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Abstract

HE development of space communications is increasingly dependent on the direct
knowledge (satellite experiments) and on the output of ad-hoc developed tools
(prediction methods) that enable to understand and quantify the main impair-

ments affecting wave propagation. In recent times, the high frequency bands (Ku and
Ka) are extensively used in commercial and military applications while the Q/V bands
are expected to be used in the next future. It follows that the knowledge and the study of
the propagation problems at such very broad range have become a critical issue. More-
over, the Low Earth Orbit (LEO) and Middle Earth Orbit (MEO) satellites, widely used
in remote sensing and Earth Observation (EO) applications, are nowadays becoming
more and more interesting also for television broadcasting and direct-to-user commu-
nications due to the fact of being closer to the Earth surface. These satellite configu-
rations have shorter orbital periods with respect to GEO and lower signal propagation
delays. Also, since the signal propagation paths are shorter, the requested transmission
power is also smaller, which allows building small and low-cost satellites (although in
a larger number). While in the geostationary satellites (GEO) applications the posi-
tion (geometrical parameters) of the link remains static and only the weather presents
variability, in non-GEO (NGEO) satellites applications, in addition to the meteorolog-
ical changes, it is necessary to consider that the satellite in the short orbital period is
seen from the ground station at variable values of azimuth and elevation thus making
the modelling task very challenging. This thesis presents a model of a Total Attenua-
tion Time Series Synthesizer for NGEO satellite links. The development of time series
synthesizers allows the simulation of the time varying condition of the channel and
represents the today most advanced propagation prediction tool. In fact, a time series
synthesizer is the basic instrument for the development and testing of the Propagation
Impairment Mitigation Techniques (PIMTs), which represent the best approach for an
effective design of a satellite communication system operating at microwave frequen-
cies.
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CHAPTER

Introduction

NCE the rst well know article published in 1945 by Arthur C. Clark [1] —

where the characteristics of the synchronous orbit are discussed together with the

possibility of global coverage with only three satellites — and the rst in-orbit
satellite, Sputnik, launched in October 4, 1957 by the USRR, satellite-based commu-
nications experienced a rapid development and nowadays they are exploring new areas
and new applications. The horizon of the satellite systems applications has expanded
far beyond its rst ambitions. Remote sensing and Earth Observation (EO), e.g., are
currently two of the most signi cant elds of satellite applications, but the list also
includes atmospheric monitoring, space exploration, military secure communications,
spying, and so on [2]. This progression is still requiring an increase research effort to-
wards the development of new more advanced models and technologies, and the setup
of experiments to fully analyse advantages and limitations of using of the microwave
frequency bands.

We can de ne a communication satellite basically as an electronic package placed
in orbit whose primary objective is to initiate or assist communication transmission or
messages from one point to another through the space [3]. There are, in general, four
types of satellites classi ed according to the height of the orbit: GEO (Geostationary);
HEO (High Elliptical Orbiting); MEO (Middle-Earth Orbiting); and LEO (Low-Earth
Orbiting).

Satellites can also be classi ed according to the in-orbit mass and speci cally there
are large, medium, mini, micro, nano, pico or femto satellites. This classi cation is
shown in Table 1.1. The group that goes from femto to mini satellites is also named
small satellites [3].

The satellite services are de ned by the International Telecommunication Union
(ITU) and include the following:
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Table 1.1: Classi cation according to the in-orbit mass

Satellite class| In-orbit mass (kg)
Large >1000

Medium 500-1000

Mini 100-500

Micro 10-100

Nano 1-10

Pico 0.1-1

Femto <0.1

Fixed Satellite Services (FSS) that supports the communication between antennas
that are in positioned in xed points;

Broadcast Satellite Services (BSS) that use high powered beams to deliver radio
and television to the users;

and Mobile Satellite Services (MSS) that provide telecommunications services
to users that are potentially moving with their terminals. Nowadays it includes
connectivity not only for land-based users, but also for maritime and aeronautical
ones.

The satellite communications technology has been developing rapidly in the last
decades in order to seek increasingly larger bandwidths as requested by new services.
This requires the use of higher and higher frequency carriers (in the Ka and Q/V bands)
to allow for the development of broadband systems with terabyte data traf c. At such
frequencies the extra path attenuation due to the constituents of the atmosphere in the
different meteorological situations can be very severe. Other effects include, depo-
larization, scintillations (i.e. rapid uctuations of the magnitude, frequency, phase or
polarization caused by turbulences in the atmosphere) and reduction of coherence band-
width of the signal. Besides these issues, satellite communication networks have sev-
eral advantages such as the possibility of a global coverage, scalability, broadcasting
capability, and reliability. According to [4] satellite-based services are "an excellent
candidate to provide broadband integrated Internet access".

1.1 GEO Satellites

A satellite is de ned as geosynchronous when the height of the orbit is around 35,786
km, the orbit inclination close to zero degrees and an eccentricity lower than 0.001.
The angular rotation of the satellite is the same of the Earth around its axis. At the
beginning of this century there were around 200 geostationary satellites in orbit around
the world [5]. Today, they are 376 according to [6].

The advantages of GEO satellites can be summarized as follows: it is possible to
provide a global coverage (with the exception of the polar areas) with only three GEO
satellites; they can be continuously connected to the Earth; they are able to generate
spot beams continuously pointed towards the regions of desired coverage and the in-
orbit lifetimes are longer in comparison with what can be obtained with other orbits
(between 15 and 20 years). Nonetheless, GEO satellites have also some drawbacks: as
the distance between the ground and the satellite is extremely large, the free space path
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1.2. Non-GEO Satellites

loss (FSO) is also large, as it increases with the square of the distance; the signal delay
is important (in the order of one quarter of second); and their costs are quite high [7].

1.2 Non-GEO Satellites

The increasing demand for communications services on-the-move — e.g. video, music,
voice — Is creating a window of opportunity for the non-geostationary satellite systems.
New constellations, like the O3b mPOWER [8],aim to provide a large range of services
with great exibility, ef ciency, and scalability in a network that includes both GEO
and NGEO (Non-GEO) satellites. There are basically three con gurations of NGEO
satellites:

HEO satellites: they follow an elliptical orbit which distance from the Earth surface
varies between 18,000 and 35,000 km and the swing is used to optimize the coverage
in speci c zones [3]. In general, they are used for providing a better coverage in the
areas at high North or South latitudes.

MEO orbits are, in turn, circular and range from 8,000 to 18,000 km above Earth's
surface. In comparison to GEO, MEO satellites have lower costs and signal delays,
but more satellites are required to provide the full Earth coverage. Also, the FSO for
MEO satellite links is inherent lower with respect to the GEO links due to the shorter
distance. A MEO constellation is able to provide a global coverage with few satellites
(few as 10, with orbital period ranging from 8 to 12 hours [9]) and also the tracking,
telemetry, and command (TT&C) system is not so complex.

