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Abstract
This dissertation is focusing on satellite channel characterization in the millimeter-wave band,
because of the growing demand for high-speed data rate, connectivity, and reliable communication
paradigm. Due to congestion in the lower frequencies of emerging wireless systems, especially the
millimeter-wave band concepts have become essential for new wireless technologies. Therefore, July
25, 2013, the satellite called Alphasat within a cooperation framework of the European Space Agency
and Inmarsat was prepared and launched in order to perform satellite propagation and communication
research activities in the millimeter-wave range across Europe.
Atmospheric impairments are the major obstacle to communication in the millimeter-wave during the
propagation of radio waves between the Earth and a satellite. The dominant of all the impairment is
rain which causes severe attenuation. Rain attenuation is one of the most significant contributors to
propagation effects in satellite communication at high frequencies above 10GHz and becomes very
severe with an increase in rain rate. Therefore, using an empirical approach, it is very important to
characterize the rain attenuation to improve the existing ITU-R models for optimum design of satellite
communication links.
In view of this, the rain attenuation of the propagation channel in the millimeter-wave (i.e. Ka and Q
band) based on the direct measurement from the satellite beacon signal is performed and presented in
the first part of this research work. The dissertation concentrates on measurement data processing,
followed by first and second order attenuation statistics calculations and comparison with the existing
ITU-R models.
In the second part of the research work, we present methods to derive rain rate, the vertical and
horizontal profile of rain, and the rain height from the measured rain attenuation. We also translated
rain attenuation events to calculate the dimensions of the precipitation area and subsequently provided
2D and 3D shape of the rain field.
In this framework, the technology transfer program of the European Space Agency is outlined, where
our research group transferred space-related technology to a terrestrial application that was
subsequently used for indoor millimeter-wave propagation measurements. Two different indoor
environments were selected for the measurement activities. As an outcome of this activity, an indoor
propagation map was developed, compared and validated the empirical measurements with ITU-R
predictions.
The analysis and results presented provide insight into the millimeter-wave propagation for the
satellite to Earth, indoor scenarios and guidelines that will assist in the design of future
communication systems.
The dissertation is extended with an Annex that contains the copy of the candidate’s most relevant
publications relating to each thesis goups, in order to the better understanding of the dissertation.
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1. Introduction
The recent increase in satellite communication can be traced to the revolution and development of
wireless communication technologies. Satellite communication systems have gained significant
importance because it has wider coverage and has the ability to carry information to any part of the
Earth at any time by offering a competitive solution to terrestrial-based communication.
Communication satellites simply receive signals from a transmitting ground station and reprocess the
signals for transmission back to the Earth for reception by ground receiving stations. The satellite is an
active transmission relay, from which information neither originates nor ends with. These
communication satellites, offer services that include data, voice, and video, with ﬁxed services,
broadcast, mobile, personal communications, and a platform for some private network users. The
successful implementation of satellite communications requires a robust link, which provides the
uplink and downlink path for the transmitting signal [1]. Improved research in communications and
space technologies has the lead to optimizing communication [2], reduction in the size of cells,
increase in operational frequencies and a lower height of ground station antennas [3].
Due to current congestion in the lower frequency bands, and demand for long-distance and high-speed
communication, the transmission of large volumes of data at high speed has led to a massive interest in
utilizing higher frequencies for satellite communications in the millimeter-wave band [4]. The
millimeter-wave band is a portion of the electromagnetic spectrum ranging from 30GHz-300GHz. It
supports two-way wireless communications at a high data rate that could only previously be achieved
by fiber optic cables [5]. The millimeter-wave band has drawn interest from both academia and
industry because it has available large bandwidth, including the ability to transfer large volumes of
data at high speed, reduced equipment size, reduced interface, multi-complex connectivity of new
technologies and supports high system capacity requirement [6].
However, the performance of the communication satellite in the millimeter-wave is severely subjected
to atmospheric precipitation, which causes variation in signal level, phase, the polarization and angle
of arrival in the propagation medium above 10GHz. The atmospheric precipitations are made up of
atmospheric gases, clouds, fog, snow, ice, and rain. The effect of the atmospheric precipitation causes
signal attenuation. This includes rain attenuation, gaseous attenuation, cloud attenuation, rain and ice
depolarization, and wet surface effects degrade the signal from the Earth to satellite path, for a
percentage of time which reduces quality and availability of communication services [7]. Among the
atmospheric phenomena, rain is the dominant cause of attenuation of electromagnetic waves and also
shows the most significant spatial inhomogeneity.
In view of this Alphasat, a European communication satellite was launched on the 25th of July 2013. In
addition to the commercial payload, Alphasat carries the Aldo Paraboni technology demonstrator
payload onboard. It was proposed and funded by the Italian Space Agency (ASI) and executed by ESA
5
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(European Space Agency) under the framework of the Advanced Research in Telecommunications
Systems (ARTES) 8 Telecom program. The purpose of the payload is to carry out a campaign in a
propagation experiment in the Ka/Q band and a communication experiment in the Q/V band. This
experimental campaign has drawn interest from research groups across Europe called the Alphasat
Aldo Paraboni propagation Experimenters (ASAPE) with the mission of conducting experiments using
Alphasat in the millimeter-wave band (Ka/Q-band) [8], [9]. So at Budapest University of Technology
and Economics in the Department of Broadband Infocommunications and Electromagnetic Theory
(BME-HVT) in Budapest, a ground station established to participate in this experimental campaign.
Therefore, my research will cover the scientific aspect of the measurement campaign at BME-HVT to
understand the propagation characteristics of the Earth-satellite path link. I seek to provide reliable
measurement data for Budapest with the desire to give a solution to combat inherent characteristics of
satellite links such as fading and attenuation due to mainly rain activities to deliver the broadband
traffic at the required quality of service (QoS). Since the channel propagation characteristics provide
the basis for how to determine the capacity of the wireless communication systems, I will further
investigate the propagation characteristics of the millimeter-waves during measurement activities and
provide some theoretical basis for this evaluation and to support the design of future satellite
communication systems [10]. I also participated in the ESA’s Technology Transfer Program to transfer
space-related technology for terrestrial applications. This activity is relating to indoor propagation
measurements in Q-band that is one of the candidate frequency bands for future 5G mobile networks
[11] and [12].

1.1. Main goals of the research
Due to an increasing desire to realize the utilization of the millimeter-wave band for satellite
communication, much spectrum availability is required for high-speed communication and a large
volume of data. Due to the severe atmospheric impairment of the propagation path link in the
millimeter-wave band resulted from the rain attenuation, signal loss and reducing of the quality of
radio link can be observed. An important part of my work was to characterize the propagation channel
of the Alphasat satellite in the Ka/Q-band (19.701/39.402GHz) frequencies. After processing the
measured satellite beacon signal power at the station in BME-HVT, I obtained attenuation time series
from which the attenuation distributions have been provided. I have also looked at the second-order
statistics and then calculated fade duration from the processed data of the measurement. I also applied
mathematical models based on the relevant ITU-R recommendations in correlation with the
measurement to compare the outcome of the analysis.
It should be clarified at this point, that strictly speaking, 19 GHz falls into K band according to ITU
and IEEE. However, in space communications K and Ka band often combined and referred to as
simply Ka. Within the Alphasat researchers community we apply the Ka band naming convention, and
also I apply this in this dissertation as well.
6
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The results from this characterization can be used later to enhance the capability of communication
services to improve system quality design as shown within Thesis Group I. By extension of the data
used in Thesis Group I, I have also calculated the relationship between attenuation and rain intensity
by using the attenuation obtained from the measurement and translated the attenuation time series to
rain intensity time series. This was performed by using the power-law relationship between the
specific attenuation and the rain intensity as given in ITU-R P. 838 recommendation and based on
inverse calculations [13]. I also studied the problem of how the dimensions of a rain field can be
determined using the satellite beacon signal measurements. I provided also a method for reconstructing
the shape of the rain field in a three-dimensional form, as can be found in Thesis Group II. Whiles in
Thesis Group III, I investigated the indoor millimeter-wave propagation at 38GHz in the Q-band
channel for indoor environment, and I performed measurements and compared the results with ITU-R
P.1238 model, and also I created a propagation map for different places.

1.2. Research methods applied


In the first step toward this project, I overviewed the literature related to the Alphasat
propagation experiment and the relating propagation measurement activities across the world,
which are relevant to the project (journals, books, IEEE Explore).



I carried out a computer-based data processing, handling, and visualization technique of the
propagation measurements performed at BME-HVT.



I applied the mathematical background in ITU-R P.838 recommendation to calculate the rain
intensity from attenuation measurement.



Another result I achieved was that by using satellite beacon signal measurements I
reconstructed the rain field 3D shape for a local rainy area.



Finally, I participated in the ESA’s technology transfer program to utilize some components of
the Alphasat communication ground receiver system in a terrestrial application. By building
up and using a propagation measurement system the characterization of the Q-band indoor
propagation and the comparison with the relating ITU-R recommendation has been performed.
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2. Review of Related Literature
Introduction
This chapter presents a basic idea about wave propagation and the impact of atmospheric impairments
on satellite communication systems with an emphasis on rain attenuation since the project is more
about that. It also overviews some of the related work in satellite radio wave propagation around the
world.

Radio wave propagation is simply the process of sending signals in radio wave frequency range
between the transmitter and the receiver in the form of electromagnetic waves, which have an effect on
the design and operation of communication systems. Radio wave propagation provides an overview of
the physical mechanism which describes and guides the troposphere and ionosphere. These
mechanisms are: absorption, scattering, refraction, diffraction, multipath, scintillation, fading, and
frequency dispersion.
There are four ways in which waves are propagated in telecommunication. These are: ground wave
propagation, sky wave propagation, tropospheric wave propagation and direct or line of sight
propagation. These propagation modes are all useful for only terrestrial applications; except the line of
sight propagation which is effective for application in satellite communication and relevant for this
project [14].
Satellite communications in the millimeter-wave have become a huge concern for system reliability
because they are severely impaired by the atmospheric constituent. The millimeter-wave
communication systems are fast emerging technologies with uniquely attractive features of
unprecedented broad bandwidth. With certainty, it is predicted to become a solution to the demand for
future use of improved communication and information technologies due to atmospheric impairment,
which causes attenuation [10]. The atmospheric impairments due to attenuation occur in the form of
absorption and scattering. It also determines how much signals are received during transmission. The
atmospheric loss is defined in decibels (dB) loss per kilometer of propagation. The characteristic of
millimeter-wave through the atmosphere mainly depends on the elements like atmospheric oxygen,
humidity, fog and rain. This atmospheric impairment explains in [14] includes attenuation gaseous,
cloud and fog, scintillation, depolarization and rain attenuation, atmospheric noise temperature
contribution, and scintillation. This impairment has been briefly described in [14] [15], [16] as:


Gaseous attenuation
In the Earth-satellite transmission path, radio waves propagation experience attenuation due to
the presence of gaseous components in the atmosphere. This attenuation depends on factors
like frequency, temperature, pressure, and water vapor concentration. Molecular absorption of
electromagnetic waves by gaseous constituents in the atmosphere reduces signal strength and
also introduces atmospheric noise, which affects radio communication systems.
8
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The absorption of radio waves comes from the quantum change in the rotational energy of the
molecules, and it occurs at specific resonant frequency or narrow band of frequencies. The
resonant frequency of interaction depends on the energy levels of the initial and final rotational
energy states of the molecule.


Cloud and fog attenuation
Cloud attenuation can be more experienced in the presence of rain events than its effect
because its effect less felt when there no rain. Fog with droplets of water of less than 0.1mm in
diameter affects radio waves above 100GHz, while the cloud normally has 0.1mm-10mm
droplets. Therefore, attenuation due to fog can be neglected for the satellite link. Also
attenuation due to cloud increase with frequency increase but decreases elevation angle
intensifies this phenomenon. Attenuation due to the cloud needs to be taken into consideration
for millimeter-waves, though not very strong for satellite frequencies. Specific attenuation is
based on the amount of liquid water contained in the cloud. The liquid water content depends
on the type of cloud which varies from 0.1g/m3 and 2g/m3. Within the cloud the liquid water
content is variable and it is assumed to have a maximum at the cloud base height and diminish
towards the top of the cloud.



Scintillation
Scintillation occurs due to rapid fluctuation of amplitude, phase and angle of arrival of the
received signal. The occurrence is due to irregular variation of magnitude and profile of the
refractive index throughout the path of signal transmission. The refractive index, in turn,
depends on the condition of the medium, like turbulence. A small scale variation in the
refractive index is due to turbulent irregularities of pressure, temperature and humidity
medium. This results in a fast fluctuation of amplitude and phase of the signal. Scintillation
also depends on the length of the signal path and antenna beamwidth. At low elevation angles
and higher frequencies, scintillation causes degradation of communication signals. Especially
in the millimeter-wave band, scintillation at a low elevation angle may contribute to as much
as to rain to the total impairment caused. The fluctuation of signal level, together with rain
attenuation are responsible for the causes of major impairment in satellite communication.



Scintillation log amplitude: it is the ratio of instantaneous signal amplitude to its mean
amplitude. The amplitude is estimated by a moving-average window of 60 seconds known as
scintillation intensity. Also, it depends on the latitude of the location.



Scintillation variance: it is the variance of scintillation intensity in dB 2 . The standard
deviation is expressed in dB with monthly values.



Depolarization
Depolarization refers to a change in the polarization characteristics of a radio wave caused by
a) hydrometeors, primarily rain or ice particles in the path, and b) multipath propagation. A
depolarized radio wave will have its polarization state altered such that power is transferred
from the desired polarization state to an undesired orthogonally polarized state, resulting in
9
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interference or crosstalk between the two orthogonally polarized channels. Rain and ice
depolarization can be a problem in the frequency bands above about 12GHz, particularly for
frequency reuse communications links that employ dual independent orthogonal polarized
channels in the same frequency band to increase channel capacity. Multipath depolarization is
generally limited to very low elevation angle space communications and will be dependent on
the polarization characteristics of the receiving antenna.


Rain attenuation
The effect of rain on the transmission path causes path loss due to rain attenuation, which has
been recognized as the main obstacles when designing a satellite communication link
operating above 10GHz [17]. Attenuation occurs when the raindrops absorb or scatter radio
waves which reduce signal strength and degrades the performance communication link [18].
The non-spherical shape of a raindrop can also change the polarization of the transmitted
signal which will lead to rain depolarization. The effect of rain-dependent on frequency, rain
rate, drop size distribution, drop shape (oblateness), and to a lesser extent, ambient
temperature and pressure. Both rain attenuation and depolarization effects are due to macro
and microscopic characteristics of rain. The macro-characteristics are made up of size,
distribution and movements of rain cells, the height of melting layers, and the presence of ice
crystals while the micro- characteristics include the size distribution, density, and oblateness of
both raindrops and ice crystals. The two characteristics together lead to the cumulative
distribution of attenuation and depolarization versus time, the duration of fades and
depolarization periods, and the specific attenuation/depolarization versus frequency. The
relative impact of rain conditions on transmitted signal depends on the spatial structure of rain.



