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Abstract

In 2013 the European Space Agency, in cooperation with Inmarsat, launched the Alphasat communication satellite hosting four 

Technology Demonstration Payloads (TDPs). One of them is the Aldo Paraboni payload, supported by the Italian Space Agency (ASI) 

and executed by ESA in the framework of the Advanced Research in Telecommunications Systems (ARTES) 8 Telecom program. In 

addition to the Communication experiment, it includes the Alphasat Scientific Experiment transmitting coherent beacon signals at 

Ka-band (19.701 GHz) and Q-band (39.402 GHz). The satellite supports a Europe-wide experiment to investigate the atmospheric 

propagation effects occurring in Ka and Q bands. The demand for increasing bandwidth in the satellite radio communication domain 

is moving the communication channels to the higher frequency bands. Hence for both research and commercial purposes is espe-

cially important to effectively explore the Q band that is affected by attenuation, depolarization and scintillation due to different 

atmospheric effects. In 2014 the Department of Broadband Infocommunications and Electromagnetic Theory at Budapest University 

of Technology and Economics joined the ASAPE (AlphaSat Aldo Paraboni Experimenters) group and developed a ground station to be 

installed in Budapest. This work was supported by the European Space Agency under its Plan for European Cooperating States pro-

gram. Our paper gives the background of the Alphasat Scientific Experiment and overviews the design phases of the receiver station 

in Budapest. We present also the processing and validation of data recorded so far and our future experimenting plans.
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1 Introduction
New broadband satellite communication services require 
high speed broadband channels. As the frequency bands 
below 15 GHz become more and more crowded there is 
an increasing demand for using higher frequency bands. 
However, at these frequencies there are special challenges 
considering the higher impacts of the atmospheric impair-
ments. This necessitates the comprehensive characteriza-
tion of the channel, based on statistical analysis of mea-
surements. In order to investigate the radio propagation 
above Ka-band, ASI conceived and supported [1, 2] a new 
experiment executed by ESA through the realization of the 
Aldo Paraboni payload on board of the Alphasat satellite, 
launched on July 25, 2013. The experiment allows a mea-
surement campaign over Europe investigating the propaga-
tion effects in Ka and Q-band. The community of exper-
imenters, joining the ASAPE (AlphaSat Aldo Paraboni 
Propagation Experimenters) group, is operating several 

receiver stations, typically equipped with meteorological 
and radiometric devices [1-9].

The Department of Broadband Infocommunications 
and Electromagnetic Theory at Budapest University 
of Technology and Economics (BME-HVT) designed 
and installed a receiver station for both beacons at 
19.701 and 39.402 GHz that was operative in 2014 [7]. 
Minor modifications were then applied to maximize the 
receiver performance.

The structure of this paper is the following: Section 2 
gives the overview of the Alphasat Aldo Paraboni 
Experiment from the perspective of the Principal 
Investigator (PI). Section 3 introduces the Group of the 
AlphaSat Aldo Paraboni propagation Experimenters 
(ASAPE). Section 4 presents the beacon receiver station 
in Budapest, while Section 5 is an overview of the relevant 
ITU-R regulations to estimate the rain attenuation statistics 
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for satellite connections. Finally, Section 6 includes mea-
sured annual statistics compared with the estimations that 
can be calculated using the ITU-R models. The paper ends 
with conclusions and acknowledgement.

2 The Alphasat Aldo Paraboni Scientific Experiment
The propagation community spent a great effort, since the 
70s to the end of the last century, to set up satellite propa-
gation experiments, which investigates atmospheric effects 
at satellite frequency bands. The USA and Japan realized 
satellite propagation experiment at Ku and Ka band in the 
70s and the 90s. In Europe, the Italian Sirio and Italsat, and 
the ESA Olympus satellites hosted propagation payloads at 
Ka and Q/V bands in the same period. These experimen-
tal campaigns were followed by intense modelling activi-
ties, bringing to the development of several models, some of 
which were accepted as standard of the ITU-R (International 
Telecommunication Union – Radiocommunication Sector). 
Nevertheless, some issues needed deeper investigation; 
among them, few results were available above the Ka band 
(only with the Italsat experiment); due to the reduced receiv-
ers’ dynamic range significant attenuation events were not 
recorded; the standard sampling rate (1 sample per second) 
was not adequate for a complete characterization of the sig-
nal spectrum (scintillation) and few measurements of XPD 
(cross polar discrimination) were collected. Finally, the quite 
limited period of measurements simultaneously available in 
several European sites did not allow a good characterization 
of spatial correlation of various atmospheric effects.