LEO satellites, in turn, occupy orbits ranging from 160 to 1,600 km above the
Earth's surface and are suitable for mass production techniques due to their small size
and easiness to be launched when compared to MEO, HEO, and GEO systems. LEO
satellite links can reach now almost any latitude. LEO orbits are designed in order to
assure that satellite's altitude is high enough to avoid signi cant deceleration due to
atmospheric friction, and low enough to avoid intense levels of protons bombardment
in the inner Van Allen belt [9]. The orbital inclination angle ranges frorfeQuatorial)
to 90 (polar) and also slightly beyond (sun-synchronous) [3]. The low orbit leads to
short orbital periods, which require a larger number of satellites, but smaller propa-
gation delay. LEO orbits can also be adjusted in order to concentrate the coverage at
lower latitudes [7].

Since the signal propagation path is shorter, the required transmission power is also
smaller, which allows building small and low-cost satellites. However, as the orbital
period is shorter, a LEO satellites constellation is needed for a 24-hour coverage. Each
satellite within the constellation has a xed position with respect to the others, and
acts as a switching node while connected to its neighbours by intersatellite links (ISL).
For continuous time coverage with a minimum outage, the number of satellites of the
constellation must be increased; their number depends on the orbit of the satellite, the
beamwidth of the onboard and of the earth station antennas and the traf ¢ handling
capacity. An example of LEO constellation is Iridium, consisting in 66 satellites dis-
tributed in six orbital planes, that was deployed in 1998. Each satellite in this con-
stellation has 48 spot beams and four neighbours are connected by ISL operating at K
band.

With the developments expected in the next future, it will be possible to access

9
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residential meter readings, access vehicle plates, and monitor traf c ow. LEO satellite
systems are in general classi ed in two types: "Big LEO" and "Little LEO" systems.
The "Big LEO” systems have a big number of satellites between 10 and 66 and are
mostly devoted to personal voice communications. Systems called "Little LEO" are
smaller not only in terms of number of satellites but also in relation to their overall
capability, and are thought to provide services like paging, messaging and position
location.

While in GEO applications the position, and therefore the geometrical parameters
of the radio link, remain static and only the meteorological conditions varies in time, in
LEO applications in addition to the meteorological changes, it is necessary to consider
the satellite movement in a short orbital period both in azimuth and in elevation and
it makes the modelling task very challenging. In fact, the minimum and maximum
ranges during each passage of the satellite is dependent on the orbital altitude while the
probability distribution function (PDF) of the elevation angles of the satellite as seen
by the Earth station is affected by the orbital inclination angle and the latitude of the
ground station.

The development of time series synthesizers allows the simulation of the time vary-
ing condition of the channel and represents the today most advanced propagation pre-
diction tool. In fact, a time series synthesizer is the basic instrument for the develop-
ment and testing of the Propagation Impairment Mitigation Techniques (PIMTSs), which
represent the best approach for an effective design of advanced satellite communication
systems operating at microwave frequencies.

1.3 Propagation Atmospheric Impairments

It is known that slant path radiowave propagation is affected by atmospheric impair-
ments [5]. Propagation phenomena are mainly originated in the troposphere (the low-
est part of the atmosphere around the Earth up to about 16 km in height) and in the
ionosphere (from about 60 km to 450 km of altitude). Because we are interested in
frequencies above 10 GHz [10], the effect of the ionosphere is almost negligible and
as such we will focus our attention only on the tropospheric propagation. Figure 1.1
shows the pressure and temperature pro les along the layers of the atmosphere.

The troposphere is the lowest layer of the atmosphere and contains around 80% of
the mass present in the atmosphere and 99% of the water vapor, which concentration
changes with the latitude [11]. It is within the troposphere that the Earth-space links
experience the major propagation impairments, which are caused by the presence of
both gaseous (especially water vapor and oxygen) and hydrometeors constituents (rain,
snow, cloud particles, etc.). The most important impairments are: attenuation, depo-
larization, increasing in thermal noise of the system, amplitude and phase scintillations
(particularly at low elevation angles), change in the angle-of-arrival of the signal, and
amplitude and phase dispersion (of speci c interest for wideband transmissions). These
effects are highly dependent on the link parameters such as: frequency of operation, el-
evation angle, ground-station altitude, and local meteorology [12]. The thickness of the
troposphere changes in function of the latitude, decreasing from the equator (around 16
km) to the poles (8-12 km).

The troposphere is the lowest layer of the atmosphere and contains around 80% of
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1.3. Propagation Atmospheric Impairments

the mass present in the atmosphere and 99% of the water vapor which concentration
changes with the latitude [11]. It is within the troposphere that the Earth-space links ex-
perience the major propagation impairments, which due to the presence of both gaseous
(especially water vapor and oxygen) and hydrometeors constituents (rain, snow, cloud
particles, etc.) in this layer. The most important impairments that occur in the tro-
posphere are: attenuation, depolarization, increasing in thermal noise of the system,
amplitude and phase scintillations (particularly for low elevation angles), change in
the angle-of-arrival of the signal, and amplitude and phase dispersion (especially for
wideband transmissions). These impairments are highly dependent on the following
parameters of the link: frequency of operation, elevation angle, ground-station altitude,
and local meteorology [12]. The thickness of the troposphere changes in function of
the latitude, decreasing from the equator (around 16 km) to the poles (8-12 km).

Table 1.2 shows the various frequency bands used for satellite communications.

At Ku band, the fade margin of the system can be increased in order to compen-
sate for the extra path attenuation due to rain. However, at higher frequencies the fade
levels are so large that it is not feasible either technically and/or economically to use
this approach and more sophisticated techniques must be implemented (PIMTSs) [13].
Nevertheless, moving to higher frequencies offers several advantages: a less congested
spectrum, higher available bandwidth, a reduced interference potential and higher pos-
sibility of miniaturization [14]. As the economics of the satellite communication de-
pends strongly on system size, the miniaturization, especially of the antennas, is a key
feature.

1.3.1 Gaseous Attenuation

Oxygen and water vapor are the atmospheric gases attenuating the millimetre waves,
through an absorption process. This process occurs as the result of a quantum level
change in the rotation energy of the molecule that happens at a speci ¢ resonant fre-

qguency [12]. The molecules of oxygen and water vapor have permanent electric and

magnetic dipole moments that are excited by the electromagnetic waves, oscillating

and rotating. In this process the molecules absorb energy which is reradiated isotropi-
cally [15]. The other atmospheric components, like nitrogen, argon and carbon dioxide,

have no resonance frequencies up to 100 GHz and their effect can be neglected [12].

Table 1.2: Microwave frequency bands for satellite communication [2]

Band Frequency (GHz)

L band 1-2
S band 2-4
C band 4-8
X band 8-12

Kuband | 12-18
K band 18-27
Kaband | 27-40
V band 40-74
W band | 75-110

11
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1.3.2 Clouds and Fog Attenuation

Clouds attenuation is associated with the presence of suspended droplets (cloud liquid
water content), however, according to [16], for frequencies beyond the Ka band also
the effect of ice clouds is not negligible.

The clouds attenuation value is dependent on the link elevation being almost pro-
portional to the path length [2]. Figure 1.2 shows how strongly dependent is the cloud
attenuation on the frequency and on the link elevation.