Methods of rain attenuation measurement
Rain attenuation measurement can be carried out in the following ways: Direct method: that is
using satellite beacon receiver measurement [19], Indirect method: using of the radiometer,
radar [20] and rain gauge, and by prediction using the knowledge from rainfall rate and the
drop size distribution.



Induced specific attenuation of rain
Rain induced specific attenuation (α) is the fundamental quantity in the calculations of rain
attenuation statistics which at point in space depends on the rain rate and some properties like
shape, size, orientation, temperature, size distribution of and the properties incident
electromagnetic wave(frequency, polarization and the direction of propagation) at that point.
The specific rain attenuation is theoretically estimated using a uniform random distribution of
raindrops as water sphere from Mie scattering theory and by different authors. The attenuation
from radio wave crossing a rainy medium is given by the addition of contributed from each
individual drops constitute the medium. Since rainfall consists of a drop of various
dimensions, the specific attenuation is calculated by integrating each raindrop contribution.
10
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Attenuation studies are generally based on the following assumptions that: Radio waves
propagation through the rain has its intensity decaying exponentially, attenuation is assumed to
be caused by the spherical shape of raindrops. In that process, the spherical raindrops absorb
and scatter energy from the incident radio waves and each raindrop contribution is
independent of the other drops, and the contributions of the drops are additive.
There are different techniques for predicting the cumulative distribution of rain rate taken at a
given point. In this case, the issues of spatial inhomogeneity of rainfall rate are highly
considered by using the effective path length, where the path divided into small volumes of
spherical and uniformly distributed water droplets. During propagation, reduction and
dispersion of signal amplitude raindrops are known as attenuation.
According to [14] the total attenuation (A) in the direction of wave propagation in(dB) can be
expressed as in (1):
L

A(dB) = ∫ αdl

(1)

0

,where α is the specific attenuation [dB/km] along the rain volume [km], and the total rain
attenuation (A) is integrating the specific attenuation over the path, while the path is divided
into small incremental volumes, where the rainfall is looking uniform. The rain rate in each
small volume is associated with a corresponding attenuation called specific attenuation.
From [21] the most dominant effect of the atmospheric impairment is rain. In this respect, rain
attenuation happens, when the propagation signal is absorbed or scattered resulting in significant path
loss due to the physical dimension of raindrop size. The author [22] in this regard explains that the
experimental drop size distributions (DSD) can be used to analyze the effects of rain events. It is
believed that in future drop size distributions could also be used in real-time as a source of information
to detect the presence of rain and counteract its effects on co-located systems. There are also advanced
meteorological equipment available at Universidad Polytechnic de Madrid in Spain [23], together with
experimental receivers, used to measure propagation effects at millimeter-waves in terrestrial and slant
paths. From these measurements, an experimental drop size distributions of rain are obtained and used
to predict the effect of propagation on the path length, taking into account the available measurement
of the different instruments. Since the statistical characteristics of rain are dynamic and central to
communication system design, it is important to adopt an appropriate radio wave propagation model to
calculate and predict accurate statistical performance analysis. However in [24], the author describes
the two main methods of rain prediction, which is a physical and empirical method. The physical
method is also known as a theoretical (analytical) model which reproduces physical characteristics
related to the attenuation process. Only limited input parameters are used for analysis, while analytical
models offer an insight into the physical processes involved in radio wave propagation through the
atmosphere. It invariably requires the use of numerical analysis methods to provide solutions to
intractable mathematical formulations, while the empirical method is based on a database created by
11
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real measurement activities within a local climatic zone. It is easily described by simple mathematical
expression in connection with new models like Paulsen, Seville, Excell model, Cranes two-component
model [25], two-component modified exponential model, fitted ITU-R model, Stephens and its
derivatives, and specific attenuation model (SAM) by Stutzman and Dishman among others, to give
best fits to measured data, which can be found in literature and comprehensive information on these
models can be obtained from [26]. They exist on the qualitative knowledge of absorption and scatter in
homogenous mode. These models are relatively new and their formulation based on measured data
obtained. However, there are many drawbacks, not least of which are their strict dependence on
specific measured data and their failure to relate to the physical process involved. The author in [27]
states that within the equatorial regions, we have a higher rain rate which causes higher rain
attenuations than the temperate regions. Most of the rain attenuation models which have been
developed are more suitable for the prediction of rain attenuation in temperate regions.
The SatNEx report in [28] provide information on some of the best performing models described in
[26]:


Recommendation ITU-R P.618-12 [29] applies the rain-rate measured at 0.01% of the time by
assuming point rain-rate and path attenuation distributions which generally can be modeled as
a lognormal random variable. In-homogeneity in the rain along horizontal and vertical
directions is accounted for. The model is nominally applicable in the frequency range from 4
to 55 GHz, and in the time percentage range between 0.001% and 10%.



The EXCELL model [30] assumes that the precipitation fields can be described by a
population of “synthetic isolated cells” with an exponential profile of the rain-rate inside and
rotational symmetry, both derived from studies of radar-derived rain maps. It calculates
attenuation CDFs by numerical simulation.



The Australian model [31] was proposed for calculating communication service availability
on fixed earth-satellite paths. It is valid for frequencies in the 5-60 GHz range, elevation
angles between 5 and 90 degrees, and service outage probabilities in the range of 0.001% to
1.0%. It uses the entire rainfall rate distribution measured at a site and a vertical path reduction
factor of the rain-rate.



The Bryant model [32] uses the concept of effective rain cell and variable rain height and uses
the entire rain-rate distribution of a site.



Matricciani model [33] describes the precipitation with two layers of constant vertical
precipitation rate: the first layer above the ground (layer A) contains raindrops at a temperature
of 20°C, the second layer (layer B) is a melting layer, composed by hydrometers at 0°C. The
relationship between rain-rate in layer A and apparent precipitation rate in layer B is
theoretically derived. Assuming a lognormal cumulative distribution function for the rain-rate
in layer A (measured at ground), the apparent rain-rate in layer B is also lognormal with the
12
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same standard deviation, but with its median value 3.134 times the median value of the ground
rain-rate. The rain-rate statistical process in space is assumed to be also lognormal with a
correlation function determined from radar measurements. Assuming that the path attenuation
(expressed in decibels) is also lognormal, its average and standard deviation are then derived.
Over the past years, quite a lot of propagation campaign activities have been carried out across Europe
and the world, which provides information on propagation characteristics in the Ku/Ka-band. The goal
of these propagation campaigns was to enrich our knowledge in the propagation channel modeling also
creates the basis for further research in higher frequencies, especially in the millimeter-waves.
Interestingly, the major information we have on satellite communication performances is due to detail
propagation work carried out in the Ka-band. So in a related example of activities in propagation
measurement which are relevant to this research, we looked at [34] which provided insight to work
already carried out by some APEX (Aldo Propagation Experiment) members and distributed within the
action COST IC0802. It shows a description of their activities based on work experiences reported
from research groups, whose contributions are deeply acknowledged. The report also contains
previous experiments on propagation campaigns carried out more than 5 years ago, such as those as to
the Olympus, Italsat and ACTS satellites which are considered to be well documented in a lot of
technical literature. These experimenters have reported on their receiver stations, calibrations,
measurement procedures, pre-processing of the data and many other technical details with a practical
orientation. Another important document which assisted me in reviewing this literature for the project
is [35]. It highlights contribution related to propagation measurement in Ka-band carried out in Spain
and France using Eutelsat Hot Bird 6 satellite, and in France using Astra 3B satellite. This work also
describes another measurement in Canada which involves Anik F2 satellite. It also presented different
kinds of ideas and practices from the UK, Czech Republic, the United States of America, Germany and
Hungary. The information provided on the work relates to receiver hardware development, data
analysis, measurement techniques and the use of meteorological data. Which are immensely relevant
to the design of propagation measurement using Alphasat signals. It also contains the outcome of
results that needs to be taken into accounts by research work on propagation measurements. In [36] is
presented as an important report, which provides information on Ku and Ka frequencies relevant for
this project.
The author in [37] describes the experimental setup and the measurement activities in Madrid in the
Ka-band and presents a seven-year data to determine rain variability distribution annually, seasonally,
and in the worst month.
While [38] presents a complete step by step details of ONERA data processing technique in the Kaband, and describes mainly how to obtain attenuation from HotBird 6 and Astra 3B using satellite
beacon signal for propagation measurements in France. A set for data for a four-year was produced to
determine distribution function. The data is then processed showing the complementary cumulative
distribution function (CCDF) of total attenuation for the whole period. The measurement is then
13
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compared with ITU-R Rec. P.837, which is also used as input for the rain attenuation model given in
ITU-R Rec. P.618. Another study worthy of consideration is this review in [39] where a medium earth
orbit satellite is used for propagation measurement. The attenuation time series generator for the
propagation was based on a static receiver at the ground station. The dynamic nature of the
synthesizer’s input parameters was carefully considered based on the mathematical framework of
Stochastic Differential Equations (SDEs) adopting the assumptions of [40] Maseng-Bakken model
(M-B) at given elevation angle to calculate the attenuation statistics. In [41] the author in the paper
entitled rain rate statistical conversion for the prediction of rain attenuation for terrestrial links in
Bangladesh describes, the collection of long term rain intensity data from several measuring locations
in Bangladesh to create data. Showing that rain intensity from the measurement and the relevant
ITU-R recommendation provides the basis for estimating the fade in the Ka-band. From the results
evidence provided that, the deviations were found to be higher in the Ka-band than in the lower
frequency bands.
The author in [42] summarizes propagation study activities carried in Ka-band in the millimeter-wave
in Japan. Taking into consideration the historical count of propagation activities in Japan also
introduces the use of radio meteorology in the process of measurement activities to enhance rain
statistics. The rain statistics produce from the study conducted will serve as a reference for future
activities in both the Ka and millimeter-wave bands in Japan and serve as a reference guide for this
study in the millimeter-wave.

14
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3. Overview of the Alphasat Propagation Experiment
Introduction
This section describes the conception of Alphasat Aldo Paraboni payload, the experimental groups
across Europe and some activities by the groups and what they have achieved so far.
In order to study the Alphasat experimental activities at first I consulted [43]. The authors in [8], [44]
and [45] introduce Alphasat and the conception of Aldo Paraboni payload by Italian Space Agency
(ASI), and their years of expertise and experience in propagation experimenting [46]. The payload was
named Aldo Paraboni in honor of Prof. Paraboni who was part of the development team at ASI. The
ASI also spearheaded the design and specification, which was executed by ESA under the Advanced
Research in Telecommunications Systems (ARTES) telecom 8 program. The payload can also be
described as TDP5 [47], which stands for Technical Demonstrator Payload #5, since it is formally the
5th experimental payload hosted by the Alphasat program. The Aldo Paraboni experiment is also a two
self-standing payload for both scientific (propagation) and communication experiments as indicated
earlier in the introduction. The author in [9] comprehensively describes the mission of the Aldo
Paraboni payload. The test requirements and measurement results confirm the health of the payload by
ensuring that the calculated predictions agree with the results of the ground test campaign.
The reasons to carry out propagation measurement in higher frequencies, like in the Ka/Q-band
(millimeter-wave band) using Aldo Paraboni payload and the knowledge of main atmospheric
impairment and the location of Alphasat in orbit can be found in [48]. In [45] is also found the
description of atmospheric impairments, where the dominant of them in the millimeter-wave is rain.
As rain affects the propagation of electromagnetic waves, in the above-mentioned literature it can be
found studies on how to mitigate these effects and how to ensure efficient transmission.
The latest mathematical approaches applied to perform calculations and predictions have been
developed by ITU and published in the Recommendations of the International Telecommunication
Union. Among others, these are ITU-R P.618 [29] , which can be used to calculate rain attenuation
statistics for the Earth-satellite links, and the ITU-R P.837 [49] providing information for the
probability of rain at a specific geographical location. Other ITU-R recommendations also required for
these calculations are P.838 [50], P.839 [51], and P.678 [52]. These ITU-R models in addition are used
to estimate annual statistics of path attenuation at specified geographical locations for frequencies up
to 55 GHz. The relevant recommendations and their mathematical models are extensively applied by
experimenters to produce the statistical analysis of their measurement data.
However, the Alphasat Aldo Paraboni propagation Experimenters (ASAPE) group have all established
ground receiver stations in different parts of Europe to carry out propagation measurement in the
millimeter-wave band to provide an important resource to improve the existing channel models by
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collecting large measurement databases. In order to enrich our understanding of the subject, I will
provide a brief description of some ASAPE ground stations and their measurement results.
In [53], [54] and [55] the authors are describing there three ground stations located in Italy, at Tito
Scalo (near Potenza, South of Italy), Spino d'Adda (near Milan, North of Italy) and Roma (by the joint
effort of Sapienza University of Rome, Fondazione Ugo Bordoni, and Ministero dello Sviluppo
Economico). Also, they provide measurement and data processing techniques applied. They also
provide concurrent data from all the three stations like attenuation and spectral power measurements,
and the calculated cumulative distribution of rain attenuation. Then, in Spino d’Adda ground station,
the author [48] provides information on how the Weather Research and Forecasting (WRF) software
has been used to investigate the Numerical Weather Prediction (NWP) model as an alternative source
of non-rainy attenuation series. He provides four months of accurate statistical analysis to confirm the
total attenuations statistics. In [56] the author describes the scintillation measurements and results in
the Q-band, executed in Roma.
In [57] [58] the authors describe an overview, the design of the proposed ground station in Graz,
Austria for both the propagation and communication experiment and also the test plan of experiments
applying their receiver terminals. The paper in [59] describes the actualization of the ground station,
which was built in Graz, Austria. Explaining the communication and scientific aspect of components
of the receivers, stating details of the design, to show its performance against the effect of rain.
In Ljubljana, Slovenia, the authors in [60] [61] describe the propagation terminals that have been
established. Detailed design of receiver systems, measurement activities carried out and data
processing techniques used to process data. From the processed data, they have also calculated the
complementary cumulative distribution, fade duration and the results are compared with the models of
the relevant ITU-R recommendations.
In Madrid, Spain, the authors in [62] [63] [64] described the activities of the experimental group and
provided a detailed design procedure of the receiver station, the data processing techniques, and series
of results from the first year and subsequent years were to calculate first and second-order attenuation
statistics. The results for this station are then compared with the relevant ITU-R recommendations. For
a long term of measurement activities in [65], a four-year data was provided with statistical analysis on
the variability of rain rate, excess attenuation, fade and inter-fade duration statistics. The results show
high variability of some parameters, confirming the need for performing multi-year experiments to
assess statistically stable trends.
The ASAPE group member in Aveiro-Portugal, in [66] presents a full description of the design and
experimental procedures of their receiver station, the test processes and data processing techniques that
have been applied to manage the data set. Few measurements were conducted and the statistical
outcome of results was presented.
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In [67] [68] [69] the author introduces the implementation of the receiver station in Prague, Czech
Republic, and then describes the spatial motion of the satellite and the tracking system designed to
avoid the signal fluctuation. They also provide the data processing method and present the statistical
analysis of the measurement.
In Athens, Greece, in [70] the ground station and the propagation measurements are presented,
extended with the synthetic storm technique in the millimeter-wave band. They present the rain
distribution for annual, seasonal, diurnal periods and rain attenuation statistics for hypothetical links in
Ka and Q bands.
In Budapest in Hungary, the authors in [71] and [72] introduce the ground station at BME-HVT and
gives a structural description of the terminals. The laboratory test measurements and the results
presented to justify our preparedness to carry out the propagation activities. He also presents the realtime data processing capabilities and preliminary received time series.
From a consortium of five partners namely (RAL in the UK; UoV in Spain; IT-Aveiro in Portugal;
NTUA in Greece; and UCL in Belgium) the author in [73] outlines joint experimental activities from
all these partners. He provides the data acquisition, processing, and the set of first results of their
collaboration. He also provides a statistical analysis of the first-year results of the consortium.
In the framework of Alphasat, NASA Glenn Research Center (GRC) and the Politecnico di Milano
(POLIMI) in collaboration carried out a propagation experiment to improve system performance in the
Q-band. A description of the design and performance of the NASA propagation terminal, which is
located in the POLIMI campus in Milan, is presented. Initial results are showing the system's
performance [74].

