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Summary

Terabit capacity and very high data rates are required for the near‐future broadband

satellite communication systems, mainly for multimedia services. The increased capac-

ity can be obtained by using the larger bandwidth available at higher frequency bands,

like Ka and Q/V. However, severe detrimental atmospheric effects impair radio waves

at these bands, which require the extensive use of fade mitigation techniques, such

as link power control, site diversity, or on‐board adaptive power allocation. The

Alphasat Aldo Paraboni propagation experiment was designed and supported by the

Italian Space Agency, and implemented by the European Space Agency, to better

characterize the atmospheric propagation channel at Ka band and Q band, to support

the design of future satellite systems. In Italy, 3 ground stations have been installed

and are acquiring the Alphasat beacon signals: the 2 ASI main ground stations in Tito

Scalo (Southern Italy) and Spino d'Adda (Northern Italy) and the La Sapienza‐FUB

station in Roma (Central Italy). The 3 stations cover quite distant locations in Italy,

with different climatic characteristics. This paper describes the main features of the

experimental setup in the above stations and presents some examples of measure-

ments and results.
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1 | INTRODUCTION

The current high‐throughput satellite (HTS) systems operate at Ka band, taking advantage of its already mature technology, of its larger

bandwidth, and of its minor congestion. Moreover, the adoption of frequency reuse, enabled by the multispot coverage, assures a total capacity

(forward plus return link) of nearly 100 Gbps over a continental coverage, with a single spot capacity of hundreds of Mbps.1

Even if bandwidth‐efficient modulation schemes can be used to achieve larger throughputs,2,3 they require more power, which is a limited

resource on board of satellites. On the other hand, higher capacity for the feeder links can also be achieved by using higher bands, like Q/V,

where a large part of the spectrum is allocated to fixed satellite services.4 Moreover, in this way, the entire Ka spectrum can be allocated to

the user link only.

At such high‐frequency bands, radio waves are affected by severe atmospheric effects, not only because of rain but also of gases, clouds, and

turbulence. As a consequence, absorption, scattering, depolarization, and scintillation have to be carefully studied and modeled not only to

calculate the conventional system link budget but also to design fade mitigation techniques (FMTs), such as link power control, site diversity,

or on‐board adaptive power allocation, needed to properly counteract these effects. In fact, the use of large static link margins is not efficient,

because, due to the experienced large attenuation variation, there would be a remarkable waste of system resources in clear sky conditions, as

well as an increase of the interspot interference.
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In this scenario, in 2006, the Alphasat program of the European Space Agency (ESA) offered a new opportunity to host Technological

Demonstration Payloads (TDPs) on board the Alphasat commercial satellite, operated by Inmarsat. The Italian Space Agency (ASI), whose long

history in the study of the Ka and Q/V bands started in the 1990s with the Italsat experiment,5,6 successfully proposed theTDP#5, after renamed

“Aldo Paraboni” Payload, in memory of the late professor of Politecnico di Milano, who greatly contributed to its conception and realization. The

objective of the Aldo Paraboni payload is to perform a satellite communication experiment (named COMEX) and a propagation experiment

(referred to as SCIEX, scientific experiment), as a part of the wider TRANSPONDERS program that, started in 2004, aimed at demonstrating

the effectiveness of the use of some FMTS in the design of new HTS for TLC applications.7,8 The propagation experiment, which was supported

by ASI and implemented by ESA, allows a better characterization of the atmospheric propagation channel at Ka band and Q band, making use of 2

coherent continuous‐wave beacons operating at 19.701 and 39.402 GHz, respectively. The main objective of the experiment is the investigation

of first‐order and second‐order statistics of attenuation, joint depolarization and attenuation measurements, sky noise temperature, and instanta-

neous frequency scaling.

Alphasat was successfully launched on 25 July 2013, from Kourou (French Guiana). The geosynchronous orbit is inclined on the equatorial

plane; the orbit inclination is drifting from 0° to a maximum of 3°, before being reset to 0°. The satellite longitude is 25° East. The in orbit test

campaign ended on December 2013, and the experimental campaign started at the end of February 2014.

Three ground stations installed in Italy are currently collecting the Alphasat beacon signals: the 2 ASI main ground stations in Tito Scalo

(Southern Italy) and Spino d'Adda (Northern Italy), respectively, and the La Sapienza‐FUB station in Roma (Central Italy). The above 3 stations

cover quite distant locations, with different climatic characteristics.