Fog, in turn, has no signi cant impact on tropospheric propagation up to around 100
GHz. The typical liquid density in fog is between 0.05 §/(for medium fog) and 0.5
g/m? (for thick fog).

1.3.3 Tropospheric scintillations

The atmosphere, despite some degree of horizontal homogeneity, has an inherent inho-
mogeneity produced by turbulent motion [17]. Because of that, satellite links are also
affected by tropospheric scintillations. Basically, scintillations are rapid uctuations on
the amplitude, phase, angle of arrival, and polarization of the signal. Scintillations in-
crease with frequency and path length thus becoming very signi cant for low elevation
angles. A prediction method for the estimation of scintillations along xed satellite
links is provided by the Recommendation ITU-R P.618-13 [18] while for LEO satellite
links an interesting procedure is presented in [19].

Tropospheric scintillations have a strong correlation with temperature as well as
with the humidity of air. The higher the temperature and the humidity, the higher is the
amplitude of the tropospheric scintillation for a given earth-space link. There is also
correlation with wind velocity: high correlation with wind speed but low correlation
with its direction. The presence of rain along the path however does not affect signif-
icantly the amplitude of scintillations. The effect of rain in the scintillations is only
related to the low frequency end of the power spectra [20].

The existence of clouds along the link is another factor that increases tropospheric
scintillations. According to [5] there is a strong correlation between the presence of
cumulus clouds and the intensity of tropospheric scintillation.

The amplitude of the scintillations depends also on the diurnal and seasonal cycles.
The peaks coinciding with the most humid and hot periods. In addition, there is a
dependence on the latitude and the effects of scintillations increase especially at higher
latitudes. The variations in the longitude, on the other hand, for a xed latitude seems
to be negligible.

1.3.4 Rain Attenuation

Rain, in turn, is the strongest source of impairments in satellite links. Losses are caused
mainly by raindrops absorption and scattering mechanisms. These effects occur at ev-
ery frequency but are obviously more signi cant at the higher ones, where the wave-
length is smaller and closer to the rain drop sizes. At frequencies above 10 GHz the
imaginary part of the complex permittivity of water becomes signi cant and then it is
not possible to consider the raindrop as a lossless dielectric [5]. Mathematically, the
attenuation is the sum of the components produced by scattering and absorption. A
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schematic presentation of both mechanisms is shown in Figure 1.3. In addition to at-

tenuation, rain also causes depolarization. This effect is s more signi cant beyond 15

GHz and is caused by the attering of the spherical raindrops exposed to the atmosphere
drag [2].

The rain structures are usually classi ed in three types: cyclonic storm, convective
rain and stratiform rain [12].

Cyclonic storms (or hurricanes) are circular storms with diameters ranging from 50
to 200 km. They move at a speed of 10 to 20 kilometres per hour. Their height to the
melting layer can arrive to 8 km and the rain rates are much higher than 25 mm/h.

Convective rain structures have in general an extent of several kilometres and the
duration of the highest rain rate is only several minutes. Convective rain cells extend to
heights well above the average melting layer level due to the convective upwelling.

Stratiform, in turn, is the most common rain structure at mid-latitudes regions. They
have an extension that can arrive to hundreds of kilometres and a duration exceeding
one hour with rain rates well below 25 mm/h.
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Figure 1.1: Earth's atmosphere: pressure and temperature distribution [11]
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1.3. Propagation Atmospheric Impairments

Figure 1.2: Total cloud attenuation and its dependence on the frequency and on the elevation [12]

Figure 1.3: The two mechanisms that causes losses in the electromagnetic wave while propagating
trough a path lled with rain droplets [5]: (a) absorption; (b) scattering
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1.4 Propagation Impairment Mitigation Techniques

To make feasible the use of satellites operating at frequencies above 20 GHz where
the extra path attenuations can be very high, it is necessary to adopt speci ¢ solutions
because the standard technique of oversizing the power of the transmitters or the an-
tennas sizes is not feasible and even not economic. Such speci ¢ solutions, indicated
as PIMTs [21],used to enhance the Quality of Service (QoS) and availability of the
system are based on the peculiarities of the propagation medium such as the spatial
behaviour of the atmosphere. Some techniques make use of "resources" available also
on board, such as a recon gurable antenna and/or the adaptive coding and modulation
(ACM) [11].

A sensing system detects the propagation impairment and, accordingly an algorithm
chose the most adequate set of parameters of the selected PIMPT, in real time [22].
Basically, the attenuation effects can be counteracted by using power control, signal
processing, and diversity techniques.

In general, PIMTs, independently of the type, perform the following functions:

Monitor the quality of the link by means of continuous measurements of the prop-
agation conditions;

Provide the short-term estimation of the channel behaviour;

Set the parameters of the system based on the short-term estimation.

1.4.1 Power Control Techniques

Essentially, the power control consists in the variation of the effective isotropic radi-
ated power (EIRP) of the signal to enhance the carrier-to-noise ratio (C/N). Hence, the
transmitter power is adjusted to compensate some modi cation in the dynamic charac-
teristics of the channel. The adjustment can occur either at the ground station (uplink
power control (ULPC) or earth station EIRP control) or at the satellite itself (downlink
power control (DLPC) or satellite EIRP control). This power control can be imple-
mented in two different ways: using an open loop control system, where the adjustment
of the transmitted power is done based on the most recent measurements of the received
power; or using a closed loop power control system, in which the adjustment is done
based on reported power measurements over the channel.

1.4.2 Power Control Techniques

The possibility to compensate the degrading effects by using signal processing refers
basically to adaptive transmission techniques, i.e., to modi cations in the coding, mod-
ulation or data rate of the signal. These techniques can be classi ed in three categories,
namely hierarchical coding (HC), hierarchical modulation (HM) and data rate reduction
(DRR). The later one consists in the reduction of the information data rate during the
periods in which the system monitoring indicates a deep fading. The HM reduces the
spectral ef ciency when the C/N decreases in function of the propagation impairments.
The HC coding, on the other hand, is based on the increasing on the redundancy, thus
decreasing the error probability [13].
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1.4.3 Diversity Techniques

The diversity techniques are countermeasures against rain attenuation. As rain is the
main factor of attenuation in satellite links, the diversity techniques are the most ef-
cient PIMTs. There are different types of diversity that can be used to mitigate the
fading, they are: site diversity (SD), orbital diversity (OD), frequency diversity (FD),
and time diversity (TD). SD and OB are techniques exploring the knowledge on the
spatial structure of rain. TD and FD are based on the temporal and spectral dependence
of rain, respectively.

