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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. 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].
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 [2]. The
millimeter-wave band is a portion of the electromagnetic spectrum ranging from 30GHz-300GHz [3].
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 [4].
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 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 [5]. 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
with the Aldo Paraboni technology demonstrator payload onboard. It was proposed and funded by the
Italian Space Agency (ASI) and executed by ESA (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
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(Ka/Q-band) [6], [7]. 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.
This work seeks 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). 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 [8]. 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
[9] and [10].

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.
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 [11]. 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
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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.1236 model, and also I created a propagation map for different places.

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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NEW SCIENETIFIC RESULTS
Thesis Group I.
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 beacon 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 1.

Antennas and
ODUs

IF/Ka
Power
IF/Q
Power

2* coaxial
cable

RS232
IDU

PC

Power

Figure 1. 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
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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:




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
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During the pre-processing I performed checks 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 daylily movement of the satellite eliminates the signal variation; however, a minimal effect
can even be observed [S3][S5]. 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 following
Figure 2 represents how data is validated or rejected. 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 Figure 3.

Figure 2. Example of data validation
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Figure 3. 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.
The received signal power from the satellite beacon is collected and stored as data at 1 sample per
second. After pre-processing, attenuation values are extracted from the received beacon signal power
values recorded by determining the reference level called the 0dB reference or the clear sky level.
During the measurement, changes in atmospheric effect on the received beacon signal occur
simultaneously which causes change in the signal between the satellite and the receiving terminals.
The daily movements of the satellite in the geosynchronous orbit are compensated by the tracking
system. Due to these variations, I cannot establish an absolute reference level and estimate attenuation
from the measured signal level values corresponding to the clear sky level. Hence, I considered some
methodologies to determine the clear sky level to provide an attenuation time series from the
measured received power time series. Since there is no radiometer at BME-HVT ground station, the
following methodologies considered are the median, the mean received power method [12], the
‘empirical’ threshold to approach the ITU-R P.837 rain rate method [13], the method of selection of
events manually and the FFT method [14] [15]. The manual event selection method was finally

applied to enhance the data processing of the received power time series. First 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
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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. The Figure 4
below represents events that have been selected manually [S4].

Figure 4. Rain events selected manually
The attenuation time series considered in this work are solely due to the rain effect. 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/hr, the signal level in dBm for the
propagation channel. Results from the time series of the received signal power from each frequency
and plotted and subjected to visual inspection in order to identify gaps and non-regular signal levels.
As shown in Figure 5 are examples of sample extraction, the gaps, and some non-regular signals [S5].
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Figure 5. 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.
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. The measure of the signal traveling through the
precipitation field could be determined using [16], [17], [18] and [19]. The required empirical model
parameters are depending on the particular geographical location, which is in the present case
Budapest. The ITU-R 818, 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]. There are also numerical evaluation of the different methods is
provided in TABLE 1. 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
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P.618 rain attenuation distribution model with the measurement. 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 selected manually, and I
calculated the CCDF distribution for the attenuation as shown in Figure 6 below. The CCDF of the
manually selected events provides a much better approximation of the ITU model.

TABLE 1. 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

(1)

where 𝑎̂𝑖 represents the predicted values with the ITU-R model.

Figure 6. CCDF for Ka and Q-band using manually selected events compared with ITU-R P. 618
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The relative root mean square error for N observations of the attenuation 𝑎𝑖 is the following:
𝑎𝑖 − 𝑎̂𝑖 2
𝑁
∑
(
)
𝑖=1
√
𝑎̂𝑖
𝑅𝑅𝑀𝑆𝐸 =
𝑁

(2)

It can be observed from TABLE 1, 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 6. However, the visual inspection of Figure 6 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. The atmospheric propagation effect due to
the dynamics of fade poses a major concern to the capacity of system optimization, quality, and
reliability [14]. Therefore, fade duration is defined as the time interval between two crossings above
the chosen attenuation threshold in [20] 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. Using the
ITU-R recommendation in [21] I calculated the fade duration statistics from attenuation time series,
which falls within the analyzed years of the measurement at BME-HVT from 2016-2018 [S8]. In
Figure 7 and Figure 8 is presented fade duration distribution in the Ka and Q and which provides an
interesting outcome on the expected outage events and the time. From fade distributions provided in
the Ka and Q-band, the attenuation thresholds range from 5dB-20dB 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.
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Figure 7. Fade duration distribution for Q-band
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Figure 8. Fade duration distribution for Ka-band