The new Aldo Paraboni propagation experiment has been 
conceived to address most of these issues. In fact, few years 
ago, the ESA Alphasat program offered the opportunity to 
host Technological Demonstration Payloads on board of the 
Alphasat commercial satellite operated by Inmarsat. One of 
the selected proposals was the Aldo Paraboni Payload [1]. 
The Aldo Paraboni payload is composed by the communi-
cation experiment (COMEX) payload in Q/V band and by 
the “scientific” (propagation) experiment (SCIEX) payload, 
in Q and Ka bands, covering the whole Europe. The payload 
development was supported by the Italian Space Agency 
(ASI) as in-kind contribution to the Alphasat project, which 
is executed by the European Space Agency (ESA) in the 
framework of the ARTES 8 Telecom program [10, 11]. The 
Alphasat satellite was successfully launched on July 25th, 
2013 and it flies along a geosynchronous orbit with an incli-
nation above the Equatorial plane not exceeding 3 degrees.

The Aldo Paraboni propagation payload consists of two 
coherent beacons at 19.701 and 39.402 GHz, as shown in 

Fig. 1. The main characteristics of the beacons are listed 
in Table 1, while the coverage areas are plotted in Fig. 2.

3 Group of the AlphaSat Aldo Paraboni propagation 
Experimenters 
Due to the important investment by Italy on the Alphasat 
Aldo Paraboni experiment, a large international partici-
pation is highly encouraged by ASI and ESA. In fact, the 
experiment is expected to provide the scientific community 
with new experimental data allowing the validation, among 
the others, of models of space-time correlation of rain/atten-
uation fields, of site diversity at small and large scale, and 
of spatial correlation of cloud fields. All these developments 
shall contribute to radio regulations and support the imple-
mentation of new satellite communication systems.

In order to achieve these objectives, a strong coordination 
of the experimenters is essential, as demonstrated by previ-
ous projects (COST 205 project on OTS and Sirio satellites, 
the ESA OPEX for Olympus, the NASA NAPEX for ACTS, 

Fig. 1 Block Diagram of the Alphasat Aldo Paraboni Scientific 
Experiment Payload (courtesy of Thales Alenia Space – Italy)

Table 1 Main characteristics of scientific experiment beacons

Ka band beacon

Frequency 19.701 GHz

Polarization Linear V

Antenna Boresight 32.5 °N, 20 °E

EIRP 19.5 dBW

Q band beacon

Frequency 39.402 GHz

Polarization Linear tilted 45°

Antenna Boresight 45.4 °N, 9.5 °E

EIRP 26.5 dBW

Fig. 2 Coverage areas of Ka Band (a) and Q Band (b) beacons
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the ASI CEPIT for ITALSAT and, more recently, the COST 
IC0802 for Ka band campaigns [12]) and by contributions to 
ITU-R Study Group 3, Radiowave Propagation, and ITU-
R-P recommendations for SatCom systems.

To this aims, in 2014, ASI and ESA promoted the con-
stitution of the collaborative Group of the AlphaSat Aldo 
Paraboni propagation Experimenters (ASAPE), which is 
an open forum of researchers performing propagation 
campaigns with the Aldo Paraboni payload and other 
satellite payloads at Ka band. Topics include: instru-
ments, design and execution of campaigns, data analy-
sis, use of remote sensing and meteorological data and 
use of numerical weather products. The group also aims 
to be a reference for the use of measurements to foster 
model development and theoretical advances, as well as 
to actively pursue transfer of results to industry and into 
radio regulations. The group has collected the participa-
tion to the measurement campaign by several experiment-
ers with different receivers. Table 2 shows the list of the 
current receiving ground stations in Europe, whose loca-
tion is also reported in Fig. 3.