Site diversity consists in the use of two or more Earth stations, separated by a dis-
tance of at least 10 km, to receive the same information. This can be done because
the heavy precipitation is usually concentrated in small areas, as the convective rain
cells have in general a diameter that goes up to 10 km. The use of two differently lo-
cated ground stations ensures that the probability of strong fading at both of them is
signi cantly lower than the probability of strong fading at each individual site. From
the signals received in the two sites, the less affected by fading or a combination of
both (using technigues to maximize the C/N) is selected, thus increasing the system
availability. Indeed, site diversity is in principle the most effective among the diver-
sity techniques. Its application presents anyway some complexity since it requires a
terrestrial link between the ground stations and it is very dif cult to implement from
the transmitter side [23]. The main parameters determining the gain of a site diversity
system are the site separation and the baseline orientation angle. The former is the
distance (D) between the Earth-stations and the latter is the angletween the line
joining the stations and the direction of the propagation path [12]. Figure 1.4 shows a
diagram with a typical site diversity con guration with two Earth-stations. The optimal
condition occurs when D is suf ciently large andis closer to 90.

However, site diversity become more complex to implement in case of Tx than in
Rx as there is a need of a synchronization mechanism for the transmission chain of the
ground stations that work in diversity mode.

The applicability of SD is generally economically unviable for counteracting fading
at user terminals due to their low-cost requirements. This makes SD suitable for the
gateways in the Satcom scenarios in which the availability is higher in the feeder-link
than in the user-link.

Orbital diversity also called satellite diversity, consists basically in allowing the
Earth station to choose between different satellites. It is less effective than site diversity
due to the higher correlation between the paths. Due to the low gain provided by this
technique, if it is not possible to take advantage of the capability for resource-sharing
with several ground sites, the use of orbital diversity is economically unfeasible [12].

Frequency diversity is a technique that requires a payload operating in two different
frequency bands. When a deep fade occurs, the traf ¢ is switched to a lower frequency
where however, the bandwidth is smaller and, with it, the capacity.

Time diversity is a relatively new technique that is applicable only to services where
time delays can be tolerated. With this technique, the signal occurring during high fade
periods is retransmitted by taking into account an estimation of the fade duration, i.e.
it takes advantage of the rainfall process's time decorrelation. At the receiver, among
the different copies of the transmitted information the one with the highest signal to
noise ratio (SNR) is selected [24]. A further advantage is the economic aspect, because
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Figure 1.4: Typical two site diversity con guration [5].

this technique does not require to duplicate the network equipment. One of the main
drawbacks is the reduction in the effective data rate. The references [13] and [21]
provide a good overview and comparisons between the PIMTs.

1.5 Thesis outline

This subsection presents the structure and a brief summary of the next chapters.

Chapter 2 presents a review on the attenuation time series synthesizers for satellite
links that are present in the literature and their main characteristics, advantages,
and disadvantages;

Chapter 3 Provide an overview of the proposed total attenuation time series syn-
thesizer for NGEO satellites;

Chapter 4 describes the MultiEXCELL model and the rain maps database obtained
from it that was used for the modelling procedures implemented in this work;

Chapter 5 presents a model for scaling rain attenuation long-term statistics in func-
tion of the elevation angle and shows the results of this model applied to two
different sites;

Chapter 6 introduces a procedure to generate time series of rain attenuation for
low elevation angles based in the summation of measured rain events present in
the ITALSAT database;
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Chapter 7 presents a scaling model for time series that is able to receive as input
a time series generated for a low elevation angle and scale it for all the range of
elevations;

Chapter 8 discuss the azimuthal variation of the attenuation due to rain and pro-
poses a model to quantify this variation in a probability basis;

Chapter 9 discuss the scaling in terms of elevation of clouds and water vapor
attenuation in satellite links;

Chapter 10 presents the application of the model as well as the fade duration and
fade slope analysis;

Chapter 11 draw some conclusions and proposes some future works.
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CHAPTER

Review of Attenuation Time Series Synthesizers
For Satellite Links

In this chapter we present an overview on the attenuation time series synthesizers
(ATSS) for satellite communications available in the literature.

They represent the most sophisticated tool for the design of advanced satellite com-
munication systems as they provide a statistically meaningful set of attenuation events
with high temporal detail (one sample per second or even higher) that maintain the
basic temporal dynamic properties of the radio channel.

2.1 Time Series Synthesizers

ATSS generate a set of time series that are similar to real measurements as they have
the capability of reproducing the following characteristics of the channel:

Long-term statistics of rain or total attenuation;
Fade slope and fade duration characteristics and statistics;
Scintillations characteristics;

The approach used can be either, statistical, analytical or with a physical sound basis
and also a combination of the previous ones. Each approach has its own advantages and
drawbacks.
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2.1.1 Rain Attenuation Time Series Synthesizers
2.1.1.1 Stochastic models

In general, the statistical models make some physical assumptions and have their pa-
rameters derived from long-term measurements [25]. Most of these are based on the
theory proposed by T. Maseng and P. Bakken in [26] — hence the name of Maseng-
Bakken based models. The Maseng-Bakken models use two main assumptions about
the rain attenuation process:

It is possible to model the long-term distribution of rain attenuation as a log-
normal distribution;

Rain attenuation can be converted into a rst order stationary Markov process by
using the non-linear transformation presented in (2.1).

|n(Arain m)

X = 2.1)

WhereA ., is the rain attenuation in dB, m is the mean, arid the standard deviation
of the log-normal distribution of rain attenuation. In addition, the rst order stationary
Markov processes can be characterized by autocorrelation functions described by the
expression (2.2).

Rx()=exp( ) (2.2)

The rain attenuation time series is generated from a discrete white gaussian noise
n(t) that pass through a low-pass Iter and is then transformed from a normal to a log-
normal distribution in a memoryless non-linear device and calibrated in order to match
the rain attenuation statistics of the site of interest. The block diagram of the model is
shown in Figure 2.1. This ATSS is de ned by the following ve parameters::

Figure 2.1: Block diagram of the rain attenuation time series synthesizer [27].

m: mean of the log-normal rain attenuation distribution;
: standard deviation of the lognormal distribution;
p: rain annual probability;
. parameter that describes the time dynamscs)
Aoftset - Value that adjusts the time series to match the probability of rain (dB).

The values o and are retrieved from the CCDF of rain attenuation vs. probability

of occurrence. These rain attenuation statistics can be obtained either from measured
data or (when no measurements are available) by prediction methods. The model pro-
posed in [28] is also based on the Maseng-Bakken assumptions with some difference
in the implementation.
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Among the statistical models there are also the ones based on statistical conditional
probabilities, as the models proposed by Van de Kamp [29], by Fiebig [30] and by La-
coste et al. [31]. These models are based on the assumption that the value of attenuation
IS going to be equal to a determined value at ttme t, given the information of one
or two previous valueg at timet, andA ; at timet t.

2.1.1.2 Models based on meteorological analysis

The models based on the meteorological analysis and forecasting were initially intro-
duced in [32] and [33]. These methods use weather forecast and/or radar data to derive
the time series of attenuation and were rstly proposed for SHF and EHF bands. Au-
thors in [32] use the outputs from two models: The Meteorological Of ce Uni ed
Model (a numerical weather prediction model) and the Meteorological Of ce radar
network (C-band radars).