Conclusions
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:
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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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Thesis Group II.
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.
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 [22]. Signals from the satellite link are attenuated by raindrops that fall along with the path
link, due to scattering and absorption.
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. The most important establishment
required to estimate rainfall is to determine the relationship between rainfall rate and attenuation
which is related to a power-law expression in [17]. 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 [23]. This power-law expression is a relationship between specific attenuation and rain rate
as can be shown below in (3):
𝛾𝑅= 𝑘𝑅 𝛼 [dB/km]

(3)

Values for the coefficients k and  are determined as functions of frequency, f, and polarization
respectively, in the range of 1-1000 GHz.
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 (4):

 R  A m / L E dB

(4)

The receiver at our station has the following parameters as it can be seen in ABLE 2:

15

Thesis Booklet-Bernard Adjei-Frimpong
TABLE 2. RECEIVER PARAMETERS FOR (3)
19.701 GHz
Vertical polarization
0.0924
0.9987

k
α

39.402 GHz
45° tilted polarization
0.4222
0.8589

From equation (3) the rain intensity in mm/h is as it follows (5):
log( Am / LE ) log( k )

R  10



mm / h

(5)

In applying the median of long term (monthly) received power time series RPmed, the attenuation is
then calculated as (6) shows:

A m  RPmed  RPm dB

(6)

Several rain events occurred in most part of the months in the year causing significant attenuation, but
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 9 and Figure 10 is a provision of the outcome of the rain rate [24] 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 9. Ka-band attenuation converted to rain rate (05.2016)
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Figure 10. 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 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, I can say that the shape of falling raindrops with different polarization
can produce a different level of rain intensities.
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.

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). The goal is to create three measurement
points to represent three positions of beacon signal measurement. From this point the signal power is
measured and attenuation is calculated. A practical 2D images are produce from the attenuation,
representing maps from a non-uniform distribution of frequency and polarization which is used to
accurately reconstruction the rain field thereby showing its shapes from the measurement and then
produce a 3D representation. In Figure 11 the proposed measurement set-up of the hypothetical
system is shown with three measuring points of the satellite beacon signal.
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Figure 11. 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 covered area as shown in Figure 11.



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]. 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
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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 12.

α

•

wind
direction

Figure 12. Geometry for horizontal rain field size estimation
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

(7)

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 3
the above-mentioned calculations are shown for the three selected rain events.
TABLE 3. 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

However, from equation (28) we can derive the specific attenuation (𝛾𝑅 ) based on the power-law
expression if we know the rain rate (R):
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𝛾𝑅 = 𝑘𝑅 𝛼

(8)

where the frequency and the polarization-dependent constants are k and α respectively. The specific
attenuation can also be expressed with the attenuation and the effective path length LE as it follows:
𝛾𝑅 =

𝐴 [𝑑𝐵]
𝐿𝐸 [𝑘𝑚]

(9)

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 [16]. 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 [18]. 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

(10)

as the vertical projection of the slant path applying the elevation angle of the satellite. For (31) 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
13-Figure 15 are representing rain events selected showing the vertical (height) and the horizontal
(length) profiles listed in TABLE 3.
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Figure 13. Dimension of the rain field from event 1
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The 2D side view of the rain field as given in Figure 13-Figure 15 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.
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Figure 14. Dimension of the rain field from event 2
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Figure 15. Dimension of the rain field from event 3
From equations (28) and (29) for the two different frequencies, we may apply the following forms:
𝐴1
= 𝑘1 𝑅𝛼1
𝐿𝐸1
(11)
𝐴2
= 𝑘2 𝑅𝛼2
𝐿𝐸2
The effective path length has only marginal increase between the horizontal and the vertical
polarization as it can be seen in Figure 16.
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Figure 16. The effective path length as a function of frequency. Location: Budapest
Taken into consideration the results shown in Figure 16, 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