The group held regular General Assemblies on October 
2014, 2015 and 2016, during the Ka and Broadband 
Communications Conference [13]. In addition, since 2015, 
the Group organises periodic intermediate meetings, and 
a Work Group and programmatic Workshop tool place in 
Erice in October 2016.

4 Alphasat beacon receiver in Budapest
The receiver station is installed on the flat roof of the 
department's building at 120 m above sea level with 
47.48°N latitude and 19.06°E longitude coordinates. As the 
orbit inclination of the satellite can reach 3°, the receiver is 
equipped with step-tracking system to track the satellite. 
Fig. 4 depicts the schematic block diagram of the system, 
showing the antennas with the tracking mechanism, out-
door and indoor units and the supplemental units like the 
weather station and power supplies:

The Cassegrain antennas [19], are equipped with the 
Out-Door Units (ODU) on the back of the reflector dishes. 
The High Performance Antennas are originally manu-
factured for the backbone network of terrestrial mobile 

Table 2 List of receiving stations for the Alphasat Aldo Paraboni 
propagation experiment

Site Country Latitude
(deg. N)

Longitude
(Deg. E)

Spino d'Adda Italy 45.40 9.50

Tito Scalo Italy 45.40 9.50

Roma Italy 41.83 12.47

Milano Italy (NASA) 45.50 9.20

Graz Austria 47.09 15.46

Louvain-la-
Neuve Belgium 50.40 4.37

Prague Czech Rep. 50.04 14.49

Toulouse France 43.57 1.47

Salon De 
Provence France 43.62 5.12

Athens Greece 37.97 23.78

Lavrion Greece 37.72 24.05

Budapest Hungary 47.48 19.06

Aveiro Portugal 40.62 -8.63

Ljubljana Slovenia 46.04 14.49

Madrid Spain 40.50 -3.70

Vigo Spain 42.23 -8.71

Robledo de 
Chavela Spain (NASA) 40.43 -4.25

Chilbolton U. K. 51.15 -1.43

Chilton U. K. 51.57 -1.29

Edinburgh U. K. 55.91 -3.32

Fig. 3 Maps of the Alphasat Aldo Paraboni receiving stations.

Fig. 4 Block scheme of the Alphasat two channel beacon receiver
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radio systems, but considering their high interference pro-
tections and excellent radiation characteristics they are 
appropriate to receive the Ka and Q-band beacon frequen-
cies of the Alphasat satellite. Fig. 5 depicts the complete 
outdoor system.

The antennas are manufactured by GRANTE Antenna 
Development and Production Corporation. We selected a 
0.3 m antenna for Q-band and a 0.6 m antenna for Ka-band 
that have similar gain and half-power beam widths and 
ensure almost equal received signal power on IF band.

In terrestrial communications point-to-point microwave 
radios are applied to interconnect cellular network ele-
ments. As Ka and Q frequency bands are commonly used 
for those networks, similar devices can be easily employed 
as satellite receiver with some modifications. Hence our 
beacon receiver is based on the ODU construction of 
Totaltel [20]. The radio is a double conversion heterodyne 
receiver with synthesized local signal sources. In order to 
build a low-noise system with high fade margin the noise 
figure of the LNA block in the ODU is improved to 3 dB. 
To generate a stable and jitter-free down-converted inter-
mediate frequency (IF) signal, the reference oscillator in 
the ODU is a low phase noise oven-controlled crystal oscil-
lator (OCXO) with less than ±1.0 ppb/day stability (Fig. 6).

The down converted to 100 kHz bandwidth limited and 
amplified IF signal at 140 MHz is connected with a low 
attenuation coaxial cable to the In-Door Unit (IDU). The 
calibrated gain of the ODU is 100 dB, while the inter-
connecting cable between the IDU and ODU provides 
the supply voltage for the outdoor unit. The downlink IF 
transfers also modulated subcarriers of a duplex control/
telemetry channel that informs about the current system 
status and provides temperature information allowing the 
IDU to compensate the temperature caused variations of 
the ODU's gain. Therefore the system can measure pre-
cisely the received signal power.