The work presented in [33] is also based on data provided by two models of numeri-
cal weather prediction, the Meteorological Of ce Uni ed Model mentioned previously
and the system MM5 by the Pennsylvania State University together with the National
Centre for Atmospheric Research.

The basic idea behind both models is to convert the atmospheric parameters such
as temperature, pressure, humidity, and wind velocity into tropospheric attenuation in-
duced by rain, clouds, oxygen, water vapor, etc.

2.1.1.3 Models based on measurements

More related to this work are the models based on propagation measurements like the
ones proposed in [11] and [23].These models use direct measurements collected dur-
ing a long-lasting campaign at Ka and V bands (1994-2000) in the framework of the
ITALSAT satellite propagation experiment. The basic idea underlying these models is
that the process of the falling rain (i.e. rain events) is statistically the same worldwide;
what changes from site to site is the probability of occurrence of the different classes
of rain events (i.e., stratiform and convective). Therefore, a very large database of time
series collected in one single site can be adequately used to reproduce statistically the
main features of rain attenuation in any site. The models consist in a proper selection
of a set of measured time series in order to reproduce the attenuation for the selected
site, with possible scaling (not strictly necessary) in terms of frequency, elevation and
rain height.

In [34] the authors present an ATSS for joint rain attenuation conditions in multiple
sites. The model is based on the same mathematical method used in [35] and uses the
same ITALSAT database. The rain events present in the database are divided into 1-
hour periods referred to as "epochs" and the rainy and not rainy epochs in each site are
described through a correlated binary process. This allows the generation of both rainy
and no rainy conditions in multiple sites distributed over a large area while maintaining
the spatial and temporal variability of rain. The model showed very good results when
tested against experimental time series for xed satellite scenarios.

2.1.1.4 Models based on the synthesis of rain rate series and its conversion to attenuation

The Synthetic Storm Technique, the method proposed in [36] is based on the synthesis
of the rain rate space series and its conversion to attenuation. It starts from the rain rate
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time series of rain rate, collected with a rain gauge, and is able to generate rain atten-
uation time series for any frequency, polarization, elevation (above a0d location.
Rain rate time series (recorded at one point and averaged over 1-minute time or less)
are converted to a rain rate spatial series along a line, by using an estimate of the storm
translation speed and with a convolution integral, a synthetic storm is obtained. The
predictions of the model are not signi cantly sensitive to variations in the storm trans-
lation speed which value is obtained from measurements at 700 mbar pressure level,
usually provided by meteorological services.

The model gives good results when compared with experimental data, however, its
main drawback is that it requires experimental rain rate time series for the site where
simulations are needed.

2.1.1.5 Rain attenuation time series models for non-geostationary satellites

Unlike the rain attenuation time series synthesizers for geostationary satellites, the ones
for non-geostationary (NGEO) satellites (MEO and LEO) have not been yet exhaus-
tively investigated. For these links, besides the spatial variation of rain it is also nec-
essary to consider the variability in time of the link geometry across the rain structure.
Figure 2.2 shows a schematic view of a hon-geostationary satellite passage. Note that
LR, the length of the link interested by rain at tkeh time interval does not depend

only on the rain heighth}), on the site heighth), and on the elevation angle as it
happens in the geostationary links, but also on the height of the satellite orbit (that de-
termines how fast is going to be its passage), and on the variations of both elevation
and azimuth.

Figure 2.2: Non-geostationary satellite path across the rain structure [37].

Indeed, there is a lack of statically signi cant measurements campaigns for these
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satellites. In [38] and [39] an analytical model for the time series generation of rain
attenuation is presented. The model is basically an extended version of the Maseng-
Bakken one and uses the rst-order stochastic differential equations (SDESs) while con-
sidering the time dependence with the elevation angle. The main difference with re-
spect to the traditional Maseng-Bakken used for geostationary satellites is the fact that
the parameters of the SDEs are time (and, by consequence, elevation) dependent. The
model incorporates the PDF of the elevation angle into the long-term statistics of rain
attenuation.

2.1.2 Total Attenuation Time Series Synthesizers
2.1.2.1 ITU-R Model

The ITU-R Recommendation P.1853-1 [27] presents a tropospheric attenuation time
series synthesizer in which is able to generate rain, clouds, water vapor and oxygen
attenuations as well as tropospheric scintillations time series.Figure 2.3 shows the block
diagram of the model with the combination of all the attenuation components. The
tropospheric attenuation components are obtained as follows:

The rain attenuation time series are generated with the procedure depicted in Fig-
ure 2.1;

The attenuation due to clouds is obtained by the retrieving of the Integrated Liquid
Water Content (ILWC) through a log-normal content and its translation into cloud
attenuation with procedure proposed in the ITU-R Recommendation P.840-8 [40];

Water vapor attenuation in turn is obtained by the retrieving of the Integrated Wa-
ter Vapour Content (IWVC) through a Weibull distribution and its conversion to
attenuation according to the procedure described in the ITU-R Recommendation
P.676-11 [41]

The attenuation due to oxygen is assumed as constant and derived using the Rec-
ommendations P.676-11 and P.1510-1 [42];

Finally, the tropospheric scintillations are assumed as a low-pass lItered white
gaussian noise as shown in Figure 2.4.

2.1.2.2 Polimi Model

The author of [11] presents a model able to synthesize total tropospheric attenuation
for xed satellite links. Figure 2.5 shows the block diagram of the synthesizer. The
output [Aro7 (t)] is the total tropospheric attenuation which the link is subjected to at
a time t and is a composition of the attenuations due to oxygem ], water vapor
[Av (1)], clouds AL (1)], and rain Ag(t)]. The synthesis of the rain attenuation time
series is based on the principle described in subsection 2.1.1.3 and uses the previously
mentioned ITALSAT database. More details on this procedure and on the ITALSAT
database are given in Chapter 6.

The synthesis of the water vapor and the liquid water time series in turn follow a pro-
cedure analogue the one used to rain. The Integrated Water Vapour Content (IWVC)
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Figure 2.3: Block diagram of the tropospheric time series synthesizers presented in [27]

and Integrated Liquid Water Content (ILWC) are extracted from the Brightness Tem-
perature measured by a microwave radiometer. The radiometric database consists in
seven years (1994 - 2000) of measurements performed by a two channels microwave
radiometer at 23.8 and 31.6 GHZ in Spino d'Adda at 3&lévation. . This is done by

using the retrieval coef cients obtained from the so called RAOBS FERAS database
that consists in ten years (1980-1989) of radiosounding measurements of vertical pro-
les of pressure, temperature, and relative humidity detected at 0 and 12 UTC in non-
rainy conditions in 350 sites over the world. The rain events embedded in the ILWC
and IWVC time series are detected and removed using three ancillary co-located mea-
sured databases, namely: a raingauge 7 years (1994-2000) database collect next to the
radiometer in Spino d'Adda, sampled each minute, and with an availability close to
100% of time; a beacon receiver database from the ITALSAT experiment; and the Sky
Status Indicator (SSI) that is extracted by the radiometric measurements.