This paper describes the main characteristics of the experimental setup in the 3 ground stations and the potentiality of the experiment by

presenting some examples of measurements and results. Section 2 describes the experimental setup for the 3 ground stations in Italy. Section

3 outlines the data processing, while Section 4 presents some examples of the obtained results. Finally, Section 5 draws some conclusions.
2 | THE ALPHASAT GROUND STATIONS IN ITALY

The Alphasat Italian ground segment for the propagation experiment consists of 3 receiving stations: 2 of them (principal stations) are funded by

ASI, and the third one (auxiliary station) has been designed and deployed by a joint effort of Sapienza University of Rome, Fondazione Ugo

Bordoni, and Ministero dello Sviluppo Economico (with a partial support from ESA). Figure 1 shows a map with their positions, while Table 1

resumes the main characteristics of the 3 Italian ground stations.

ASI, with the support of Politecnico di Milano as Principal Investigator of the propagation experiment, committed Space Engineering to realize

2 identical propagation ground stations in Italy (the same used for the communication experiment). The first ground station is located inTito Scalo

(near Potenza, south of Italy), while the second one is in Spino d'Adda (near Milan, north of Italy). Being the satellite positioned along an inclined

orbit and the beam width of the 4.2‐m Cassegrain antenna very narrow (less than 0.3° and 0.15° at Ka and Q band, respectively), both ground

stations are equipped with a monopulse auto tracking system, with an accuracy better than 0.01°. Both stations measure copolar beacon signals

at 19.701 and 39.402 GHz, with the 4.2‐m‐diameter antenna at an elevation angle of 42.1° (Tito Scalo) and 35.5° (Spino d'Adda). The cross polar

signal at 39.402 GHz is also measured to investigate depolarization. The coherent receiver acquires signal amplitude and phase with 16 Hz sam-

pling rate, allowing a complete characterization of fast fluctuations because of tropospheric turbulence. The principal ground stations' architecture

is fully described in Cornacchini et al.9
FIGURE 1 Map with the positions of the 3
Italian Alphasat ground stations installed in
Spino d'Adda (Northern Italy), Roma (Central
Italy), and Tito Scalo (Southern Italy) [Colour
figure can be viewed at wileyonlinelibrary.
com]
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TABLE 1 Main technical characteristics of the Tito Scalo, Spino d'Adda, and Roma propagation ground stations

Tito Scalo Spino d'Adda Roma

Site coordinates 40.60° N 15.7° E alt.
765 m (a.m.s.l.)

45.4° N 9.5° E alt.
84 m (a.m.s.l.)

41.83° N 12.46° E alt.
104 m (a.m.s.l.)

Satellite orbital position 25° E

Frequency (GHz)
polarization
estimated EIRP (dBW)

19.701
Linear
V 19.5

39.402
Linear
45° 26.5

19.701
Linear
V 19.5

39.402
Linear
45° 26.5

19.701
Linear
V 19.5

39.402
Linear
45° 26.5

Path elevation angle (assuming
0° satellite latitude)

35.5° 42.1 41° 41°

Receiver antenna antenna
diameter

Cassegrain
4.2‐m diameter

Paraboloid
1.5 m

Paraboloid
0.4 m

Data acquisition
rate

16 Hz 30 Hz 30 Hz

Attenuation type
dynamic range

Excess and total attenuation about 60 dB Up to 40 dB About 30 dB

Radiometer RPG‐HATPRO tropospheric temperature and humidity profiler
(7 channels between 22.234 and 31.4 GHz for tropospheric
humidity profiling and 7 channels between 51.26 and 58.5

GHz for temperature profiling up to 10 000 m)

X‐band research weather radar
at 9 km C‐band operational
weather radar at 70 km

Rain gauge SIAP+MICROS t028 TP500R (bucket capacity 0.2 mm) SIAP+CombiLog (bucket capacity
0.2 mm)
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An RpG‐HATPRO profiler radiometer is installed at each of the 2 sites of the principal Alphasat stations. The profiler is equipped with a heavy‐

duty dew blower system to prevent formation of dew and accumulation of raindrops on the antenna radome (in combination with a hydrophobic

coating). Moreover, the dew blower heater system prevents the formation of liquid water on the radome in foggy conditions (100% relative

humidity). The absolute calibration is maintained by exploiting the hot internal black body target (routine calibration) and by using an external cold

target (liquid nitrogen; this kind of calibration needed only after transportation of the instrument and every 6 months). The accuracy of the

radiometer is anyway regularly monitored by comparison against estimates derived from NWP and radio‐sounding data (the latter being available

only for Spino d'Adda at the Linate airport, which is about 18 km far from the station). Table 2 recalls the main technical characteristics of the

radiometer installed at Tito Scalo and Spino d'Adda. A tipping bucket rain gauge and an ancillary meteorological station complete the equipment

of both stations. Figure 2 shows the ground station (on the left) and the radiometer, during calibration operations (on the right), installed at Spino

d'Adda. The measurement campaign started in November 2014 in both stations.