3.1. The Alphasat measurement setup at BME-HVT in Budapest
Introduction
In this section, I will introduce the measurement set-up for the Alphasat propagation experiment at
BME-HVT which includes both the indoor and outdoor receiver units of the ground station and a
detailed description of these units are also provided.
Though most of the hardware components of the ground receiver station are commercially available,
the researchers at BME-HVT had to modify some of the components to achieve the final goal.
Our beacon receiver station is located at Budapest in premises of BME-HVT at latitude N47.48° and
longitude E19.06°. The outdoor unit is on top of building V1 at the height of 120m.
The propagation terminal has separated receiver antennas for both Ka and Q-band assembled on a
common platform. Alphasat is located on a low-inclination geosynchronous orbit, thus in order to
avoid the daily received-signal fluctuation, a tracking system applied, as it will be described later in
detail. The receiving antennas [75] have the following parameters as shown in TABLE 1:
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TABLE 1. ANTENNA PARAMETERS [75]
Type (Cassegrain)
Frequency range
Diameter
Mid band gain
Polarization
Half-power beam width

Ka-band
HPA 0.6 S 180230 FR
17.7-23.6GHz
0.6m
39.5dBi
Linear simplex (V/ H)
1.6°

Q-band
HPA 0.3 S 380 SR
37-39.5GHz
0.3m
39.2dBi
Linear simplex (V/H)
1.7°

The antennas are Cassegrain types with each outdoor unit (ODU) are located on the back of the main
reflector dish. Both the Ka and the Q-band receivers are based on identical ODU construction; the
difference is only the frequency of the locally synthesized signals to provide an identical 140MHz IF
frequency [S5]. The receivers are modified for satellite applications with laboratory tests conducted on
the antennas and the components. The modified terrestrial microwave radio equipment includes
hardware and firmware modifications that I will detail later. The link budget calculation of the receiver
station [S7] predicted theoretically 22.8dB fade margin for the Q-band and 22.1dB for the Ka-band
receiver. In the Appendix the reader may find the details for this calculation, the main input parameters
and the relevant results (see Table 4 in [S7]).

3.2. The outdoor unit system
This section describes the part of the receiver place outside for the measurement set-up. The ODU is a
double down-conversion heterodyne receiver with synthesized local signal sources, based on a
commercial product of Totaltel Telecom Techniques Ltd [76]. One of the main improvements of the
original ODU was the reduction of the Low Noise Amplifier’s LNA noise figure from 5dB to 3dB. In
order to generate a stable and jitter-free down-converted intermediate frequency (IF) signal, the
oscillator block in the ODU was also changed. In the final design, the reference oscillator of the
synthesizers is high stability, low phase noise Oven Controlled Chrystal Oscillator (OCXO) with less
than ± 1.0 ppb/day stability. The down-converted, filtered (bandwidth=100kHz) and amplified IF
signal is connected with a low attenuation coaxial cable to the indoor unit (IDU). The calibrated gain
of the ODU is 100dB. The block diagram of the outdoor unit is shown in Figure 1, where the LNA is
the first amplifier block denoted in RX-RF.
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Figure 1. RF/IF part of the ODU where the LNA can be found in RX-RF block
The interconnecting cable between the IDU and ODU provides the supply voltage for the outdoor unit
and besides the downlink IF it transfers the modulated subcarriers of a duplex control/telemetry
channel. The telemetry informs about the current status of the system and contains also temperature
information to allow the IDU to compensate the temperature-caused variations of the ODU's gain.

3.3. The indoor unit system
This section describes the part of the receiver place inside the laboratory for later measurements. The
indoor unit is based on a modified I-Q demodulator that processes the incoming IF signal. The
140 MHz IF signal is undersampled with an 80MHz analog/digital converter unit. The further
functions are implemented by digital signal processing. The role of the quadrature digital
downconverter (QDDC) module is to convert down the sampled signal into baseband quadrature
component signals. The baseband signals (I, Q) are decimated (512) and filtered by CIC (Cascaded
Integrator-Comb) and FIR (Finite Impulse Response) filters.
As it was already mentioned in the previous section, the ODU contains an internal temperature sensor
with 1°C accuracy. This information is used for the temperature-compensation of the ODU’s amplifier
circuits. During the calibration of the ODU in a thermal-chamber, the temperature-dependency of the
complete receiver chain was determined. The firmware has a built-in compensation table; therefore,
the result is a temperature-independent, high accuracy level measurement. The temperaturecompensated values are averaged and fed to a fine gain control unit that ensures the nominal 100dB
ODU gain.
The filtered and decimated signal is processed by an 8192 point FFT where the beacon signal can be
detected as the highest amplitude spectral component. In order to decrease the noise sensitivity an
averaging of 3 or 5 spectral components is applicable (user selectable). The carrier amplitude
measurement is performed within 1 second and the final data is forwarded after a logarithmic
conversion to the data collecting system. The resolution of the received power is 0.2dBm. By taking
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into account the speed of A/D conversion, the decimation and the FFT buffer size, the system
bandwidth is 80MHz/512/8192=19.07Hz.
The block diagram of the IDU is shown in Figure 2.

Figure 2. The processing part of the beacon receiver
The noise figure and bandwidth of the receiver ensure to detect signals in the -100 to-150 dBm range.
In addition, several status bits and the ODU temperature are also available for further processing
purposes. A computer with an RS-232 serial interface connects with 1/sec rate to the data acquisition
and storage system. Two independent processing units are housed in the 19” IDU rack, providing
simultaneous processing of the Ka and Q-band beacons. Figure 3 and Figure 4 represent the data
collection and the indoor system rack respectively.

Figure 3. Data collection system console
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IDU
Power
supplies

Data
collecting
PC

Figure 4. The indoor system rack

3.4. Tracking system
In BME-HVT a tracking system was developed with azimuth and elevation control to avoid a fixed
mounting to follow the daily motion of the satellite on its geosynchronous orbit. A PC-based orbit
calculation algorithm is operating by using Two-Line Element set (TLE) orbital parameters.
The following figure depicts the 3D mechanical design of the tracking system shown in Figure 5:

azimuth and
elevation linear
motors

antenna
platform with
antennas

Figure 5. 3D CAD design for Alphasat tracking with antennas [71]
A motor controller electronics was also developed to interface the controller PC and the linear motors.
The following photo depicts the final tracking system and shown in Figure 6:

21

B. ADJEI-FRIMPONG: Millimeter Wavelength Propagation in Ka/Q Band …

azimuth and
elevation linear
motors

Figure 6. Alphasat propagation terminal tracking system
Additionally, for the final settings and system installation, a special algorithm was developed to scan
an area of the sky and find the maximum power point, representing the real satellite position.
The following figure depicts the main system console for received power measurement (on the left)
and the tracking software (on the right) and shown in Figure 7.

Figure 7. Alphasat PC console
Our continuous beacon signal measurements were started in June 2014 with fixed antennas. The
tracking system was implemented in July 2015, since when the system operates continuously.
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4. Data Processing Techniques for Alphasat Propagation Measurement at
BME-HVT
Introduction to Thesis Group 1
This thesis group describes my participation in the Alphasat propagation measurement activities at
BME-HVT and my data processing methods developed to pre-process the RAW measurement data.
From that, I will calculate and provide the first and second-order statistical analyses of the
attenuation measurement and then show its comparison with the relevant ITU-R model.
Thesis 1.1: Within this sub-thesis, my contributions to the Alphasat propagation measurement system
operation are outlined. The ground station in BME-HVT, I worked on the received signal power
measurements of Alphasat’s beacon in both the Ka and the Q-band in the millimeter-wave, managed
the operation of the station and archiving the data in order to support the further research work. I
processed the RAW measurement data, removed the invalid records and provided clean monthly
received power time series.
From Alphasat geosynchronous satellite the received power from Ka and Q-band beacons are stored
by connecting a computer (PC) to the IDU’s serial port. The indoor unit of the beacon receiver is
located in a laboratory at BME-HVT. The computer communicates on RS-232 lines with the IF unit,
controls the IF unit, receives, visualizes and stores the data. The following block diagram represents
the system set up which can be seen in Figure 8.

IF/Ka
Power
IF/Q
Power

Antennas and
ODUs

2* coaxial
cable

RS232
IDU

PC

Power

Figure 8. Data collecting system
The IDU contains two IF units: for Ka-band and Q-band. The IDU powers the ODUs with the required
48VDC through the coaxial cables connecting the IDU and ODU units. The downconverted IF-band
(140MHz) beacon signals are connected to the appropriate IDU boards. The IDU boards are
connecting with the same RS-232 interface to the data-collecting computer. Installed on the PC is a
receiver software, which displays the actual status, measurement data, and handles the archive file
system. In this way, the files are preserved and have time-stamped backups available with very little
effort for assessment. The RAW measurement data should be processed, which can be done manually
or by using software tools.
As an example, the file structure, which is created on the computer as a RAW measurement data file is
outlined as it follows:
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File naming convention: the first number is the actual day of the year, followed by the
string AlphaSat and then the exact date in month_day_year format. The trailing K means
Ka-band and Q means Q-band. The file type is text, TXT.
Example:

236_AlphaSat_Mon_Aug_25_2014_K.txt
236_AlphaSat_Mon_Aug_25_2014_Q.txt


In the following a part of a measurement data file can be seen (first and last 10 rows). The
data are ASCII coded, decimal numbers separated with semicolon:

065;008;044;138;004;001;172.1369;35.9136;1
065;008;044;138;004;001;172.1369;35.9136;2
065;008;044;138;004;001;172.1369;35.9136;3
065;008;044;138;004;001;172.1324;35.9134;4
065;008;044;138;004;001;172.1324;35.9134;5
065;008;044;138;004;001;172.1324;35.9134;6
065;008;044;138;004;001;172.1324;35.9134;7
065;008;044;138;004;001;172.1324;35.9134;8
065;008;044;138;004;001;172.1324;35.9134;9
065;008;044;138;004;001;172.1324;35.9134;10.
.
.
.
065;003;043;138;004;001;172.1256;35.9129;86391
065;003;043;137;004;001;172.1256;35.9129;86392
065;003;043;138;004;001;172.1256;35.9129;86393
065;003;043;138;004;001;172.1256;35.9129;86394
065;003;043;138;004;001;172.1256;35.9129;86395
065;003;043;138;004;001;172.1256;35.9129;86396
065;003;043;138;004;001;172.1256;35.9129;86397
065;003;043;138;004;001;172.1256;35.9129;86398
065;003;043;138;004;001;172.1256;35.9129;86399
065;003;043;138;004;001;172.1256;35.9129;86400
Data1: IDU status byte
Data2: ODU temperature
Data3: frequency deviation from the nominal value
Data4: received level (binary format, the receiver software converts it to dBm)
Data5: IDU firmware version
Data6: IDU number
Data7: satellite azimuth
Data8: satellite elevation
Data9: second of the day
The members of the Alphasat Experimenters Group (ASAPE) in Europe worked out different preprocessing methods for their RAW measurement data. It should be also mentioned that the RAW data
have also different formats at the receiver stations. In the following, I outline the most important preprocessing methods in order to show what the main tasks are that I performed during my work.
24

B. ADJEI-FRIMPONG: Millimeter Wavelength Propagation in Ka/Q Band …
Nevertheless, considering our local circumstances, we provide evidence that not all of these processing
methods could be applied at our station in Budapest. During the pre-processing checks were performed
for validation, repairing and classifying the data, removing bias and store reliable time series, free of
errors or with the errors identified, so as only reliable data is used for later processing. The file system
could be flagged with the intention to classify data during and after preprocessing and mark the data as
valid, invalid, interpolated and spurious measurement. The classification enables data normally
conducive to effective data management for processing. Daily movement by the satellite in the
geosynchronous orbit is influencing the received signal level but by a tracking system placed behind
the back of the antenna to follow the daily movement of the satellite eliminates the signal variation;
however, a minimal effect can even be observed [S5][S3]. The data is then stored as raw data by
creating daily measurement files. The classification may be performed by visual inspection, which
describes the collected data, are:
 Valid: It is the reliably collected data. This one data type should contribute to subsequent statistics.
 Invalid: It is data that is not valid and therefore not good to be used in the characterization of the
propagation.
 Repaired: The repaired rating is assigned to samples whose value has changed during preprocessing
but which can be used in the following processing.
 Interpolated: Data are considered interpolated when not acquired and their data value was obtained
by interpolation. Interpolated data can also be used in the characterization of the channel. The flags
will consist of time series of the same size as the propagation data, which contains a quality
attribute for each sample.
The following Figure 9 represents how data is validated or rejected:

Figure 9. Example of data validation
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It should be noted that flagging was not applied at the Budapest station, but invalid data are removed
during the pre-processing.
Besides the beacon signal power measurement, we operate a meteorological station nearby the RF
units to collect the rain rate, temperature, humidity and wind speed/direction data with 1/min
resolution. The type of this system is Aanderaa Instruments Automatic Weather Station AWS 2700. I
present time-series of received power for both beacons together with the measured rainfall rate in
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Figure 10. Received power and rainfall rate (20-21/08/2014)
Thesis 1.2: The beacon receiver station collects the received power data for the investigated beacon
signals. After the pre-processing steps as outlined in Thesis 1.1, in order to have relevant statistical
data and to allow comparing with the relevant ITU-R models, the received power time series should be
converted to attenuation time series. In this sub-thesis, I describe the techniques used to perform this
conversion.
As stated earlier, the signals along the receiving path of the geosynchronous satellite are collected and
stored as RAW data by connecting a computer to the IDU’s serial port. The received signal power
from the satellite beacon is collected with 1 sample per second. After this, the data undergoes further
processing and cleaning of measurement errors. To extract attenuation values from the received beacon
signal power values recorded, we have to determine a reference level. This reference is called the 0dB
reference or the clear sky level, and on this basis, the rain attenuation measurement is defined. During
the measurement, changes in atmospheric effect on the received beacon signal occur simultaneously
with changes caused by the satellite and the receiving terminals. The daily movements of the satellite
in the geosynchronous orbit are compensated by the tracking system, nevertheless, there are still
periodic and trend-like variations in the received signal. Therefore the theoretical clear sky level, that
could be determined with the link budget calculation cannot be applied as a reference level,
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considering the usually permanently existing unpredictable variation of the clear sky level. Due to
these variations, we cannot establish an absolute reference level and estimate attenuation from the
measured signal level values corresponding to the clear sky level. Hence, we have decided to apply
some methodologies to determine the clear sky level to provide an attenuation time series from the
measured received power time series.
Due to the absence of a radiometer at BME-HVT ground station, the following methodologies were
considered for processing the data and for converting the measured received power time series to
attenuation time series. These methodologies are the median or the mean received power method [66],
the ‘empirical’ threshold to approach the ITU-R P.837 rain rate method [77], the method of selection
of events manually and the FFT method [38] [78].

4.1. Measured data conversion with median or mean of long-term
received power level
By applying the method with mean signal power calculation, we perform a smoothing process to
reduce the signal variation within a longer period, in our case for one month. We consider all the
events which occur in the period of each month [79]. Based on statistical manipulation, we determine
zero dB level by interpolating the recorded signal power values before and after each event, after that
we calculate the mean value of the beacon signal power by the measurement over a period of each
month, e.g. for a whole year. Then we subtract the mean received signal power from the original
received beacon signal power to obtain the desired rain attenuation over the entire year [S6].
Meanwhile, the median method of data process is similar to the mean method that is filtering to
minimize the intensity of variation between the rain events. The difference between the two methods is
the statistical manipulation of the average of the rain event in a month. In this case, the median value is
calculated from the mid values of the rain events in each month. The events are on a nonlinear path
and have been arranged such that the middle value is selected or an average of the two mid even values
are calculated to obtain the median value [80]. Then the 0dB value is obtained just like the mean
method by interpolating the recorded signal power before and after each event. From this, we calculate
the difference between the original beacon received signal power and the median received signal
power, over the entire year to obtain the attenuation.
The Complementary Cumulative Distribution Function (CCDF) of attenuation which will be
calculated later in the chapter provides the probability of exceeding at different attenuation levels.
Figure 11 below represents the mean and median values using a red line for mean estimation from the
measurement while a yellow line the median estimation for the measurement [S2] [S3].
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Figure 11. A representation of mean (red) and the median (yellow)

4.2. Measured data conversion aided with ITU-R P.837 recommendation
In the former method, the long-term mean or median values were applied as a threshold value for
received power to attenuation conversion. However, the threshold can be determined by using a
different method with ITU-R P.837. This ITU recommendation is applicable to estimate the
probability of a specific rain intensity for different geographical locations. In addition, it can be also
used to determine the probability of rain considering a longer period, e.g. for one year.
After a measured received power to attenuation time series conversion, like in our case the CCDF of
the attenuation is in close relation with the ITU-R P.837 rain probability value, as the CCDFs crossing
with the vertical axis shows the probability of rain for a long-term period. If we know the expected
rain probability from ITU-R P.837, the threshold for received power to attenuation conversion can be
also selected accordingly.
After these considerations, the threshold determined by the ITU-R P.837 method may be applied to
test the RAW data preprocessing based on the calculation of the rainfall rate exceeded for a given
probability of the average year and a given location with ITU-R P.837 recommendation. The rain rate
model in [49] has a description based on the use of a database with the following parameters (Pr6, Mt,
and β). The database can be accessed from ITU’s 3M Group website. These parameters are also
matched to (latitude, longitude) pair. This method also found in [81] having the following steps:
Step 1: Extract the variables (Pr6, Mt, and β) for the four points closest in latitude (Lat) and longitude
(Lon) to the geographical coordinates of the desired location. The latitude grid extends from +90°N to
−90°S in steps of 1.125° steps; the longitude grid extends from 0°- 360° in steps of 1.125°.
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Step 2: From the values of Pr6, Mt, and β at the four grid points, obtain the values Pr6(Lat, Lon), Mt
(Lat, Lon), and β (Lat, Lon) at the desired location by performing a bilinear interpolation, as described
in Recommendation ITU-R P.1144 [82].
Step 3: Convert 𝑀𝑡 and β to 𝑀𝐶 and 𝑀𝑆 as follows:
𝑀𝐶 = 𝛽𝑀𝑡
(2)

𝑀𝑆 = (1 − 𝛽)𝑀𝑡
Step 4: Derive the percentage probability of rain in an average year, 𝑃0 , from:



P0 ( Lat , Lon )  Pr 6 ( Lat , Lon ) 1  e 0.0079 ( Ms ( Lat , Lon ) / Pr 6 ( Lat , Lon )



(3)

If Pr6 is equal to zero, the percentage probability of rain in an average year and the rainfall rate
exceeded for any percentage of an average year are equal to zero. In this case, the following steps are
unnecessary.
Step 5: Derive the rainfall rate, 𝑅𝑝 , exceeded p% of the average year, where p ≤ 𝑝0 , from

R p ( Lat , Lon) 

B

B 2  4 AC
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[mm/h]

(4)

Where
𝐴 = 𝑎𝑏
𝑝
𝑃0 (𝐿𝑎𝑡, 𝐿𝑜𝑛)
𝑝
𝐶 = 𝑙𝑛
𝑃0 (𝐿𝑎𝑡, 𝐿𝑜𝑛)

𝐵 = 𝑎 + 𝑐 ∙ 𝑙𝑛

(5)

and
𝑎 = 1.09
𝑏=

𝑀𝑐 (𝐿𝑎𝑡, 𝐿𝑜𝑛) + 𝑀𝑠 (𝐿𝑎𝑡, 𝐿𝑜𝑛)
21797 ∙ 𝑃0
𝑐 = 26.02𝑏

This method when applied provides the rain rate exceedance for a given probability of the average year
and also the probability of rain in a specific geographical location. The model provided by ITU-R
indicates that 𝑅0.01 is 35.867mm/h and the probability of rain is 3.075% for Budapest [S7]. The latter
value indicates where the rain attenuation distribution of the measurement should cross the vertical
axis: the probability of rain attenuation greater than zero. The value estimated from attenuation
measurement theoretically must correspond with the predicted value to approach the best quality of the
received power to attenuation conversion. Therefore, by using this method an empirical constant value
can be applied to regulate the threshold to achieve the same probability of rain as expected from the
ITU model.
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Figure 12 represents the measurement of our station. The red line is the empirical threshold, used for
shifting the threshold according to the ITU-R P.837 model where the received power to attenuation
conversion should be performed.

Figure 12. Data processing using ITU-R P.837
In Figure 13 one can see the result of the threshold selection assisted by ITU-R P.837. The CCDF of
the measurement’s attenuation is crossing the vertical axis around 3%. The evaluation of this method
will be detailed in section 4.5.

Figure 13. Rain attenuation distribution using an empirical threshold with ITU-R P.837
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4.3. Manual rain event selection for received power to attenuation
conversion
Finally, we may apply the manual event selection method to enhance the data processing of the
received power time series. In the procedure for manual event selection, a visual inspection is applied
to check the entire recorded data. All the rain events are then selected individually and arranged in
sequence. In this method, a clear sky level is not relevant, because the reference level is obtained on an
event-by-event basis taking into account the signal power level measured before and after the event.
All the variations in events are also eliminated to ensure the perfect arrangement of only rain events
for processing. The identification of events and the selection of the points can be used for deriving the
reference which is carried out manually in a process that requires an expert operator. This method has
been applied to improve the mean and median methods of data processing. In addition, the outcome
shown in Figure 14 below represents events that have been selected manually [S4].

Figure 14. Rain events selected manually

4.4. Measurement data pre-processing with the FFT method
In order to extend the list of the received power to attenuation conversion methods, the FFT method
will be also outlined here, however, it has not been applied during this work. The method is found on a
rigorous mathematical algorithm and suitable for template extraction which takes care of satellite
orbital instabilities that induces daily signal fluctuations. The daily template extraction can be applied
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to determine the 0dB level reference level or clear sky level due to the absence of a radiometer to
estimate the attenuation. The FFT algorithm based on the interpolation procedure is suitable for daily
template extraction [83]. In order to apply this method, the following steps are necessary:

Step 1: take into account the previous and next days (if available).
Step 2: select intervals (strong attenuation events) that need to be excluded from the template
extraction procedure (by visual inspection, aided with LWP or rainfall rate time series).

Step 3: linearly interpolate the measurements through missing, invalid and excluded data in order to
have all the points at the same sampling rate.

Step 4: linearly correct the data in order to set the first and last valid points to the same level (this step
increases the performance of the FFT).

Step 5: compute the FFT and select only low-frequency components. For example, if the first 5
frequency components of the beacon level are to be kept, the first coefficient of the FFT
(corresponding to the mean of the signal level), the four next FFT coefficients and also the four last
ones (in order not to distort the phase of the signal after reversing the FFT) have to be selected.
Components to set 0

𝐹𝐹𝑇(𝑆(𝑡)) = 𝑎
⏟0

𝑎𝑓1 𝑎𝑓2 𝑎𝑓3 𝑎𝑓4 ⏞
………
⏟

Mean value
First 4 components to be kept

𝑎−𝑓4 𝑎−𝑓3 𝑎−𝑓2 𝑎−𝑓1
⏟
Last 4 components to be kept

(6)

All the other coefficients are set to zero. This way, the resulting FFT is still Hermitian and then the
reverse FFT will be in the real domain.

Step 6: Compensate the linear correction performed in step 4.
Step 7: Finally, the resulting template values are subtracted from the measured beacon level.
The frequency components in this method are considered based on the length of the time series. It is
recommended to avoid filtering at an interval not less than 6 hours to prevent the elimination of
reliable events from the data. An example of the template extraction is shown in Figure 15 for the
measurement at our station in BME-HVT for which the first 13 frequency components are kept. The
red part corresponds to the rain event and is excluded by visual inspection with a concurrent rainfall
rate.
The black line is an extracted template, which needs to be subtracted from the signal level to
compensate for the satellite orbital instabilities and maneuvers and a possible thermal drift as shown in
Figure 15.
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Figure 15. Template extraction with FFT method at BME-HVT
However, this methodology is not desirable for this project because we have a high-precision tracking
system at our station, which takes care of all the pointing error, and compensate for daily variations
from the satellite. The hourly template extraction was also not applied in our case, considering the
effectiveness of the formerly introduced, more simple methods.

4.5. Concluding remarks on data pre-processing
After the pre-processing steps, I now proceed to calculate some statistical data of the attenuation time
series. Nevertheless, the aforementioned methods do not completely remove other attenuation effects
like the cloud from the data. So there will be some form of cloud attenuations in the data. But the
highest cloud attenuation value predicted by the ITU-R [84] (at the 1 % exceedance level) is 0.5 dB, so
the effect on data is practically absent. Hence, by this process, the attenuation time series considered in
this work are solely due to the rain effect. Before the attenuation data could be used in the analysis
process, the unwanted data is removed. The period of data processing for both the Ka and Q-band spun
from January 2016- December 2018. The raw propagation data along the slant path have been saved in
a daily file by the data logging system used at the BME measurement site. These data files are stored
on the PC in a text file format. In order to make the files useful, the MATLAB program has been
applied to load and read the data files for each channel to project measured parameters like the rain
rate in mm/h, the signal level in dBm for the propagation channel. Results from the time series of the
received signal power from each frequency are plotted and subjected to visual inspection in order to
identify gaps and non-regular signal levels. As shown in Figure 16 and Figure 17 are examples of
sample extraction, the gaps, and some non-regular signals [S5].
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Figure 16. Sample template extraction showing some irregular signals for the Q-band

Figure 17. Sample template extraction showing some gap in the signals for the Q- band
After inspection and cleaning the files, they are stored in separate, monthly based files. In processing
data samples Not a Number (NaN) inserted to eliminate incorrect data, in this way, such are excluded
from the analysis keeping the time reference inherent in the index of the variable containing a sample
of each channel intact.
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Thesis 1.3: After applying different methods to pre-process the RAW received power data and
converted them to attenuation time series, I have calculated the rain attenuation distribution for Ka
and Q-band respectively and compared them with ITU-R P.618. The different received power to
attenuation conversion methods is ranked and evaluated numerically.
ITU-R P.618 provides a numerical method to estimate the long-term rain attenuation statistics for the
Satellite-Earth path at any geographical location. In order to compare the attenuation measurements in
Budapest with the ITU-R model, we apply the computational steps described in the ITU-R P.618
recommendation.
In order to compute statistics of the slant-path rain attenuation at a given location, the first step is to
calculate the slant-path length. It is the distance between Earth station and rain height if traveled along
the elevation angle as could be observed in Figure 18.

A

D

B

hR

C

(hR – h s)

Ls

q
hs
LG
A:
B:
C:
D:

frozen precipitation
rain height
liquid precipitation
Earth-space path
P.0618-01

Figure 18. Slant path calculation parameters with ITU-R P.618
The measure of the signal traveling through the precipitation field could be determined using [29],
[51], [49] and [50]. The required empirical model parameters are depending on the particular
geographical location, which is in the present case Budapest.
Therefore, in order to model the rain attenuation distribution for Budapest the following steps are
defined in ITU-R P.618 [29]:
Step 1:

Determine the rain height, hR, as given in Recommendation ITU-R P.839.