The database is divided in xed frames of daily time series aiming to maintain the
synchronous variation between the quantities of IWVC and ILWC since it was observed
an annual trend of the minimum and maximum values of IWVC, the daily average, and
the daily maximum value of ILWC. This database is divided in classes (8 for ILWC
and 5 for IWVC) according to the maximum value of each quantity. The water vapor
and clouds attenuation time series is obtained by a proper selection of daily frames of
database that reproduce the CCDFs of ILWC and IWVC for the selected site.

The oxygen attenuation is assumed to be constant and retrieved with the procedures
described in the ITU-R recommendations P.1510-1 and and P.676-11.
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Figure 2.4: Scintillations time series synthesizer diagram [27]

The block CTA is the implementation of a Cloud Detection Algorithm based on
the division of the RAOBS database according to the vertical extent of clouds. This
algorithm is able to discriminate rainy from non-rainy clouds in such a way that when a
cloud is classi ed as rainy a rain attenuation event is superposed to the attenuation due
to the cloud. More detail on the CTA are given in the Appendix A of [11].

The present work uses as one of the main references the work developed in [11]
modify and improve its application to non-geostationary Earth-satellite links.

2.1.3 Final Remarks

In this chapter we provided a brief review of the attenuation time series synthesizers
used for propagation purposes present in the literature, describing their advantages and
disadvantages and assumptions that support them. Rain ATSS along GEO and LEO
(only one) satellite links are presented as well as the ones for GEO satellite that consider
also the other components of attenuation (water vapour, clouds and oxygen).
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Figure 2.5: Block diagram of the time series synthesizer presented in [11]
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CHAPTER

Overview of Our Total Attenuation Time Series
Synthesizer for NGEO Satellite Systems

As mentioned in Section 1.2, the use of NGEO satelitte constellations is increasing in
the last decades. The variations both in azimuth and elevation angles introduce sig-
ni cant differences on the evaluation and modelling of the propagation aspects when
compared with the GEO satellite systems in which these angles are xed.

The philosophical approach at the basis of the total attenuation time series synthe-
sizer for non-geostationary satellites we are going to present in this PhD work is the
development of a model that maintains as much as possible a physical sound basis.

This chapter outlines our proposal model, whose various steps are then detailed and
discussed in the following chapters from 5 to 9.

3.1 Rain Attenuation Time Series Generator

Figure 3.1 shows the block diagram where the complete model is depicted. The basic
inputs to the model are:

the orbit of the satellite (that can be obtained either by a commercial software like
STK, Two-line Element set [TLE] data, or even analytically);

the ground station parameters (site height and rain height);

the CCDF of rain attenuation of the site (measured or predicted) at the minimum
elevation angle considered in the satellite orbit: The reason is that it is more ac-
curate to obtain all the data of the synthesizer by a scaling up from the reference
curve.
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Satellite Systems

Figure 3.1: Block diagram of the rain attenuation time series generator for NGEO satellite systems.

If, as expected, the CCDF &4 ( min ) is not available, the most accurate one of
the site (measured from GEO or predicted from a model at a GEO elevation) will be
scaled down to,, with the procedure presented in Chapter 5.

The scaled CCDF is the input of the block that gives in the output a set of time series
of rain attenuation following the procedure described in Chapter 6. These time series
are then scaled in terms of elevation following the steps also detailed in Chapter 7 in
such a way to maintain the full temporal correlation with the generating one.

As for the variations of the attenuation in azimuth, from the simulations performed
we got the con rmation of our preliminary assumption: for modelling purposes they
are independent from the elevation variations and as such they are treated separately.
As a consequence, each output rain attenuation time series consists in the one obtained
in the previous step (elevation variation) combined with the binary output of the block
Azimuth Window Generator that implements the procedure described in Chapter 8.

3.2 Water Vapor and Clouds Attenuation Time Series

Chapter 9 is dedicated to the analysis of the water vapor and clouds attenuation time
series. It will be shown that the scaling of water vapor attenuation in terms of elevation

can be done by using a simple geometric relation. Moreover, due to the more uniform
distribution of water vapor with respect to rain or clouds, it is not necessary to apply to

it the concept of an azimuth window. The water vapor attenuation time series generator
makes reference to the one proposed in [11] with the addition of the elevation scaling
mechanism, as shown in Figure 3.2. For the clouds attenuation time series, in turn,

Figure 3.2: Water vapor scaling block diagram.
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we propose in Chapter 9 a method for scaling up them from the minimum elevation,
analogously to the one developed in Chapter 7 for rain. A possible development of an
azimuth window generator for clouds is indicated as one of the future works although,
on a statistical basis, it does not seem to be strictly necessary.

3.3 Oxygen Attenuation Time Series

The oxygen attenuation is simply scaled from the vertical to the desired elevation angle
with the cosecant relation and its value is obtained by Recommendations P.676-11 and
P.1510-1. We assume that oxygen distribution is uniform in azimuth.

3.4 Total Attenuation Time Series Synthesis

The total attenuation time series synthesis is obtained by properly summing up the
contributions detailed above. The summing procedure that must maintain a relationship
among the different contributions follows the one proposed in [11] and illustrated in
Figure 2.5, i.e. which makes the use of the block CTA (Cloud Type Algorithm).

3.5 NGEO orbit generation

The generation of the NGEO orbits for purposes of simulations (Chapter 10) used in
this work was done following the procedure described in [43], which consists in retrieve
the elevation and azimuth from the orbital parameters applying the Simpli ed General
Perturbation model SGP4 to propagate the satellite position and velocity. More de-
tails on the satellite scenario to which the orbits were generated are given are given in
Chapter 10.

3.6 Final Remarks

This chapter presented a summary of the models that will be addressed in the next
chapters of this thesis. We have here described the procedure used to convert separately
the various components of tropospheric attenuation obtained from direct measurements
at a xed elevation to any requested elevation and then how they must be summed up
into a total attenuation time series for a NGEO satellite link.

It is important to clarify that the procedure described is for generating the average
process. For the instantaneous one we introduce the use of some variations that will be
introduced in chapter 10.
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CHAPTER

Reference Rain Attenuation Database

In this chapter we introduce the MultiEXCELL rain attenuation database used in this
work. This database was obtained by simulations carried out on the rain rate maps
provided by the MultiEXCELL model. These simulations were fundamental for the
development of the models during this PhD. research.

4.1 MultiEXCELL Model

The propagation-oriented MultiEXCELL (Multi EXponential CELL) rain eld model

— described in [44], and extensively validated for several propagation-oriented applica-
tions ( [45], [46], and [47] — generates realistic rain elds composed by an ensemble
of synthetic aggregates each one containing exponentially shaped rain cells after the
EXCELL model [48].

The aim of MultiEXCELL model is to join the advantages of two previous models:
EXCELL [48] and HYCELL [49]with the aim to preserve (and enhance) the simple and
manageable mathematical expressions of rain cells proposed by EXCELL (a model par-
ticularly oriented to propagation applications) while overcoming its major drawback to
be inherently a small-scale model. EXCELL is, in fact, a model that generates iso-
lated cells de ned as "the continuous area inside which rain rate is higher than a given
threshold"” [50], set to 5 mm/h, with size limited to 20 km circa. They have the simple
analytical exponential shaped pro le described in (4.1).