The Alphasat ground station in Rome has been designed and assembled by refurbishing, after proper laboratory characterization and testing,

several microwave and radiofrequency components obtained from previous dismissed satellite missions (eg, Olympus and Italsat).10,11 Figure 3
TABLE 2 Main technical characteristics of the RpG HATPRO profiler installed at Tito Scalo and Spino d'Adda

Absolute brightness temperature accuracy 0.5 K

Brightness temperature range 0‐500 K

Channel bandwidths 200 MHz for channels 1‐7 of humidity profiler
220 MHz for channels 1‐4 (51.28‐54.94 GHz)
600 MHz for channel 5 (56.66 GHz)
1 GHz for channel 6 (57.3 GHz)
2 GHz for channel 7 (58.5 GHz)

Receiver technology Direct detection filter banks, parallel detection of all channels (100% duty cycle, 1 dedicated detector for
each channel) allows for accurate boundary layer selection (important to improve channel sensitivity for
boundary layer profiling), receivers based on LNA‐MMIC fully integrated planar technology

Thermal receiver stabilization <30 mK over full operating temperature range, minimizes calibration time

Antenna beam width Humidity profiler 3.6° HPBW
Temperature profiler 1.8° HPBW

Sidelobe level <−30 dBc

Calibrations Absolute calibration by internal precision black body target and external liquid nitrogen cooled black body
Automatic gain calibration with internal ambient temperature target
Absolute calibration with built‐in noise standard
Tipping curve calibration for humidity profiler channels

Weather station Pressure, humidity, and temperature sensors providing meteorological surface parameters
Rain sensor (no rain intensity)
GPS clock for temporal synchronization and positioning

Operating conditions −50 °C to +50°C, 0%‐100% humidity



FIGURE 2 The ASI Alphasat ground station (on the left) and the radiometer, during calibration operations (on the right), installed at Spino d'Adda
[Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 3 The auxiliary Alphasat ground station at Ka (right antenna) and Q (left antenna) band, installed in Rome (Italy) [Colour figure can be
viewed at wileyonlinelibrary.com]
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shows the current configuration of the overall Alphasat receiving station, installed in Rome and operating both channels using different antennas;

their main specifications are summarized in Table 1.

The Ka band station in Rome is characterized by an outdoor unit with a paraboloid having a diameter of 1.5 m (providing an antenna gain of

47 dBi), a low noise amplifier (LNA), and a double‐stage frequency conversion.10 The 19.701 GHz received signal is filtered and runs through an

LNA with a 30.5 dB gain. The noise figure of the LNA, including the upstream filter, is 3.3 dB. After amplification, the signal is processed by a

2‐stage converter. The local signals for frequency conversions are obtained with high stability local oscillator (LO) followed by a multiplier. The

first conversion involves a 94.75 MHz LO and a 200× frequency multiplier. The resulting 18.950 GHz is combined with the 19.701 GHz to obtain

the first intermediate frequency (IF) of 751 MHz. In the second conversion stage, we obtain the second IF of 69 MHz mixing the first IF with a

generated 820 MHz signal. The first stage is completely realized with microstrip technology, whereas the second one is a printed circuit board

(PCB). Both stages provide an overall gain of 55 dB. The output signal, at a frequency of 69 MHz, is sent to the indoor unit where a satellite

beacon receiver (SBR) acquires the signal using 1 kHz bandwidth and generates a voltage output proportional to the power of the 69 MHz signal.

The received signal power is then collected and monitored by a computer software, specifically engineered. The Ka band receiving station is not

equipped with an automatic satellite tracking; however, the antenna elevation can be manually oriented, and the Alphasat orbit oscillation is then

removed by postprocessing filters.

The Q band station in Rome, as the Ka band one, consists of an outdoor and an indoor unit.10 The receiving antenna, front‐end, and 2 inter-

mediate frequency conversion chains are part of the main outdoor section, while in the indoor one includes an SBR and an acquisition unit. The

Alphasat Q band signal at 39.402 GHz, after LNA amplification, is converted at the first IF 3.406 GHz (IF1), using a 35.996 GHz signal obtained

by successive multiplications. A second converter provides the final IF at 70 MHz (IF2). Its local oscillator can be locked on an external frequency

reference (ie, cesium‐beam frequency standard). The IF2 70 MHz signal is suitably amplified to the level required by the SBR, equipped with a

logarithmic detector providing an output voltage signal for data logger acquisition. The selected LNA has a ~50 dB gain and a 3.5 dB noise figure.