Step 2:

For q  5° compute the slant-path length, Ls, below the rain height from:
Ls 

(hR  hs )
sinq

[km]

(7)

For q < 5°, the following formula is used:
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Ls 

2( hR  hs )

[km]

1/ 2

 2
2(hR  hs ) 
 sin q 



Re



 sinq

(8)

If ℎ𝑅 − ℎ𝑆 is less than or equal to zero, the predicted rain attenuation for any time percentage is zero
and the following steps are not required.
Calculate the horizontal projection, 𝐿𝐺 , of the slant-path length from:

Step 3:

𝐿𝐺 = 𝐿𝑆 𝑐𝑜𝑠𝜃 [𝑘𝑚]

Step 4:

(9)

Obtain the rainfall rate, R0.01, exceeded for 0.01% of an average year (with an integration

time of 1 min). If this long-term statistic cannot be obtained from local data sources, an estimate can
be obtained from the maps of the rainfall rate given in Recommendation ITU-R P.837. If R0.01 is equal
to zero, the predicted rain attenuation is zero for any time percentage and the following steps are not
required.
Obtain the specific attenuation, R, using the frequency-dependent coefficients given in

Step 5:

Recommendation ITU-R P.838 and the rainfall rate, R0.01, determined from Step 4, by using:
𝛾𝑅 = 𝑘(𝑅0.01 )𝛼 [𝑑𝐵/𝑘𝑚]

(10)

For horizontal and vertical polarizations the polarization-dependent constants k and α are given
numerically in ITU R P.838. For circular polarization and for all polarization tilt angle relative to the
horizontal path geometries, the coefficients can be calculated analytically with (11) and (12), e.g. for
the 45° tilted Q-band beacon signal polarization of Alphasat as given in the ITU-R P.838 [50]:

k  [k H  kV  (k H  kV ) cos 2 q cos 2 ] / 2

(11)

  [k H  H  kV V  k H  H – kV V  cos 2 q cos 2 ] / 2k

(12)

where Θ is the path elevation angle and τ is the polarization tilt angle relative to the horizontal.
Step 6:

Calculate the horizontal reduction factor, r0.01, for 0.01% of the time:
1

𝑟0.01 =

𝐿𝐺 𝛾𝑅
− 0.38(1 − 𝑒−2𝐿𝐺 )
𝑓

1 + 0.78√
Step 7:

(13)

Calculate the vertical adjustment factor, v0.01, for 0.01% of the time:
 hR – hs 
  degrees 
 LG r0.01 

  tan –1 

(14)

For  > q,

LR 

LG r0.01
 km
cos q

(15)

( hR – hs )
 km
sin q

(16)

else,

LR 

If |  | < 36°,
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 = 36 – |  | degrees

(17)

else,
 = 0 degrees

ν 0.01 

(18)

1




q /(1  ) 
1  sin q  31 1 – e –



Step 8:




LR  R
– 0.45 

f2


(19)

The effective path length is:

𝐿𝐸 = 𝐿𝑅 𝑣0.01 [𝑘𝑚]

Step 9:

(20)

The predicted attenuation exceeded for 0.01% of an average year is obtained from:

𝐴0.01 = 𝛾𝑅 𝐿𝐸 [𝑑𝐵]

Step 10:

(21)

The estimated attenuation to be exceeded for other percentages of an average year, in the

range 0.001% to 5%, is determined from the attenuation to be exceeded for 0.01% for an average year:
If p  1% or |  |  36°:

=0

If p < 1% and |  | < 36° and q  25°:

(22)

 = –0.005(|  | – 36)

otherwise:
 = –0.005(|  | – 36) + 1.8 – 4.25 sin q

 p 
Ap  A0.01 

 0.01 

(23)

–(0.655  0.033 1n( p ) – 0.045 1n( A0.01 ) –  (1 – p ) sin q )

[dB]

(24)

The procedure provides a prediction of long attenuation statistics due to rain. This prediction is then
compared with the measurement to verify the distribution.
From the attenuation data files, daily data were concatenated to monthly data and subsequently used to
calculate the annual complementary cumulative distribution function (CCDF) of rain attenuation at the
percentage of time (%P) [S1]. However, we have meteorological instruments to record the concurrent
rain intensity with the received signal level, the rain gauge data may not always correlate with the
signal attenuation. These variations could be due to the intensity of rain distributed along the slant
path. From the methodologies proposed in thesis 1.2, we applied the mean, median and the manually
selected event methods to analyze the data and verify its accuracy. In Figure 19 is presented the annual
CCDF of rain attenuation measurement from 2016 to 2019 for the Ka and the Q-band using the mean
value as clear sky level, while Figure 20 also displays the annual CCDF of rain attenuation measured
from 2016-2019 for Ka and the Q-band using the median value as clear sky level. Between both mean
and the median values presented, there is no significant change in the distribution. From the results
presented it can be seen that rain attenuation in the Ka and the Q-band at 0.01% percentage of time
will significantly degrade the communication link performance. Rain attenuation will increase in case
of heavy rain [85]; especially if the effective path length becomes longer. The distribution for both the
Ka and the Q-band clearly shows how closely the rain attenuation distribution prediction matches with
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attenuation measurement. The numerical evaluation of the different methods is provided in TABLE 2.
To test for fitting accuracy, the Root Mean Square Error (RMSE) and the Relative Root Mean Square
Error (RRMSE) calculations have been applied to compare the ITU-R P.618 rain attenuation
distribution model with the measurement.

Figure 19. CCDF for Ka and Q-band attenuation compared with ITU-R (Using mean value)

Figure 20. CCDF for Ka and Q-band attenuation compared with ITU-R (Using a median value)
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In order to improve upon the measurement to fit closely with the prediction from the ITU-R, the
measured received signal power time series were carefully and visually observed. Then the rain events
were then selected manually, and we calculated the CCDF distribution for the attenuation as shown in
Figure 21 below. This CCDF of the manually selected events has provided a much better
approximation of the ITU model. It should be mentioned here, that for the ITU-R model calculations
the average Alphasat elevation angle in Budapest, θ=35° was applied.

Figure 21. CCDF for Ka and Q-band using manually selected events compared with ITU-R P. 618
TABLE 2. Evaluation of the different methods
Received power to
attenuation
conversion method
Mean
Median
ITU-R P.837
Manual selection

RMSE
Ka-band

RRMSE
Ka-band

RMSE
Q-band

RRMSE
Q-band

3.5617
3.2744
1.1352
3.7954

0.0357
0.0328
0.0114
0.0380

3.1864
4.1104
5.4877
3.5985

0.0319
0.0411
0.0549
0.0360

The root mean square error for N observations of the attenuation ai is the following:
∑𝑁
̂𝑖 )2
𝑖=1(𝑎𝑖 − 𝑎
𝑅𝑀𝑆𝐸 = √
𝑁

(25)

where 𝑎̂𝑖 represents the predicted values with the ITU-R model.
The relative root mean square error for N observations of the attenuation 𝑎𝑖 is the following:
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𝑎𝑖 − 𝑎̂𝑖 2
𝑁
√∑𝑖=1 ( 𝑎̂𝑖 )
𝑅𝑅𝑀𝑆𝐸 =
𝑁

(26)

It can be observed from TABLE 2, that the RMSE values are quite encouraging when we evaluated the
mean, the median and the manually selected method in the Ka-band, but very poor for the ITUR P.837
method. In the Q band only the values from evaluation of the manually selected method are
encouraging; hence the conclusion that the manually selected events method provides accurate rain
attenuation distribution as shown in Figure 21. However, the visual inspection of Figure 21 may also
suggest a deviation in the case of Ka-band, this occurrence is due to the account that, the
representations are in a logarithmic form.
Thesis 1.4: Based on the preprocessed data I calculated the attenuation fade duration statistics for the
Ka and Q-band satellite channels. I concluded the results to provide bases for the design of the fade
mitigation technique so that satellite communication in the millimeter-wave band can be effectively
explored.
A second-order statistical analysis is made up of the fade dynamic characteristics whose parameters
include fade duration, interfade duration, and fade slope. Fade duration is one of the parameters that
provides a characterization of fade dynamics in the propagation channel. The atmospheric propagation
effect due to the dynamics of fade poses a major concern to the capacity of system optimization,
quality, and reliability [38]. In view of this, the fade duration is defined as the time interval between
two crossings above the chosen attenuation threshold in [63] with a particular interest in the context of
availability criteria which provides a distinction between fades of shorter and longer duration than a
given time.
From [86] fade duration can be described by two different cumulative distribution functions:
1. P(d > D|a > A), the probability of occurrence of fades of duration d longer than D (s), given that the
attenuation a is greater than A (dB). This probability can be estimated from the ratio of the number of
fades of duration longer than D to the total number of fades observed, given that the threshold A is
exceeded.
2. F(d > D|a > A), the cumulative exceedance probability, or, equivalently, the total fraction (between
0 and 1) of fade time due to fades of duration d longer than D (s), given that the attenuation a is greater
than A (dB). This probability can be estimated from the ratio of the total fading time due to fades of
duration longer than D given that the threshold A is exceeded, to the total exceedance time of the
threshold. Figure 22 illustrates and represents the different types of fade and their characteristics.
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Figure 22. Fade dynamic events [86]
The fade effect is based on the Quality of Service (QoS), which is known or observed by the end-user
depends largely on the duration of the event [87].
Fade duration estimation is also important for the control of power and error correction schemes
especially forward error correction techniques which reduce the effect of communication link outage
[88].
Since the recommendation in [86] has proposed a method that calculates the fade duration statistics
from total attenuation time series, the fade duration has been calculated within the analyzed years of
the measurement at BME-HVT from 2016-2018 [S8]. The distributions have been expressed in Figure
23 and Figure 24. The analysis of fade duration provides an interesting outcome on the expected
outage events and the time.
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Figure 23. Fade duration distribution for Q-band
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Figure 24. Fade duration distribution for Ka-band
The fade duration distribution in Figure 23 and Figure 24 represents Q and the Ka-band respectively.
From fade distributions provided in the Ka and Q-band, the attenuation thresholds range from 5dB20dB as can be seen respectively. We can also observe that the high attenuation value of 20dB in both
cases is not very regular, due to the reduced number of events during the year.

4.6. Chapter summary
In this thesis group, I have presented the experimental outcome of the Alphasat propagation
measurement campaign in the millimeter-wave which was conducted in Budapest University of
Technology and Economics (BME) at the Department of Broadband Infocommunications and
Electromagnetic Theory (HVT). Three years of complete data have been processed and analyzed. The
following scientific results were achieved:




Application of accurate data processing techniques and the relevance of the method to our
measurement data.
The most relevant first-order attenuation statistics for rain distribution was also achieved from
the manually selected events.
The second-order statistics of fade duration has been determined, which describes the rate of
outages have also been calculated and described.
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5. Radiometeorological Studies Using BME-HVT Alphasat Scientific
Experiment’s Data
Introduction to Thesis Group 2
By extension of the Thesis Group 1, I will show how the obtained empirical attenuation data can be
converted to rain intensity time series. Furthermore, a new method will be proposed to estimate the
spatial shape of rain fields applying the measured data of three satellite beacon receiver stations.
This thesis group is based on the previous chapter, where the rain attenuation time series from the
measurement will be transformed to rain intensity time series by applying the power-law relationship
between attenuation and rainfall rate.
To be able to calculate the rain intensity from the rain attenuation measurement, I applied the ITU-R
P.838 recommendation to describe specific attenuation based on the power-law expression. This law
describes the theoretical relationship between attenuation and rainfall rate considering the following
parameters:




the rain height
the horizontal path length
the effective path length

5.1. Rain height
The ITU-R P.839 recommendation specifies the occurrence of rain at different heights above sea level
corresponding to the different regions of the Earth. It provides the mean annual 0℃ isotherm height
above the mean sea level (ℎ0 ) against the provided latitude (+90° 𝑡𝑜 − 90°) and longitude from
(0° 𝑡𝑜 360°) to calculate the mean annual height above sea level (ℎ𝑅 ) based on the equation: ℎ𝑅 =
(ℎ0 + 0.36)𝑘𝑚.
Thesis 2.1: In order to express the relationship between attenuation and rain intensity, I applied the
inverse of the power-law expression given in ITU-R P.838. It was shown that by using this method rain
intensity time series could be calculated from the attenuation time series.
In recent times, rain attenuation measurement on satellite link has become important for estimation
rain rate [89]. Signals from the satellite link are attenuated by raindrops that fall along with the path
link, due to scattering and absorption.
The estimation of rain intensity based on beacon signal measurement data is to help mitigate the
communication system against the effect of rain which causes atmospheric impairment. The rate of
occurrence of rain at a certain intensity at a specific geographical location is represented by a
distribution with parameters that may change from one month to the next but maybe stationary from
one year to the next [90]. Effect of rain is one of the most intensely studied topics by
telecommunication engineers to improve on the design and enhance effective and efficient
communication [91]- [92] and [S1]-[S3]. It is, therefore, a challenge to derive accurate rain intensity
from attenuation. In this case, we are going to use attenuation to estimate rain intensity on the path link
[93]. The most important establishment required to estimate rainfall is to determine the relationship
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between rainfall rate and attenuation which is related to a power-law expression in [51]. This
relationship is also conversely used to determine the rainfall rate from linked attenuation [94]. The
interest here is to apply the inverse method to estimate rain intensity over an area inferred from the
satellite link. The Inverse method is derived from a linear relationship between attenuation and rainfall
rate when determining the path averaged rain rates [95].
The statistical variation of rainfall intensity, specific attenuation, and attenuation along a path depends
in a complex way on the number, type, and intensity of rainstorms that traverse the path each year. No
theoretical basis exists for the calculation of the desired rainfall statistics; they must be obtained
empirically. Rain is found to demonstrate spatial and temporal variations along a horizontal path, and
steps are needed to instantaneously estimate the rain rate profile along with the path link [90].
However, the ITU-R recommendation in [50] contains a model which have been developed, accepted
and internationally recognized for linking rain rate (R) with specific attenuation (𝛾) based on a power
law context and have been applied to describe the relationship between specific attenuation 𝛾 R (dB/km)
and the rain rate R (mm/h). This power-law expression is a relationship between specific attenuation
and rain rate as can be shown below in (27):
𝛾𝑅= 𝑘𝑅 𝛼 [𝑑𝐵/𝑘𝑚]

(27)

Values for the coefficients k and  are determined as functions of frequency, f, and polarization
respectively, in the range of 1-1000 GHz. From the following equations, which have been developed
from curve-fitting to power-law coefficients derived from scattering calculations in (28) and (29):
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(28)

(29)

where:
f:

frequency (GHz)

k:

either for vertical or horizontal polarization

:

also for either vertical or horizontal polarization

aj , bj , cj , mk , ck , mα , cα:

specific coefficients given in ITU-R P.838.

