relies on CDMA (code division multiple access) for the
transmission of the simultaneous satellite signals, using the same allocated bandwidth. Each specific
satellite is uniquely identified by a given pseudo-random noise (PRN) code, which has a high
autocorrelation value and a low cross-correlation value with the PRN code of any other satellite.
When the navigation bits are modulated using the chips of a specific PRN code, the signal power is
spread from a few Hz (navigation bits) to a few MHz (chips): this is why the SNR ratio becomes
very low. However, when the correlation function is performed inside the receiver, i.e. the PRN
code is removed from the signal, the SNR of the navigation bits is restored to a high value, i.e. to
28.5 dB (the bandwidth is again equal to a few Hz). With such a high SNR, the bit error rate on the
navigation bits is very low and the system can operate properly.



Problem 4

Referring to the figure below, consider the uplink to a GEO satellite, that is seen at 45° elevation
angle from the gateway on the Earth. The path length is D = 40000 km and the two antennas are
perfectly pointed. The gain of the satellite antenna and of the gateway antenna are Gs = 20 dB and
Gg = 34 dB, respectively. The main beam of the satellite antenna covers an area with brightness
temperature 73 = 200 K.
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1. Determine the BER of the link, considering the BER graph for the 2-PSK modulation
reported above.

2. What is the maximum data rate that could be achieved for the conditions at point 1? How
can this data rate be achieved?

Additional data:

e carrier frequency /= 18.1 GHz

e power transmitted by the gateway: Pr= 1260 W

e bandwidth of the receiver: B =1 MHz

e datarate: R=1Mb/s

¢ internal noise temperature of the receiver: 7z = 100 K

e CCDF of the zenithal tropospheric attenuation A: P(A) = 100e~11%4 (4 in dB and P in %)
e target service level: Py = 99.9%

e mean radiating temperature of the troposphere: 7, =260 K.

Solution
1) The signal-to-noise ratio (SNR) is given by:
Pp _ PrGgfs(A/4mD)? fsGsA

SNR = 2 =
Py kTsysB

where £ is the Boltzmann’s constant (1.38x10°2* J/K), Ty is the total noise temperature (summation
of Tk and the antenna noise temperature 74), fc = fs = 1 (perfect pointing) and A4 is the tropospheric
attenuation exceeded for Pour = 100-P4r = 0.1% of the time. Inverting the CCDF expression and
scaling the attenuation from zenith to the elevation angle > 4 = 8.5 dB = 0.1414. Regarding 74,
given the geometry, it is calculated as:

T, = TgA + Tpy (1 — A) = 251.5K



The resulting SNR is approximately 10 dB. Recalling that SNR = E»R/NoB, we obtain E»/No = 10 dB
in this case > BER = 4x10°®.

2) The maximum theoretical data rate is given by Shannon’s formula:
C = Blog,(1 + SNR) = 3.46 Mbit/s

This data rate can be achieved by using complex information coding strategies (e.g. Turbo codes).