R( )= Rye (5 (4.1)

whereR is the rain rate irmm=h, is the distance from the cell centd®y, is the
maximum rain rate of the cell ang is the equivalent radius for whichy = Ry =e
Finally, k is the shape factor and — for an exponential cell — its value is 2. Different
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Chapter 4. Reference Rain Attenuation Database

values of k, as e. g. k=1 or k=3, give Gaussian and hyper-exponential cell pro les
respectively. Figure 4.1 depicts the shape of a typical exponential cell.

Figure 4.1: Example of exponential rain cell.

However, MultiEXCELL uses a revised parametrization based on the information
obtained by radar maps NP®dstri Pioggia Cartesianizzajalatabase. This database
Is the result of a long-term measurement campaign from 1988 to 1992 that collected
several rain events in radar maps with a S-band Doppler weather radar located at Spino
D'Adda (latitude 45.4 N, longitude 9.5 E, altitude 84 m a.m.s.l), a few kilometers
East of Milan, Italy [44].

In order to allow mid/large-scale applications, particularly important for simulations
of complex TLC systems, MultiEXCELL generates synthetic rain elds based on ag-
gregates of exponential rain cells. It considers that rain cells tend to aggregate into
larger rain structures as shown in Figure 4.2 where we can see that the rain structure
delimited by the ellipse on the right has inside two rain cells close one to the other (red
circles): i.e. they form an aggregate. According to [49] this aggregation procedure
tends to be more remarkable as the rain cell intensity increases. In the MultiEXCELL
model, these aggregates are de ned as the area with rain rate exceeding a speci ed
level (1 mm/h) and having inside two or more peaks greater than 5 mm/h. More than
one aggregate can be present in a rain map. Using a procedure based on a double ag-
gregative process, MultiEXCELL is able to synthesize sets of rain elds maintaining
the site speci ¢ 1-minute integrated rainfall statistics as well as the rainfall spatial dis-
tribution. The double aggregative process consists in (1) clustering the cells into aggre-
gates and (2) combine the aggregates in the rain map by reproducing the local fractional
rainy area distribution, a parameter derived from coarse meteorological information ex-
tracted from ECMWF (European Centre for Medium-range Weather Forecast) ERA-40
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4.1. MultiEXCELL Model

Figure 4.2: Typical rain eld that illustrates the aggregative process observed by a radar located at
Spino d'Adda.

database. MultiEXCELL assumes also a constant vertical rain pro le from the ground
up to the OC isotherm height.

This complex description of the rain eld is particularly important for the evaluation
of non-geostationary links performance, in which the path length across rain becomes
longer and longer with the decreasing of the elevation angle. Thus, the probability
that more than one cell (or aggregate) simultaneously interacts with the link increases
strongly.

Using MultiEXCELL, 578 synthetic rain maps were generated, whose ensemble
reproduces the long-term local rain intensity statistics (the only input to the model) and
maintain the spatial distribution of rain at Spino D'Adda. Figure 4.3 shows a sample
rain map provided by the model.

In this work, the reference site is Spino D'Adda, Italy . The map dimension is 230
km x 230 km and the spatial resolution is 1 km x 1 km. Maps generated to another
site — Miami, USA — were used in order to have some validation for the models. For
Miami, we obtained 570 maps with the same dimensions and the same space resolution
of the ones generated for Spino D'Adda. The input of the model, in this case, is the
long-term rain rate CCDF of Miami.

35



Chapter 4. Reference Rain Attenuation Database

Figure 4.3: Sample of the rain maps generated by the MultiEXCELL model.

4.2 Retrieval of Rain Attenuation from the MultiEXCELL Maps

Starting from the rain rate maps, the corresponding speci ¢ attenuation maps can be
easily obtained by applying the well known power law presented in (4.2).

(xy) = kK[R(Xy)] (4.2)

where (X;y) is the speci c attenuation at each pixel of the map in dB/KR{x;y)

is the rain rate in mm/h of the pixel, and the parameteend are dependent on
frequency, polarization and elevation angle, and are also function of the Drop Size
Distribution (DSD), as well as of the refractivity index of water which, in turn, depends

on its temperature. These parameters can be evaluated with the procedure presented
in ITU-R recommendation P.838-3 [51]. The valueskodnd are retrieved by the
equations (4.3) and (4.4).

_ kn + ky +[ky  ky]cos( )coq2 )
2

k (4.3)

_kuy wtkv v+[ky v ky v]cos( )cog2 )
- 2k
Where the subscriptd andV stand for horizontal and vertical polarizations respec-
tively, isthe elevation angle andis the polarization angle. For circular polarization,
must be set to 45 The recommendation P.838-3 provides a table of the values for
kn, kv, w,and y atdifferent frequencies.

(4.4)
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4.2. Retrieval of Rain Attenuation from the MultiEXCELL Maps

Once obtained the speci c attenuation, the amount of rain attenuation in dB along

the slant path can be evaluated by integration as in (4.5).
Z L
A(dB) = dL (4.5)
0

wherelLs is the effective slant-path length across the rain in km that depends on the
elevation angle and the rain height — the difference between the mean an@ual 0
isotherm height above mean sea level and the height of the site — derived from the
procedure proposed in ITU-R Recommendation P.618-13 [18]. Figure 4.4 illustrates
the position of these parameters in a schematic Earth-satellite links.

Figure 4.4: Schematic diagram of an earth space link [18]

As the simulations we were interested in are for elevations greater or equal to 5
the evaluation ot s does not considers the Earth curvature and can be expressed as in
(4.6).

_Hr Hs
*7 “sin()

The simulations were performed by evaluating the attenuation with de ned link pa-
rameters (elevation angle, azimuth, frequency and rain height) and with the ground
station set in each pixel of each rain map. In this way we were able to obtain an amount
of data suf cient for the generation of long-term statistics. In order to validate the over-
all procedure, results from simulations at 39.6 GHz and an elevation angle of 37.7
were compared with long term measured attenuation collected in the framework of the
ITALSAT propagation experiment at Spino d'Adda as it is depicted in Figure 4.5. It
can be seen that the results show a very good agreement with the reference, even at

(4.6)
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low probability levels that are the most critical to obtain because of the need of a large
amount of attenuation data.

Figure 4.5: Annual exceedance probability obtained in relation to a reference result (39.6 GHz, circular
polarization).

Especially at very low elevations, depending on the position of the ground station,
the horizontal projection df s exceeds the boundary of the map: to maintain the same
number of data whichever the elevation considered it was necessary to extend the rain
eld, which is achieved by placing alongside the rst map a second one with approx-
imately the same rain coverage (which is acceptable when considering no signi cant
changes in the local orography). The solution adopted consists in randomly pick up,
within the map database, one with a similar rain coverage (with 20% of tolerance). It
is important to clarify that the ground station positions are con ned to the pixels of the
rst map. The second one serves only as an extension of the map when the integration
procedure arrives to the border.