Therefore, applying the inverse law, specific attenuation can be calculated from the measured
attenuation Am by dividing it with the effective path length as shown in the following equation in (30):
𝛾𝑅= 𝐴𝑚 /𝐿𝐸 [𝑑𝐵/𝑘𝑚]

(30)

The receiver at our station has the following parameters as it can be seen in TABLE 3:
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TABLE 3. RECEIVER PARAMETERS FOR (27)
19.701 GHz
Vertical polarization
0.0924
0.9987

k
α

39.402 GHz
45° tilted polarization
0.4222
0.8589

From equation (27) the rain intensity in mm/h is as it follows (31):
log( Am / LE ) log( k )

R  10



mm / h

(31)

Our measurement system records the measured beacon signal power levels Rm in dBm with a 1/sec
sampling rate. In order to express the momentary attenuation level from the received power, the clearsky level has to be calculated out of the signal power measurement when no attenuation arises as
already stated in thesis group I. In applying e.g. the median of long term (monthly) received power
time series RPmed, the attenuation is then calculated as (32) shows:
𝐴𝑚 = 𝑅𝑃𝑚𝑒𝑑 − 𝑅𝑚 [𝑑𝐵]

(32)

Several rain events occurred in most part of the months in the year causing significant attenuation.
However, the month of May 2016 was considered because during this month the highest attenuations
were observed. In order to filter out the effect of scintillation and avoid a constantly fluctuating lowintensity rain, the Am≤3dB were considered as zero. These values are not included in rain events. In
Figure 25 and Figure 26 is a provision of the outcome of the rain rate [96] calculated from the
empirical attenuation time series [S9] [S11].
From the Ka and Q band figures displayed below, it can be observed that the rain intensity determined
from beacon signal measurement is similar in each frequency band because they were simultaneously
measured on the same radio path [S9].
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Figure 25. Ka-band attenuation converted to rain rate (05.2016)
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Figure 26. Q-band attenuation converted to rain rate (05.2016)
Observing the Ka and the Q closely will show that, the higher the frequency, the more severe the
attenuations, hence the higher the rain rate. In Figure 27 the converted and the locally measured rain
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Figure 27. Rain rate calculated from the attenuation and the rain rate measured with tipping bucket
sensor (07.2017)
The ground receiver station in Budapest is equipped with meteorological sensors, where the concurrent
rain intensity registered parallel with the signal power. Nevertheless, it should be noted that the rain
gauge measures only the local rain rate at the receiver’s position, while the converted value refers to
the whole radio path and it reflects an integrated value.
In addition, the effect of signal polarization has an impact on the converted rain intensity values
because, the Ka-band beacon’s polarization is vertical while the Q-band is transmitted with 45° tilted
polarization. In view of this, we can say that the shape of falling raindrops with different polarization
can produce a different level of rain intensities. Nevertheless, the rain rate data recorded at BME for
the entire period of 2016-2018 in the Ka and Q band provides a good estimation of precipitation along
the receiving path length.
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Thesis 2.2: In this sub-thesis, a new method is presented to estimate the spatial structure of rain fields
by using satellite beacon signal measurements. The procedure is based on how to reconstruct the rain
field. The rain field will then be shown as 3D figures.
Several years of research have shown that atmospheric impairment has a serious impact on the
communication system. With the shift to higher frequencies, the rain has long been recognized as the
major cause of atmospheric impairment [97]. During this study the impact of the attenuation of
atmospheric gases was considered as constant at the Ka and Q-band beacon frequencies, thus not
influencing the dynamics of the attenuation process. Rain can be defined as the precipitation process of
atmospheric moisture [95], therefore we can say that it’s the visible presence of minute water or ice
particles suspended in space.
Rain structure can provide an insight into the process of rain in a specific region. This structure varies
with time and space. This also depends on the type of rain and wind. Variability of the raindrop size
distribution involves not only the effect of rain attenuation but also indicates the physical process
involved with rain. Both the vertical and horizontal variations of rain are important for modeling rain
rate and attenuation. The variability of rain structure due to different types of rain is useful for
estimation and it is possible to derive attenuation using the rain rate. The structure is also
inhomogeneous in both horizontal and vertical directions [98].
We have two main types of rain. The stratiform rain which occurs when the frontal weather systems
gather at low pressure, such that there is a possibility of warm air meeting cool air. The warm air
overrides the cool air and starts rising up. This continues to a certain level and then starts cooling down
to the point of precipitation. The cold fronts can also dislodge masses of the warm air which can lead
to more intense but shorter rainfall. The stratiform rain is a widespread rainfall that usually occurs for
rainfall rates below 5mm/h. While the convection rain occurs due to heated atmospheric moisture
beyond its surroundings which leads to upward movement, which causes convective rain. Convective
rainfall usually consists of larger, heavier raindrops, which usually occurs at rainfall rates above
10mm/h over a relatively short time period, and when the atmosphere is more unstable.
Communication systems deteriorate due to the presence of rain in on the propagation path due to their
sensitivity, therefore, in this thesis group, I propose to use linked attenuation measurement from our
station at BME-HVT to reconstruction of the rain field and present its shape.
All sources of rain can be traced from the formation of clouds. Therefore, rainfall depends heavily on
the type of cloud. Cloud can be described as a visible aggregate minute of droplets of water or tiny
crystals of ice particles. The troposphere is overlaid with clouds with different thicknesses from few
meters to full length of the troposphere. Clouds can be classified into criteria. That is appearance and
height. We also have three basic clouds which are recognized as: cirrus, cumulus, and stratus cloud.


Cirrus clouds are high, white and thin. They are separated or detached and form delicate veillike patches or extended wispy fiber and often have a feathery appearance.
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Cumulus cloud consists of globular individual masses. Normally they exhibit a flat base and
have the appearance of rising domes or towers.



Stratus clouds are best described as sheets or layers that cover much or all of the sky. Although
there may be minor breaks, there are no distinct individual cloud units [95].

The effective coverage area of the rain fits the size of the rain cloud which form’s the rain source. The
size of the area covered by the rain is considered as the rain field. Cloud observation can be made
continuously in per second resolution. Using the linked attenuation data from the network, we also
consider the specific attenuation based on power law. The accuracy of detecting the rain field is done
by evaluation of mean values of the attenuation measurement.
In order to reconstruct the effective area covered by rain, we take into consideration the specific
attenuation (𝛾) which is directly related to rain-rate (𝑅). From our proposition to determine the shape
of the rain field from the reconstruction, the goal is to create three measurement points to represent
three positions of beacon signal measurement. From this point, we are going to measure the signal
power and obtain the attenuation. Based on the attenuation we can create images from the selected rain
events. The signal images from the selected events will be used to provide a practical 2D rain rate
representation maps from a non-uniform distribution of frequency and polarization which can be used
accurately for the reconstruction of the rain field thereby showing its shape from the measurement and
then we produce a 3D representation as well. In Figure 28 the proposed measurement set-up of the
hypothetical system is shown with three measuring points of the satellite beacon signal.

Figure 28. General architecture of the proposed measurement
Other factors considered at the station is the wind velocity and time series of locally measured rain
intensity. The following steps are important for the measurement activities for the reconstruction:


Three simultaneous measurements the hypothetical points of the propagation path attenuation
over the links are placed inside the rain-field covered area as shown in Figure 28.
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Reconstruction of the specific attenuation of a two-dimensional field inside the same area from
the aforementioned measurement.



The exploitation of the A-R relationship to transform the reconstructed specific attenuation
field into the estimated rainfall intensity two-dimensional field.



3D presentation of the 2D images of the reconstruction to estimate the shape of the rain field.
The specific attenuation of the two-dimensional field is reconstructed with a spatial resolution
that is typically significantly higher of the average length of the attenuation measurement path.

However, because we have only one ground station in Budapest, in order to validate the proposed
method, we had chosen to use one-month data when we had severe outages during the measurement.
From this particular month’s data, we selected three major rain events that were highly attenuated to
represent the three hypothetical measurement points. The events are selected as three different
segments, with each of length and distance traveled over by the rain structure, as it can be blown by
the wind during the sampling period of the rain rate measurement. During sampling, received signal
power is recorded is converted then to attenuation with specific attenuation and estimates [dB/km]
multiplied by the length in [km].

5.2. Dimensions of the rain field
The structure of rain as stated earlier is inhomogeneous in both horizontal and vertical directions. The
convective rains are associated with a high rainfall rate in a shorter time spell. It is also a localized
process, occurring over an area extending a few kilometers. The concept of rain cell is associated with
the convective rain which is defined by the area of intense rainfall. This provides the reasons for which
multiple receiver stations can spatially be scattered in an area. For a practical study in the absence of
multiple stations, within a relatively small area, we have selected three sequential events considering
that they belong to the same precipitation field as stated earlier.

5.3. Horizontal dimensions of the rain field
The horizontal state of rain event has quite large spatial variation, due to the gradual dissipation of rain
events toward the rain field. The rate of rainfall determines the rate of signal deterioration. Since the
measurement is based on the signal power from the path link of the satellite it can be possible to infer
the rain location from the system's network. To test the feasibility of the method, three rain events have
been selected from the measurement that was recorded in April 2016 when there were high
attenuations at a duration of 110, 182, 75 minutes respectively. The translation of the rain field is
determined by the local wind conditions, like wind speed and direction. The geometry of the
measurement is depicted in Figure 29.
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Figure 29. Geometry for horizontal rain field size estimation
Assuming that the rain field is moving at the same speed as the measured wind speed at the receiver’s
location, the translation speed can be approximated with the average wind speed during the rain event.
Moreover, by taking into account the average wind direction during the rain event, the horizontal size
of the rain field Lh can be calculated as it follows:
𝐿ℎ =

𝑣𝑠 ∗ 𝑑
̅̅̅
𝑐𝑜𝑠𝛼

(33)

where 𝑣𝑠
̅̅̅ is the average wind speed, d is the duration of the fade event and α is the angle between the
direction that is perpendicular to the satellite’s direction and the average wind direction. In TABLE 4
the above-mentioned calculations are shown for the three selected rain events.
TABLE 4. HORIZONTAL RAIN FIELD CALCULATIONS
Event
duration
[min]

Average
wind
speed
[m/s]

α from
wind
direction
[°]

Horizontal
rain field
size
[km]

Event 1.

110

1.12

68

19.87

Event 2.

82

1.73

55

14.89

Event 3.

75

0.48

76

9.01

5.4. Vertical dimensions of the rain field
The vertical structure of rain is variable with different cloud height, which also varies with the type of
rain and the locations, as the rain originates from the cloud. The mode of precipitation is important for
predicting the attenuation slant path loss and calculating interference due to the scattering of rain. A
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vertically homogeneous and cylindrical model of rain cell extending from the Earth's surface up to the
0°C isotherm height has been used in provisional rain attenuation models.
Another important vertical rain structure is the leading and trailing edges of moving showers and
during their build-up and decay. The total time of fall drops is set around 5 to 15 minutes which is
significant when considering the shower and their movement [99]. The simple rain cell model may
overestimate attenuation in a chosen region. It may also be amplified by the different character of
tropical rain formation, resulting in a different horizontal and vertical structure and/or different drop
size distribution.
However, from equation (28) we can derive the specific attenuation (𝛾𝑅 ) based on the power-law
expression if we know the rain rate (R):
𝛾𝑅 = 𝑘𝑅 𝛼

(34)

where the frequency and the polarization-dependent constants are k and α respectively. We know that
the beacon receiver system records the received signal power (RP), which is then processed and
converted to attenuation after we have determined the clear sky level.
The specific attenuation can also be expressed with the attenuation and the effective path length LE as
it follows:
𝛾𝑅 =

𝐴 [𝑑𝐵]
𝐿𝐸 [𝑘𝑚]

(35)

The effective path length is the function of the path where the radio waves are crossing the rain field
and where the attenuation events are generated. For earth-space links, the effective path length can be
calculated on a statistical basis with ITU-R P.618 [29]. Its value depends on the beacon frequency, the
∅ elevation angle of the satellite and the rainfall rate R0.01. The latter is a long-term rain rate statistic
that is specific for the geographical location and an estimate can be obtained from the maps of rainfall
rate given in Recommendation ITU-R P.837 [49]. Actually, the effective path length is the result of
our calculations given by rearranging (28) and (29). In this way the instantaneous height of the rain
field is calculated in the following way:
ℎ = 𝐿𝐸 ∗ 𝑠𝑖𝑛(∅) =

𝑠𝑖𝑛(∅) ∗ 𝐴
𝑘𝑅 𝛼

(36)

as the vertical projection of the slant path applying the elevation angle of the satellite. For the above
mentioned calculation the rain intensity can be estimated with the average rain intensity measured with
a rain gauge of the meteorological station at the receiver’s location during the rain events. By applying
all of the former considerations, both the horizontal and the vertical profile of the rain field can be
determined. Figure 30-Figure 32 are representing the rain events selected showing the vertical (height)
and the horizontal (length) profiles listed in TABLE 4.
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Figure 30. Dimension of the rain field from event 1
The 2D side view of the rain field as given in Figure 30-Figure 32 is the shape of the rainy zone as it is
‘scanned’ by the beacon receiver when the rain zone is translating in front of the station. The
movement speed and direction are determined by the local wind conditions, while the vertical extent
by the rain intensity and the satellite’s slant path.
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Figure 31. Dimension of the rain field from event 2
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Figure 32. Dimension of the rain field from event 3
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The former method to estimate the rain field height is based on the locally measured rain intensity. In
order to avoid this kind of uncertainty, the rain intensity can also be obtained from the dual-frequency
beacon signal measurement with Ka and Q-band like in the case of our station in BME-HVT.
From equations (28) and (29) for the two different frequencies, we may apply the following forms:
𝐴1
= 𝑘1 𝑅𝛼1
𝐿𝐸1
(37)

𝐴2
= 𝑘2 𝑅𝛼2
𝐿𝐸2
where
A1 and A2:

the measured attenuation on the two different frequencies,

LE1 and LE2:

the effective path length for the two different frequencies,

k1, k2, α1, α2:

frequency and polarization dependent constants.