The IDU (Fig. 7) is based on a modified I-Q demodu-
lator that processes the incoming IF signal. The 140 MHz 
IF signal is under sampled with an 80 MHz analog/digi-
tal converter unit, thus further functions are implemented 
by digital signal processing. A quadrature digital down 

Table 3 Antenna parameters

Ka-band Q-band

Type (Cassegrain) HPA 0.6 S 180230 
FR HPA 0.3 S 380 SR

Frequency range 17.7-23.6 GHz 37-39.5 GHz

Diameter 0.6 m 0.3 m

Mid band gain 39.5 dBi 39.2 dBi

Polarization Linear simplex (V/H) Linear simplex (V/H)

Half-power beam 
width 1.6° 1.7°

Fig. 5 High performance antennas and the tracking system

Fig. 6 Block diagram of the Out-Door Unit

Fig. 7 Block diagram of the In-Door Unit
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converter (QDDC) module converts down the sampled 
signal into baseband quadrature component (I, Q) signals. 
The baseband signals are decimated by a factor of 512, fil-
tered before performing the 8192 point FFT.

The beacon signal is detected as the spectral compo-
nent with highest amplitude. The signal amplitude mea-
surement is performed with 0.2 dBm resolution; the val-
ues are forwarded with 1 sample/second rate to the data 
collecting system.

By taking into account the speed of A/D conversion, 
the decimation and the FFT buffer size, the FFT bin size 
is 19.07 Hz. In order to smooth the fast signal fluctuation, 
3 bins are averaged, therefore we calculate with 59 Hz 
signal bandwidth. The noise figure and bandwidth of the 
receiver allows detecting signals in the range of -100 to -150 
dBm. Two independent, identical processing units are per-
forming a simultaneous Ka and Q-band beacon detection.

To qualify the beacon receiver and estimate the high-
est detectable attenuation at the receiving location, a link 
budget was calculated. The parameters required for that 
calculation are detailed in Table 4.

The link budget calculation was performed according 
to the following steps. Equation (1) gives the free space 
attenuation where d is the Earth-satellite distance and f is 
the transmit frequency:

A f d dBfs
MHz km= + + ( )( ) ( )

32 44 20 20. log log .      (1)

With Eq. (2) the noise temperature of the Low Noise 
Amplifier (LNA) is calculated, where T0 is the environ-
mental temperature (290°K was considered), NF is the 
Noise Figure of the LNA given by the manufacturer:

T T KLNA
NF= −( ) ( )0

1010 1/ .         (2)

We approximate the system noise temperature (3) with 
the sum of the LNA’s and the antenna's noise temperature:

T T T Ksys ant LNA= + ( ).         (3)

In Eq. (4) G/T qualifies the system where GRX is the gain of 
the receiver antenna and Tsys is the system noise temperature:

G T G T dB KRX sys/ log( ) / .= − ( )10        (4)

The noise power is expressed with Eq. (5) where k 
denotes the Boltzmann-constant, Tsys is the system noise 
temperature and B is the receiver bandwidth.

N kT B dBWp sys= ( )10log( ) .        (5)

Cp is the carrier power (6) calculated from the Effective 
Isotropically Radiated Power (EIRP), the free space loss 

Afs, the aggregated non-rain attenuation factors (Aa) and 
the receiver antenna gain GRX:

C EIRP A A G dBWp fs a RX= − − + ( ).       (6)

The carrier to noise power density (7) can be expressed 
with the following difference:

C N EIRP A G T k dBHzfs/ / .0 = − + − ( )       (7)

The carrier to noise ratio (8) is the difference of the car-
rier and the noise power:

C N C N dBp p/ .= − ( )         (8)

Finally, to calculate the rain margin (9) the value of the 
smallest detectable carrier to noise ratio C/Nmin should be 
subtracted from C/N:

R C N C N dBm p p= − − ( )/ .min
       (9)

This is the dynamics of the receiver and determines the 
highest attenuation that can be detected with the system.