(12)

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

𝑘 𝐴
𝑙𝑜𝑔 2 1
𝑘1 𝐴2
10 𝛼1 −𝛼2

(13)

Now the rain intensity is expressed from the measured attenuation on the two different beacon
frequencies. By applying equation (13) 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.
From Figure 13-Figure 15, 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 is
considered, it can be stated that the receivers are arranged equally at 120° between them as can be
shown in Figure 17:
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Figure 17. The hypothetical arrangement of three receivers
The interpolation of the measured side-view signals is building a 3D image as it can be seen in Figure
18 that represents the original rain field. In addition, the individual rain cell structure as also outlined.
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.

Figure 18. 3D view of the reconstructed rain field

Conclusions
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
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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.



The shape of the rain field is successfully reconstructed from attenuation measurements and
the results presented in 3D formation.
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Bernard Adjei-Frimpong, László Csurgai-Horváth, Estimating 3D Rain Fields with
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Paper: HSPACE2019-FP-3, 4 p.
Bernard, Adjei-Frimpong; László, Csurgai-Horváth, Using Radio Wave Satellite
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Thesis Group III
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.
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]. The
terrestrial short-range radio communication for indoor propagation is very vital to the establishment of
5G networks, hence their implementation in indoor wireless systems [25] and [26]. 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 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.
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 [27].



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 rotated and directed towards
the transmitter at any location.
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A PLL-based RF clock synthesizer with integrated 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 [28].



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.

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 (SDR) platform is utilized [29]. 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 Lband signal. After digitization, the whole signal processing will be performed by the controlling
computer using the GNU Radio software platform [30]. There is a computer responsible for
controlling and managing the SDR. The schematic measurement setup is depicted in Figure 19,
showing the main concept of the system.
The technical specifications of the final system are shown in TABLE 4 and as outlined in Figure 19,
PLL-based frequency synthesizers serve 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.

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 19. System layout for indoor propagation measurements
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TABLE 4. TRANSMITTER AND RECEIVER SPECIFICATION
Transmit/receive frequency band
Transmit/receive antenna type
Antenna gain

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

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

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.

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
above-mentioned 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.

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 20 and Figure 21 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.
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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Figure 20. The office measurement environment (8.84x6.15m)
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Figure 21. The corridor measurement environment (36.8x2.4m)
Firstly, I applied the ITU recommendation to model the office room environment. Figure 22 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.

TX

Figure 22. Modeled path loss for an office environment (8.84x6.15m), LOS conditions
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The input parameters of the ITU-R P.1238 model are detailed in TABLE 5:
TABLE 5. ITU-R P-1238 MODEL PARAMETERS
Office
Corridor
Frequency [GHz]
38.1
38.1
Room size [m]
8.84x6.15 36.8x2.4
Floor penetration factor
0
0
Power loss coefficient
20.3
20.3
In Figure 23 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 5.

TX

Figure 23. Simulated path loss for corridor environment (36.8 × 2.4m), LOS conditions
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.
In Figure 24 and Figure 25 are real 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.
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Figure 24. 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.
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 6 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 25 the path loss is depicted after subtracting the calibration level from the locally measured
received power signals.
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Figure 25. Office environment with measured path loss at LOS
TABLE 6. 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]
Figure 26 and Figure 27 show the real corridor measurement locations that were selected for LoS
conditions [S12].

Figure 26. Photo about the corridor measurement location
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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 21. The entire length and width of the corridor where the
measurement was performed is 36.84×2.40m. 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 27. Corridor view with measured path loss at LOS
In TABLE 7 the exact receiver’s positions are listed in the corridor, as it is depicted in Figure 27:
TABLE 7. 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]

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.
In Figure 28 and Figure 29 is 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.
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Figure 28. Path loss difference between the measurement and simulation for an office scenario

Figure 29. 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.

Conclusions
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:
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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 Qband developed.



The propagation map was validated by comparing it with the ITU-R P1238 recommendation.
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