During the measurement, the frequencies and the constants are different while the rain intensity is the
same for each frequency because the propagation path is the same. Similarly, the effective path length
has only marginal increase between the horizontal and the vertical polarization as it can be seen in
Figure 33, calculated for Budapest location, N47.48° latitudes and E19.06° longitudes with
R0.01=35.87 mm/h. The calculation method is described in the ITU R P.838 recommendation, and

Effective path length [km]

detailed in equations (13)-(20).
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Figure 33. The effective path length as a function of frequency. Location: Budapest
Taken into consideration the results shown in Figure 33, the effective path length LE1 and LE2 can be
considered equal, therefore we may write as it follows:
𝐴1
𝐴2
=
𝛼1
𝑘1 𝑅
𝑘2 𝑅𝛼2

(38)

thus, the momentary rain intensity can be expressed from (6) as it follows:
𝑅=

𝑘 𝐴
𝑙𝑜𝑔 2 1
𝑘1 𝐴2
10 𝛼1 −𝛼2

(39)

54

B. ADJEI-FRIMPONG: Millimeter Wavelength Propagation in Ka/Q Band …
Now the rain intensity is expressed from the measured attenuation on the two different beacon
frequencies. By applying equation (39) the vertical rain field height can be calculated, providing a
more accurate approach than the first method. However, the complexity of the receiver station is
higher, as two different beacon signals should be parallel measured. The rain event that occurs can be
described by time series based on the horizontal and vertical structure which defines the dimensional
surface representing the rain intensity (R) in the spatial state.

5.5. 3D visualization of the rain field
According to Figure 30-Figure 32 the two-dimensional side view images of the rain field can be
reconstructed. In [S10] the reconstruction from multiple receiver locations are showing the rain field as
it can be observed directly from the ground. As in this work a hypothetical arrangement of three
receivers are considered, it can be defined that the receivers are arranged equally on the X-Y plane
with 120° between them as it can be seen in Figure 34:

Figure 34. The hypothetical arrangement of three receivers located on the X-Y plane
The interpolation of the measured side-view signals is building a 3D image as it is visualized in Figure
35 that represents the original rain field. In addition, the individual rain cell structure is also
observable.
It should be mentioned that during the reconstruction a vertical symmetry of the rain field has been
considered. Future work can be foreseen to improve the model and provide a better approach to take
into account the vertical variation of the rain field symmetry.
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Figure 35. 3D view of the reconstructed rain field. The hypothetical receivers are in the X-Y plane
According to the arrangement of the hypothetical receivers and the applied method, each concurrently
observed rain attenuation event at the three stations are translated to a 3D rain field. As the individual
rain attenuation events are converted to horizontal and vertical dimensions together with the 120°
arrangement results a receiver-location independent visualization, where the distance of the
hypothetical receivers from the rain field centre is not influencing the result.

5.6. Chapter summary
In this thesis group, a study of the relationship between rain attenuation and rainfall intensity on
millimeter-wave satellite radio links was shown. The formation of rain clouds and the structures of
rain have been summarized and the impact of drop size distribution was discussed. A demonstration
was shown as there is a diverse way in which attenuation could be converted to rain rate by taking into
account the operating frequency in the Ka and the Q-band, performance object and the system
configuration. Also based on spatial characteristics of the rain field we comprehensively applied and
analyzed a scenario based on concurrent attenuation measurements at different geographical locations
and a system was proposed to reconstruct the 3D shape of the rain field. The following scientific
results were achieved:


Rain attenuation from the measurement was successfully converted to rain intensity.



A hypothetical receiver station arrangement was shown which represented three ground
stations, using our measurement system in Budapest.
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The shape of the rain field is successfully reconstructed from attenuation measurements and
the results presented in 3D formation.

5.7. Own publications relating to the thesis group
[S9]

[S10]

[S11]

László Csurgai-Horváth, Bernard Adjei-Frimpong, Rain Intensity Estimation Using
Satellite Beacon Measurements, International Conference on Innovative Technologies:
IN-TECH 2017, Ljubljana, Slovenia, pp. 133-136. 2017.
Bernard Adjei-Frimpong, László Csurgai-Horváth, Estimating 3D Rain Fields with
Satellite Beacon Measurements, Proceedings of the 5th International Conference on
Research, Technology and Education of Space (H-SPACE 2019), Budapest, Hungary,
Paper: HSPACE2019-FP-3, 4 p.
Bernard, Adjei-Frimpong; László, Csurgai-Horváth, Using Radio Wave Satellite
Propagation Measurements for Rain Intensity Estimation, Infocommunications
Journal X: 3 pp. 2-8. , 7 p. (2018).
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6. Q-band Indoor Propagation Measurements at 38GHz
Introduction to Thesis Group 3
First, this section describes the ESA’s technology transfer program in which our research group
participated and successfully transferred space communication technologies to a terrestrial system.
The system that was developed within this activity, has been used for indoor propagation
measurements in Q-band. From the data obtained, a propagation map was developed for different
indoor scenarios and compared with the relating ITU model.
The Q-band frequency range in the millimeter-wave has become available for high-speed data
communication in point to point wireless local area networks (WLANs) mobile backhaul, and
broadband internet access [100]. Since the millimeter-wave contains a lot of raw spectrum, it has
driven the research community into propagation study in these frequencies, hence Q-band has received
little attention [101]. Indoor propagation channel measurements are important for understanding path
loss, temporal and spatial characteristics which are crucial for performing simulations to estimate
network capabilities and overall data [102]. The wireless channel in the millimeter-wave has a vast
bandwidth available commonly for short-range indoor communication [103]. Its application will
reduce the load on cellular and backhaul networks as we also move into the Internet of Things (IoT)
[104] [105]. In any case, we need to extensively and accurately characterize the Q-band indoor channel
to validate the channel characteristics for short-range wireless communication.
ESA has created support activities with the intention to develop and advance a philosophy in which
they want to transfer space-related technologies to terrestrial applications. As an outcome of
participation in the Alphasat measurement campaign at BME-HVT, we have developed a measurement
system for indoor propagation studies at 38GHz in the Q-band, in which we have transferred
successfully space-related technology for terrestrial application [S12] and [S14]. 38GHz is currently a
strong candidate for emerging 5G cellular mobile networks in the millimeter-wave short-range indoor
applications [106]. The terrestrial short-range radio communication for indoor propagation is very vital
to the establishment of 5G networks, hence they implement in indoor wireless systems [107] and
[108]. Therefore, in this work our investigation will:


Summarize the indoor propagation measurement activities at BME-HVT and show its
capability to satisfy current demand in millimeter-wave propagation at 38GHz.



To carry out an evaluation measurement campaign in the millimeter-wave and compare them
with the relevant ITU-R P.1238 [109] recommendation.

Thesis 3.1: Within the frame of the ESA technology transfer program at BME-HVT, we have
developed an indoor propagation measurement system, tested the system set-up and developed a
procedure to introduce further measurements. My task was to participate in the design of the system,
perform preliminary tests and prepare the final measurement setup.
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6.1. Description of the systems equipment
The indoor measurement system includes the following equipment:


Two canonical highly directional horn antennas, one is used as a receiver and the other as a
transmitter for the measurement [110].



A tripod with a platform for both the receiver and the transmitter. The motorized receiver
allows remote controlled rotation at 360° while the transmitter is placed on a fixed tripod
platform. The rotating platform allows the receiving antenna to be rotated and directed towards
the transmitter at any location.



A PLL-based RF clock synthesizer with integrated Voltage Controlled Oscillator (VCO)
acting as the local oscillator applied to both the transmitter and the receiver. It is responsible
for generating signals up to 9.8GHz and used as a central clock in the measurement setup
[111].



Transmitter and receiver units with IF input and output at a frequency which is quadruple of
the local clock.



A computer control based Software-Defined Radio (SDR) is used to measure and process the
received signal power.

As stated above, the transmitter and receiver are made up of the same type of horn antenna which is
very directional and assembled on a motorized tripod rotating platform. The 360° horizontal
rotating capability allows scanning the entire horizontal plane and recording of the received signal
power parameters for a specific location.

Receiver antenna with
Alphasat LNB

0-360° motorized platform
to rotate the receiver

Tripod

Figure 36. The motorized platform for the receiver system
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With a systematic relocation of the receiver, a signal strength map of the room can be provided by
the angular dependence of the signal to be measured. In order to measure and process the received
signal a Software Defined Radio platform is utilized [112]. The SDR-based data collection and the
platform-controlling software was developed by other colleagues at the department as it was
published in [S12]. The SDR acquires the measurement of incoming and downconverted L-band
(1-2GHz) signal. During this experiment the exact frequency of the downconverted signal was
1.32GHz (see Figure 39 later). After digitization, the whole signal processing will be performed by
the controlling computer using the GNU Radio software platform [113]. There is a computer
responsible for controlling and managing the SDR. This is an essential issue because during the
measurement human interaction is minimized as much as possible, since the millimeter-wave
frequency band is sensitive to humans in the measurement area, and this significantly influences the
result. The signal reflections and interferences in this band can considerably modify the propagation
environment. BME-HVT in collaboration with Totaltel [76] in ESA’s technology transfer program,
the Q-band transmitter unit provided. The receiver for the indoor measurement setup originated
from the Alphasat ground receiver station of the department.
The schematic measurement setup is depicted in Figure 37, showing the main concept of the
system.

Receiver (rotated)

Transmitter (fixed)

- LNB
- Downconverter
- Rotator

- Tx
- Upconverter

IF out

Rotation control

Computer with
SDR frontend

IF in
(unmodulated sine)
Local
CLK

Local
CLK

Figure 37. System layout for indoor propagation measurements
The technical specifications of the final system are shown in TABLE 5.
As is outlined in Figure 37, PLL-based frequency synthesizers are serving as a local clock source for
both the transmitter and receiver. Frequency quadrupling at Tx and Rx develops the Q-band carrier
frequency. We applied a signal generator to produce the IF signal, which was an unmodulated sine
wave.
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TABLE 5. TRANSMITTER AND RECEIVER SPECIFICATION
Transmit/receive frequency band
Transmit/receive antenna type
Antenna gain
Polarization (transmit/receive)

37.79-38.15 GHz
Grante CH 0.05 S 265400
20-22 dBi
Vertical

Transmitter
Output power
IF band
Local oscillator frequency

0 dBm
1-2 GHz
9±0.2 GHz

Receiver
IF band
Local oscillator frequency

1-2 GHz
9±0.2 GHz

After the design of the measurement campaign based on ESA’s vision on technology transfer, we have
created a laboratory measurement testbed to check the accuracy of the operability of applied devices
for the measurement and system set up. The testbed distance of the transmitter (Tx) and receiver (Rx)
is on a small scale for indoor environment scenario. A local clock frequency generated by the external
PLL synthesizer board, operating up to 9.8GHz, has its frequency quadruple in the receiver/
transmitter site, resulting in the Q-band carrier signal. The intermediate frequency (IF) signal is an
unmodulated sine wave at between 1-2GHz, therefore the exact transmit frequency is 4•CLK+IF. The
fixed transmitter and the rotated receiver configuration allow measuring both Non-Line of Sight
(NLoS) and Line of Sight (LoS) scenarios. Figure 38 below represents the laboratory testbed of the
experiment assembled on a desktop platform.

Figure 38. Equipment test trial setup
61

B. ADJEI-FRIMPONG: Millimeter Wavelength Propagation in Ka/Q Band …
The IF signal of the transmitter is a sine wave pilot signal from a signal generator that is upconverted to
the Q-band and transmitted to the air. The downconverted received signal was connected to a spectrum
analyzer in order to observe the receiving. The signal is reflected from the wall in front of the
transmitter, as both antennas are facing the same direction.
The clock source of the system is an RF synthesizer with integrated VCO [111] that generated the
central clock in the measurement setup. A spectrum analyzer is applied to visualize the received signal.
Shown in Figure 39 the pilot signal can be seen that was transmitted and received after the reflection in
the room. In this experiment, we applied a 1.32GHz IF signal source.

Figure 39. Received IF signal spectrum (desktop test)
The next step of the project is a series of test measurements that have been performed in the anechoic
chamber of the department in order to get a view of the exact characteristics of the antennas under
consideration. In Figure 40 below represents the antenna radiation pattern as determined in the anechoic
chamber:

Figure 40. Antenna radiation pattern
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The antenna characteristics provide a view about the antenna’s receiving main and side lobes and their
extensions. The view angle of the antenna will influence the required resolution of the platform
movement in the horizontal angular area. The step resolution of the final measurement will be a
minimum half of the antenna’s measured view angle. This will ensure the accurate mapping of the
received signal level in different directions.

6.2. Data processing format
The downconverted L-band signal is processed by a software-defined radio platform. The following
figure depicts the measurement system, where a host computer running the GNU radio platform
controls the SDR, determines the signal strength and controls the platform’s rotation.
IF
Rx

SDR

Platform

Figure 41. Data collecting system for signal receiving
The signal receiver is realized with a nuand bladeRF software-defined radio [112] connected to a host
PC through a USB cable. The bladeRF is the RF front end whereas the signal processing is done on the
host PC. The bladeRF has a tunable RF center frequency from 300MHz to 3.8GHz and a bandwidth up
to 28MHz.
The objective of the signal receiver is to estimate the power of the received unmodulated carrier signal
in the first stage of the project. The dynamic range of the signal power is in the order of magnitude of
50dB, whereas estimated values have to be provided in at least every 100 msec.
The block diagram of the beacon receiver is shown in Figure 42 [S12]. The center frequency is set
according to the received and downconverted signal frequency. The signal is filtered with a high pass
filter thus the DC offset is practically eliminated without affecting the unmodulated carrier.

Figure 42. Block diagram of the signal receiver
To estimate the signal power level at first the spectrum of the signal is calculated with a discrete Fourier
transform. If there is no other signal within the given bandwidth, the maximum of the spectrum
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magnitude is the momentary power level. However, the signal power level can vary significantly, and
the estimator has to be sensitive to low levels of input power (interferences).
In order to handle the high dynamic range of beacon power, the noise level has to be decreased. This is
achieved by the following steps: first, a processing gain is realized with low pass filtering and
decimation. The sampling rate of the bladeRF is set to 2Msamp/sec to provide a sufficient
oversampling. Thus a decimation rate of 8 is applied, resulting in a total of 250kHz bandwidth. The
second phase is the averaging of the signal spectrum, which is set to 100. After the averaging, the
maximum of the spectrum is taken and forwarded to the controlling computer.
The computer is storing each measurement point’s data equipped with header information in a simple
text file format that allows easy processing of it in the further phase.