5 Model of first order attenuation statistics
There are several effects that may cause attenuation on the 
Earth-space propagation channel. The ITU-R P.618 rec-
ommendation [14] is a comprehensive description of these 
effects and of the related calculations. The main source of 
atmospheric attenuation is rain. ITU-R P.618 recommends 

Table 4 Parameters for link budget calculation

Ka-band Q-band

Frequency 19.701 39.402 GHz

Guaranteed EIRP 19.5 26.5 dBW

Earth–satellite distance 35756.0 35756.0 km

Free-space attenuation 209.4 215.4 dB

Aggregate non-rain 
attenuation 2.0 2.0 dB

Receiving antenna gain 39.5 39.2 dB

Receiver noise figure 3.0 3.0 dB

Antenna noise temperature 25.0 25.0 K

LNA Noise Temperature 288.6 288.6 K

Receiver system G/T 14.5 14.2 dB/K

Received carrier power -152.4 -151.7 dBm

Carrier to noise power 
density C/N0

53.2 53.9 dBHz

Receiver bandwidth 59 59 Hz

Noise power -185.8 -185.8 dBW

C/N 33.5 34.1 dB

C/Nmin 4.4 4.4 dB

Rain margin 29.1 29.8 dB
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a model to estimate the long-term attenuation statistics 
based on the satellite and receiver system parameters. The 
first order statistics provided by the model can be prelimi-
nary used for a sort of validation of the measured time series 
and also to reveal local microclimate or model inaccuracy 
if a noticeable difference exists between the model and the 
measurements. Other ITU-R recommendations as ITU-R 
P.837 [15], P.838 [16], P.839 [17], and P.678 [18] are support-
ing these calculations. The ITU R model permits calculation 
of annual path attenuation statistics at different geographi-
cal locations for frequencies up to 55 GHz. After the model 
description, a comparative study will be provided to validate 
the measurements in Budapest in the Ka and Q-band.

The ITU model works with the following main 
input parameters:

R001: point rainfall rate for the location exceeded for 
0.01% of an average year (mm/h)

hs: earth station height above mean sea level (km)
φ: latitude of the Earth station (degrees)
θ: satellite elevation angle (degrees)
f: satellite receiving frequency (GHz)
Re: effective radius of the Earth (8500 km).

The rain height hR, can be determined by using the map 
information in recommendation ITU-R P.839 [17].

For θ ≥ 5° the slant path length Ls can be computed with 
Eq. (10):

L
h h

kms
R s=
− [ ]( )

sin
.

θ
      (10)

For θ < 5°, the following formula is used:

L
h h

h h
R

kms
R s

R s

e

=
−

+
−







 +

[ ]2

22

1 2

( )

sin
( )

sin

.
/

θ θ

     (11)

If hR – hs is less than or equal to zero, the predicted rain 
attenuation for any time percentage is zero and the follow-
ing steps are not required.

The horizontal projection of the slant path length, LG is 
determined by Eq. (12):

L L kmG S= [ ]cos .θ       (12)

The long-term statistics of rainfall rate, R001, exceeded 
for 0.01% of an average year (with an integration time of 1 
minute) can be obtained from local data sources. If data is 
not available, an estimate can be obtained from the maps of 
rainfall rate given in Recommendation ITU R P.837 [15]. 

If R001 is equal to zero, the predicted rain attenuation is 
zero for any time percentage and the following steps are 
not required.

The specific attenuation γR, can be determined with 
Eq. (13) by using the frequency-dependent coefficients 
given in ITU R P.838 [16] and the rainfall rate R001.

γ α
R k R dB km= ( ) [ ]001 / .       (13)

The horizontal reduction factor r001 for 0.01% of the 
time is given by Eq. (14):

r
L R
f

eG LG

0 01

2

1

1 0 78 0 38 1

.

. .

.=

+ − −( )−
γ

    (14)

The vertical adjustment factor v001, for 0.01% of the 
time can be calculated with Eq. (15)-(18) as it follows:

ζ =
−







 [ ]−tan deg .

.

1

0 01

h h
L r
R s

G

     (15)

For ζ > θ,

L
L r

kmR
G= [ ]0 01.

cos θ
      (16)

else

L
h h

kmR
R s=
− [ ]( )

sin
.