All the simulations performed assume that the rain structures do not change in
time during the passage of a LEO satellite, which indeed is not strictly the case [52].
Nonetheless, as the LEO passage lasts a few minutes and since the main objective of
these simulations is to extract parameters that impacts the long-term statistics of rain at-
tenuation, it turns out that it is possible to use this static approach for sake of modelling
convenience while maintaining a good level of accuracy. In case of MEO satellites
links this assumption is more critical since the passages are longer.
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4.3. Final Remarks

4.3 Final Remarks

In this chapter we described the database used for the majority of the modelling proce-
dures proposed in this work. We summarized the rationality behind the MultiEXCELL
rain eld model and described the procedure to retrieve the rain attenuation from the
rain maps provided by MultiEXCELL.
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CHAPTER

Elevation Scaling of Rain Attenuation Statistics

Due to the lack of long-term measurements of rain attenuation on a large range of link
elevations at the same site, the use of a scaling technique f81(theCCDFs becomes
essential. In this chapter we present a method to scale the CCDF of rain attenuation
starting from the CCDF along the zenithal path. The rationale assumption is that the
attenuation CCDF at 9(elevation is directly related to the local rain probabiityR)
being the path length constant and equal to the rain height.

The implementation of the procedure described in this chapter results in the block
"CCDF Scaling to the minimum elevation" in Figure 3.1.

5.1 Modelling the scaling factor

To model the scaling factor, it was rst necessary to model the variatid®y0f), the
probability to have rain attenuation along the link, which increases with the decrease of
path elevation.

The scaling factor foPy is SFy( ) is de ned in (5.1).

Po(90)
Po( )

wherePy(90 ) andPy( ) are the long-term probability to have rain attenuation along
the vertical path, and along a slant pathrénging from 1 to 89 ), respectively. A
satisfactory model foEFq( ) is given by the following simple formula in (5.2).

SFo( ) =1:741 99154+ 0:8931 (5.2)

with is expressed in degrees. Figure 5.1 shows the valugBg{f ) obtained from
simulations and from the power law model in (5.2), which indicates a very good tting
accuracy.

SFo( ) =

(5.1)

41



Chapter 5. Elevation Scaling of Rain Attenuation Statistics

Figure 5.1: Scaling factor for the probability to have rain attenuation along the link.

For all the other points of the CCDFs the scaling factor should be also probability
dependentSF(P; ), which is de ned as the ratio between the attenuation exceeded at
elevation and the one predicted by the simple cosecant law from the zenith path. It
was calculated by evaluating (5.3) at the following probability levels: [1, 0.5, 0.4, 0.3,
0.2,0.1, 0.05, 0.04, 0.03, 0.02, 0.01] % for each elevation

Ags (p; )
csq )Age(p;90)

SF(P; ) was then modelled by using the polynomial relationships in (5.4).

SF(p; )= (5.3)

SF(p; )= 1()P*+ 20)P°+ a()p+ 4 (5.4)
The coef cients ; are dependent on the elevation angle and are calculated using
equantions (5.5a) and (5.5b) and Table 5.1.

()= ae” +get ifi< 4 (5.5a)
0:95512 0:9108 +3:213

()= ifi=a .

) 2 1,998 + 5:921 i (5.5b)
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5.2. Results

Table 5.1: Coef cients for the expression in

i a c d e

1 0.09608 -0.2675 -0.07699 -0.0319
2 -0.4054 -0.03019 0.5544 -0.1964
3 -0.4024 -0.02615 0.9201 -0.1177

5.2 Results

To evaluate scaling model accuracy, we used the gure of merit proposed in ITU-R
Recommendation P.311-15 [53] given in (5.6) and its RMS value in (5.7).

Asc(p) Asi (p) o2

(p)=In A (D) 10 for A 10dB (5.6a)
(p) = In 25?28 for A > 10dB (5.6b)
RMS()=( 2+ 2)°5 (5.7)

Agc is the scaled value amdl; is the value of the reference simulated curvess

the probability level; and are respectively the mean and the standard deviation of
. The result obtained from the model is also compared with the one obtained from the
customary cosecant scaling.

Figure 5.2 shows the results of the scaling applied to a low elevatiQrat5spino
d'Adda, Italy at a 39.6 GHz frequency. The CCDF obtained with the model is compared
with the one obtained by MultiEXCELL. As it is possible to see, as expected, the model
shows a signi cant improvement in comparison with the cosecant law, especially for
the lower probabilities. Figure 5.3 shows the results (mean and RMS) of the gure of
merit for a large range of elevation angles (fromté 80 with 1 step). It is worth
noticing that the cosecant law is satisfactorily applicable down to 20-25 degrees; after
the discrepancy becomes de nitely signi cant.

The method was also applied to another frequency. Figure 5.4 shows the result at
18.7 GHz for the same location (Spino d'Adda) and elevation equal enf Figure
5.5 presents as above the mean (a) and RMS (b) of the gure of merit fram 3D .
Again, the model shows an improvement in relation to customary cosecant scaling at
all probability range (RMS (=0.1 against RMS {=0.38 for the cosecant scaling).

We also applied the model to another site i.e. Miami-USA simulated through the
MultiEXCELL maps generated according to the input P(R) of the site. Miami was
selected because of the very different climate (tropical) with respect to Spino d'Adda
(temperate, continental). The results are shown in Figure 5.6 and Figure 5.7 . As in
Miami the rain tends to be very convective, it leads to very high levels of attenuation.
Because of that, the simulations for this site were carried out only untiefEation.

In this case, indeed, the attenuation level for a probabilit§®f% exceeds 150 dB.

Due to this fact we show the simulations done and evaluate the gure of merit only
until the 10 % level. As it is possible to notice, the improvement with respect to the
cosecant scaling is lower but, nonetheless, signi cant. This can be explained by the
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(a) CCDFs

(b) gure of merit

Figure 5.2: Scaling factor applied to 5(Spino d'Adda, 39.6 GHz, circular polarization).
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(a) Mean of

(b) RMS of

Figure 5.3: Figure of merit for a large range of elevations (Spino d'Adda, 39.6 GHz, circular polariza-
tion).
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(a) CCDFs

(b) Figure of merit

Figure 5.4: Scaling factor applied to 5(Spino d'Adda, 18.7 GHz, circular polarization).
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(a) Mean of

(b) RMS of

Figure 5.5: Figure of merit for a large range of elevations (Spino d'Adda, 18.7 GHz, circular polariza-
tion).
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fact that the rain pro le of Miami (very convective) is diametrically opposed to that of
Spino d'Adda (more stratiform).

It has to be stressed that the performance results in Spino d'Adda and in Miami can-
not be directly compared because of the different probability range considered, after
around10 % all the predicted curves tend to de nitely overestimate the MultiEX-
CELL ones.
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(a) CCDFs

(b) Figure of merit

Figure 5.6: Scaling factor applied to 10(Miami, 39.6 GHz, circular polarization).
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