6.3. Indoor propagation modeling and measurements
In the following parts of this thesis work, I will introduce the indoor measurement environment where
the Q-band propagation has been investigated (Section 6.4). This will be followed by the description of
the relating ITU propagation model (Section 6.5), and in Section 6.6 I will show the measurement
results, the modeled environment, and their comparison. This work is summarized in the following subthesis:

Thesis 3.2: We performed two different types of indoor measurements: a propagation measurement for an office
environment and for a corridor environment. I participated in the design, installation, and execution of the abovementioned experiment. After collecting and processing the data, I calculated the propagation field of the two
different scenarios. This will be followed by the comparison with the ITU-R recommendation 1238 model and the
evaluation of the results.

6.4. The indoor measurement environment
Two environments have been considered at BME-HVT in building V1 for the measurement campaign.
That was a furnished work office (classroom) and a corridor environment, where the receiver (Rx) is
placed in different positions away from the fixed transmitter (Tx) in each case. The dimensions of the
work office environment in length and breadth are 8.84m and 6.15m with the Tx/Rx locations chosen
in LoS conditions. The dimensions of the corridor environment were 36.84m and 2.40m, chosen also
LoS conditions for the radio connection. Figure 43 and Figure 44 below are representing the office and
corridor measurement environments with the receiver Rx placed in different room positions and with
the single transmitter Tx position at the right side of the figures.
The furniture in the office and a glass door in the middle of the corridor are schematically depicted in
the figures.
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During the measurements, the Line of Sight position of the Tx and Rx was ensured by the exact
positioning and rotation of the measurement platforms. For the correct alignment, we applied a laserbeam guidance.
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RX
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TX

Figure 43. The office measurement environment (8.84m×6.15m)
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Figure 44. The corridor measurement environment (36.8m x 2.4m)

6.5. Application of ITU-R P.1238 indoor propagation model
The recommendation ITU-R P.1238 is a description of propagation and prediction methods for the
planning of indoor radio communication systems and radio local area networks in the frequency range
of 900 MHz to 100 GHz. It effectively covers the UHF, SHF, and EHF frequency bands providing an
up to date recommendation for propagation over paths of length less than 1 km. This method applies to
the measurement scenario that we are working with, and a comparison of the measurements with the
available model will be possible. The recommendation offers several models for different propagation
phenomena like path loss, delay spread, antenna, and polarization effects and the influence of indoor
materials, furniture, or other objects. The path loss, according to [109] is given in Eq. (40):
Ltotal  L(do )  N log10 (d / do )  L f (n)

[dB]

(40)

where the parameters are the following:





N:
f:
d:
do:

distance power loss coefficient
frequency (MHz)
separation distance between the base station and portable terminal (d >1 m)
reference distance (m)
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L(do): path loss at do (dB)
Lf :
floor penetration loss factor (dB)
n:
number of floors between base station and portable terminal.

The coefficients for different environments are also given in the recommendation. For a given site
geometry, usually site-specific models are useful where the field strength can be predicted by diffraction
or ray-tracing methods. By taking into account the direct and the reflected signals even a more accurate
prediction is possible. The use of the finite difference time domain (FDTD) technique is a deterministic
approach against the statistical models, but it requires the exact knowledge of the site geometry and
usually requires high computing power, therefore a measurement like in the present dissertation may
result in a faster approach. The distribution of the received signal power follows the Nakagami-Rice
distribution [114] as given in Eq. (41):



  4K 1KrP 

prP , K   K  1 exp - K 1rP - K I 0

(41)

where I0(x) is the first kind 0th-order modified Bessel function and K represents special factors that are
depending on the room shape. After the measurement campaign with our devices listed above, we will
provide the map of the signal strength for different room geometries that will be also compared with
the theoretical models and statistical approaches. To calculate the indoor path loss we applied Eq. (40)
of the model. Our measurement like the one in [115] [116] will be based on the proposed physical
geometry of the propagation environment or base on the best fit extensive measurement data
conducted in the room office [117], [118] and corridor environment. In this case, the parameters to be
considered for the path loss measurement are the distance, frequency and antenna height. One of the
advantages of characterizing an indoor channel is to reduce complex mathematical processes and to
apply a low computation process for implementation, due to their specific propagation environment
where accuracy is always high.

6.6. Results and analysis
Modeled environment scenarios using ITU-R P.1238
In the first part of this work, we provide the outcome of the modeled path loss in the chosen
environment using the ITU-R model [109] to display the path loss for different indoor scenarios. The
modeled scenario is the corridor and a room office environment. The size of the corridor environment is
36.8m × 2.4m (Figure 44) and the office room environment is 8.84m×6.15 m (Figure 43) respectively.
In the office room environments, we have chairs, desks, tables, computers and other materials, which
will contribute to path loss. It is worth noting that the path loss exponents have a strong correlation with
propagation environments.
Firstly, I applied the ITU model for the office room environment. Figure 45 shows the hypothetical LoS
scenario, where the location of the transmitter was selected in the same position, where the forthcoming
physical measurement is planned: on the longitudinal axis of the room, 1m away from the wall.
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TX

Figure 45. Modeled path loss for an office environment (8.84m × 6.15m), LoS conditions
The input parameters of the ITU-R P.1238 model are detailed in TABLE 6. The floor penetration factor
is 0 as the experiment was conducted on a single floor. The power loss coefficient was selected
according to the ITU recommendation for office environment.
TABLE 6. ITU-R P-1238 MODEL PARAMETERS
Office
Corridor
Frequency [GHz]
38.1
38.1
Room size [m2]
36.8x2.4
8.84×6.15
Floor penetration factor
0
0
Power loss coefficient
20.3
20.3
In Figure 46 the path loss calculation with the ITU model for the corridor environment is depicted. The
location of the hypothetical transmitter was selected in the same position, where the forthcoming
physical measurement is planned: on the longitudinal axis of the corridor, 1m away from the wall. The
ITU-R P.1238 model parameters are detailed in TABLE 6.

TX

Figure 46. Simulated path loss for corridor environment (36.8m × 2.4m), LoS conditions
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The path loss can also be attributed to the position of the receivers with respect to the transmitting
antenna. The path loss versus separation distances for LoS scenarios for various mm-range frequencies
generally, increases with distance. In order to compare the model detailed above, we carried out realtime measurements.

Measurement scenarios
In Figure 47 we present the photo, in Figure 48 the measurement arrangement of the office room
(classroom) with 8.84m×6.15m size where the measurements were performed in LoS conditions at
different positions [S13]. In this environment are multiple chairs, tables, computers and other materials
in the office, and the results displayed are an outcome of the measured path loss.

Figure 47. Photo about the office (classroom) measurement location
The path loss was calculated from received the signal power measurement. To get the path loss, we
performed a calibration at the closest distance (1 meter) to get a reference level, which is subtracted
from the received power measured by our experimental receiver. The reference distance was determined
to equal the shortest path length where the ITU-R P.1238 model still valid.
In order to ensure that the measurements were done beyond the near-field distance, the following
calculations has been performed for the horn antenna, that was applied in the measurements [110]. The
diameter of the antenna is d=6cm, and the calculations were performed at 38GHz with λ=7.8mm
wavelength. At first the reactive near field distance DRNF =0.102m was calculated as:
𝑑3
𝐷𝑅𝑁𝐹 ≤ 0.62 ∙ √
𝜆

(42)

The far-field should be greater that the radiating near field distance RNFD≤0.91m:
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𝑅𝑁𝐹𝐷 ≤

2𝑑2
𝜆

(43)

In this manner, the far field distance is greater than 0.91m, ensuring that the applied calibration distance
was large enough.
However, the entire dimensions of the room are 8.84m  6.15m, due to technical reasons the receiver
locations at different positions had a distance between them and the wall of the room. Therefore the
signal map covers 5.00m  4.35m, indicating the area where the receiver is located. In TABLE 7 the
exact receiver’s positions are listed. It can be well observed some reflections that are influencing the
local propagation conditions.
The transmitter location was fixed throughout the measurement while the receiver is moved around.
The transmitted unmodulated carrier signal power was -27dBm. In Figure 48 the path loss is depicted
after subtracting the calibration level from the locally measured received power signals. There were 9
real measurement locations, thus for the visualization of the result a linear interpolation was applied
between the measurement points.
RX7
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TX
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Figure 48. Office environment with measured path loss at LoS
TABLE 7. Office measurement locations relative to the bottom left room corner
TX

RX1
RX2
RX3
[50,90] [300,90] [550,90]
RX4
RX5
RX6
Location [x,y] [cm] [784,307] [50,307] [300,307 [550,307]
RX7
RX8
RX9
[50,525] [300,525] [550,525]
In Figure 49 one can see the photo of the corridor, while in Figure 50 we display the measurement
locations that were selected for LoS conditions [S12].
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Figure 49. Photo about the corridor measurement location
The path loss is measured by placing the receiver at a different position on the corridor, while the
transmitter location was fixed. The corridor has empty space with several doors located on both ends
and a glass door, as depicted in Figure 44. The entire length and width of the corridor where the
measurement was performed is 36.84m×2.40m.
Though the entire length of the corridor is 36.84m  2.40m, there was some distance between the walls
and the Tx-Rx equipment. Hence, the measurement produces a map that covers a distance of 32.84 
1.90m.
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Figure 50. Corridor view with measured path loss at LoS
In TABLE 8 the exact receiver’s positions are listed in the corridor, as it is depicted in Figure 50:
TABLE 8. Corridor measurement locations relative to the bottom left corridor corner
TX

Location
[x,y] [cm]

RX1
RX2
RX3
RX4
RX5
RX6
[300,25] [900,25] [1500,25] [2100,25] [2700,20] [3300,25]
[3584,120]
RX7
RX8
RX9
RX10
RX11
RX12
[300,215] [900,215] [1500,215] [2100,215] [2700,210] [3300,215]
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The figures presented from the measurement effectively allow us to visualize the actual point of
measurements from the entire area where the activities of the measurement took place. The
measurement in the Q-band can be used to start a point of scene generating (map) based on a statistical
description of the evolution of an indoor measurement system. It is well observable that the reflections
are significantly influencing the local propagation conditions.

Measurements compared with ITU-R P.1238 model
In Figure 51 and Figure 52 we provide the difference between the path loss obtained from the
measurement and the ITU-R P.1238 model for the office and corridor scenario.
In the case of the classroom measurement difference maps, we can observe that the measured and ITUR simulated path loss is concentrated around 0dB in the [-10dB…+20dB] range, while in case of a
corridor in the [-20dB…+30dB] range.
Differences can be observed around the close environment of the transmitter and receiver in the office.
This may be explainable due to the restriction of the ITU-R model below 1 m distance. Some
asymmetry can be also observed around the vertical axis, mostly because of the different arrangements
of the doors and windows.

Figure 51. Path loss difference between the measurement and simulation for an office scenario
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Figure 52. Path loss difference between the measurement and simulation for the corridor scenario
In order to conclude the results, we may say that the local measurements are revealing some differences
between the model and the real physical environment. Therefore in the case of critical system design,
not only the model but the measurements are also required to provide an exact indoor propagation map.

6.7. Chapter summary
This thesis group is presenting Q-band propagation measurements in the 38GHz band within a
campaign for indoor short distance communications systems. The following scientific results are
presented here:


The components used in the Alphasat satellite communication experiment have been
successfully integrated and applied in a terrestrial 5G indoor propagation measurement system.



A complete measurement system has been developed to investigate and measure indoor
propagation for 5G networks in the millimeter-wave.



The path loss measurement was successfully carried out and a propagation map for the Q-band
developed.



The propagation map was validated by comparing it with the ITU-R P1238 recommendation.
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Summary
The motivation of this dissertation was to contribute to a good understanding of propagation channel in
the millimeter wave band in the perspective of channel characterization for satellite and terrestrial
applications for the design of wireless systems with quality of service and availability. The dissertation
is split into two parts, channel characterization in Ka (19.701GHz) and Q (39.402GHz) band and indoor
propagation measurement at 38GHz.
The literature in this dissertation presents a basic idea about wave propagation and the impact of
atmospheric impairments on satellite communication systems with an emphasis on rain attenuation
since the project is more about that. It goes on review some of the related work in satellite radio wave
propagation activities around the world. It further gives and overview and describes the conception of
Alphasat Aldo Paraboni payload, the experimental groups across Europe and some activities by the
groups and what they have achieved so far, and finally introduce the measurement set-up for the
Alphasat propagation experiment at BME-HVT which includes both the indoor and outdoor receiver
units of the ground station and a detailed description of these units are also provided.
The first part of the dissertation describes the Alphasat propagation measurement activities at BMEHVT and the data processing methods applied to pre-process the RAW measurement data. After
preprocessing the data, the appropriate methods selected and then, the first and second-order attenuation
statistics are calculated and analyses provided. The first order attenuation distributions also compared
with the relevant ITU-R model. By extension from the empirical attenuation data provided, the data was
applied to convert attenuation to rain intensity time series. Also in this study, hypothetical receiver
arrangement structure was proposed and real simulations conducted with rain events selected from the
satellite beacon signal measurement. This technique was applied to reconstruct the rain fields and
present the outcome in a three dimensional state.
Furthermore, in the second part of the dissertation is the description of the ESA technology transfer
program in which space related technologies transferred for terrestrial applications, in this case for
indoor propagation measurement. An overview of indoor propagation and the measurement set-up and
systems description provided. Finally the measurement activities and the results are shown along with
comparison with the relevant ITU-R recommendation.
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Table of parameters and constants
Notation

Name



Polarization-dependent constants (ITU-R P. 838)

β

ITU-R P.837 rain rate model constant

R

Specific attenuation

q

Elevation angle (degrees)



Elevation angle of the satellite and the rainfall rate



Latitude of the earth station (degrees)

2D

Two dimensional state

3D

Three dimensional state

A

Attenuation

𝑎̂𝑖

Represents the predicted values with the ITU-R model

𝑎𝑖

Observations of the attenuation

DRNF

Reactive near field distance

d

Duration of the fade event

do

Reference distance (m)

f

Frequency

I0(x)

First kind 0th-order modified Bessel function

k

Polarization-dependent constants (ITU-R P. 838)

K

Represents special factors that are depending on the room shape

L(do)

Path loss at do (dB)

𝐿𝐸

The effective path length

Lf

Floor penetration loss factor (dB)

n

Number of floors between base station and portable terminal

N

Distance power loss coefficient

R

Rain rate

RNFD
Rm
RPmed

vs

The near field distance
Measured beacon signal power levels
Median of long term (monthly) received power time series
The average wind speed
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