θ
      (17)

If | φ | < 36°, χ = 36 – | φ | degrees.
Else, χ = 0 degrees and v001 is:

ν

θ
γθ χ

0 01

1

2

1

1 31 1 0 45

.

/( )
sin .

.=

+ −( ) −










− +( )e
L
f
R R

   (18)

The effective path length is the product of LR and v001:

L L kmE R= [ ]ν 001 .       (19)

The predicted attenuation exceeded for 0.01% of an 
average year is given by Eq. (20):

A L dBR E001 = [ ]γ .       (20)

For other percentages of an average year the estimated 
attenuation to be exceeded, 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  | φ | ≥ 36°: β = 0.
If  p < 1%  and  | φ | < 36°  and  θ ≥ 25°: β = –0.005(| φ | – 36).
Otherwise: β = –0.005(| φ | – 36) + 1.8 – 4.25 sin θ.
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The estimate of the long term statistics of attenuation 
due to rain is given by Eq. (21).

A A P
P

P A P

= 






− + − − −

001

0 655 0 033 0 045 1

0 01

001

.

( . . ln( ) . ln( ( ) siβ nn )

.

θ

dB[ ]    (21)

Table 5 lists the most important intermediate values 
obtained from the calculations above:

ITU-R P.618 is applicable to model first order attenua-
tion statistics for satellite channels with rain attenuation. 
In the next section the statistics of measured attenuation 
time series will be compared with this model and conclu-
sions will be drawn.

6 Measurements
The results presented in the following correspond to the 
complete year 2016. The receiver station collects the 
received power with 1 sample/sec rate, while the mete-
orological data with 1 sample/min. The following figure 
depicts the received power time series for both beacons 
together with the measured rainfall rate.

The effect of the satellite’s daily movement is scarcely 
observed thanks to the tracking system. The diurnal 
variation during clear-sky conditions is usually below 
±0.5 dB that is acceptably low. Several reasons may 
cause it, like the temperature variation of the satellite or 
the receiver, the antenna mispointing, or any atmospheric 
effect besides rain.

July in 2016 was a rainy period as can be observed 
in Fig. 8, where rain events above 60 mm/h were also 
detected. As the higher frequencies are more intensively 
affected by rain, the attenuation at Q band is always 
higher than at Ka-band.

For propagation modelling and statistics, the time series 
of attenuation provides the most relevant information. In 
order to convert the received power to attenuation, their 
measured values are subtracted from the median (clear 
sky) received power that is calculated on monthly basis. 
The observable attenuation events are mainly caused by 
rainy periods; a typical one is depicted in Fig. 9.

The Complementary Cumulative Distribution Function 
(CCDF) of rain attenuation provides the probability of 
exceeding different attenuation levels. The monthly 

distributions are significantly influenced by the actual 
weather conditions as are depicted in Fig. 10 and Fig. 11 
for the Ka and the Q-band channels, respectively.

Fig. 12 depicts the CCDF of the measured attenuation 
for Ka and Q-band together with the distribution curves 
predicted by the ITU-R P.618 recommendation.

It should be noticed that one important model param-
eter for rain attenuation prediction is R001, the rain rate 
exceeded for 0.01 % of an average year, which charac-
terizes the local climate. According to the precipitation 
map provided by ITU [15], R001 is equal to 38.1mm/h for 
Budapest. Nevertheless, this constant may be influenced 
by the actual annual weather conditions causing deviations 
from the long-term statistics. In Fig. 12 is also observable 
the effect of the relatively low system fade margin: there 
are no evaluable data above 20dB for the Q-band channel.

Table 5 Intermediate parameters for the Budapest station

R001 point rainfall rate 42 mm/h

Rain height hR 2.95 km

Slant path length Ls 4.92 km

Effective path length LE 4.60 km

Fig. 8 Attenuation and rainfall rate (July, 2016)

Fig. 9 Ka and Q-band attenuation time series (14-18 July 2016.)
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7 Conclusion
In this paper we overviewed the Aldo Paraboni Scientific 
Experiment of the European Space Agency hosted by the 
Alphasat geosynchronous satellite. We introduced the 
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