To maximize the Q band receiver performance, the SBR bandwidth is set at 100 Hz, instead of 1 kHz, to improve the final signal‐to‐noise ratio of

about 10 dB. The Q band station mounts a 40‐cm‐diameter paraboloid with an efficiency of 0.6 and an overall gain of about 42.7 dBi. The Q band

receiving station has been recently equipped in 2017 with an open‐loop tracking system, operating both in elevation and in azimuth. It automat-

ically ingests from an online server the satellite nominal ephemerids and calculates the antenna pointing based on the receiver position. The track-

ing system is able to rotate 200° in azimuth and 180° in elevation with continuity; its maximum speed is of 20° per minute with step‐motor

position accuracy of ±0.1° and encoders precision of 0.01°.

http://wileyonlinelibrary.com
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In the same building of the Alphasat receivers in Rome, the roof hosts a meteorological station, including a temperature sensor, a baromet-

ric sensor, an anemometer, and a tipping‐bucket rain gauge, acquired every 1 or 5 minutes. In addition to this classical instrumentation, a

near‐infrared laser disdrometer also collects additional data (to derive raindrop size distribution, particle type, and atmospheric visibility)

together with maps obtained from the available weather radar at X band (installed at Sapienza University of Rome about 9 km far part) and

at C band (installed at M. Midia near Tagliacozzo, L'Aquila, about 70 km far apart).12,13
3 | DATA PROCESSING

The key product in electromagnetic wave propagation experiments is the tropospheric attenuation that theoretically could be derived from the

received beacon levels if the link budget parameters (eg, path length, frequency, gain of the antennas, …) could be accurately estimated. Actually,

this is not the case for most of them, while some others, like the real‐time nominal transmitted power, the gain/attenuation levels in the electronic

components (because of aging and/or to temperature variation), pointing errors, are not even known. Therefore, to calibrate the beacon data, the

clear sky attenuation is independently estimated by using a colocated microwave radiometer, with the same elevation and azimuth angles as

the beacon receiving antenna.

Because of the crucial importance of the radiometric data, they have been carefully inspected and analyzed since the beginning of the

experiment, in the Italian ground stations of Tito Scalo and Spino d'Adda. In the initial phase, the instrument, calibrated with liquid nitrogen after

deployment (see right side of Figure 2), has collected sky noise measurements along the zenith, while it has been operating along the path to

Alphasat since the beacon receivers were switched on. An example of the radiometric measurements is given in Figure 4, which plots the daily

time series of brightness temperature TB (K) collected on 2 January 2018 for the 2 frequencies 23.84 and 31.4 GHz, more sensitive to water

vapor and to suspended liquid water, respectively. The quite stable trend of TB at both frequencies indicates a very limited presence of clouds

(the signature of light clouds is visible only between 2 and 6 and around 19), with an increased water vapor content in the early morning and

in the evening. The TB values, calculated using the concurrent radiosonde observations (RAOBS), launched twice a day from the Milano/Linate

airport (approximately 18 km far from Spino d'Adda), are also reported in Figure 4; specifically, vertical profiles of pressure, temperature, and

relative humidity were used as input to the TKK (Teknilinen KorkeaKoulu) method,14 to detect clouds and quantify the vertical distribution of

the liquid water content, and to the Liebe's MPM93 mass absorption model,15 to calculate the brightness temperature at the 2 frequencies.

Although the comparison between radiometric measurements and RAOBS‐derived estimates must be handled with care because of several

uncertainties (distance between Milano/Linate and Spino d'Adda, time required for the radiosonde ascent to cross the whole troposphere,

limitations in the mass absorption model, etc.), Figure 4 can at least offer a hint of the correct calibration and operation of the radiometer.

The estimation of the reference attenuation level by using radiometers collocated in Tito Scalo and Spino d'Adda is needed to convert the

received power levels (dBm) into total atmospheric attenuation (dB). The slant path atmospheric attenuation Aref(f, ϑ) in dB, at frequency f and

slant path elevation angle ϑ, is calculated during clear‐sky periods, from the corresponding slant path brightness temperature, TB (K), at the same

frequency, as16-18:

Aref f;ϑð Þ ¼ 10· log10
Tmr f;ϑð Þ−Tc

Tmr f;ϑð Þ−TB f;ϑð Þ

� �
(1)

whereTmr (K) is the monthly mean radiative temperature, calculated by applying the Liebe's MPM93 mass absorption model15 to a large dataset of

local vertical atmospheric profiles, and TC (K) is the cosmic background temperature, typically 2.73 K at microwaves.

The tropospheric attenuation, Arad(f, ϑ) (dB), at the beacon frequencies f = 19.701 GHz and f = 39.402 GHz, respectively, is estimated, in the

absence of rain, as the linear combination of Aref(f, ϑ), calculated at the 5 radiometric frequencies of 23.84, 27.84, 31.40, 51.26, and 52.28 GHz; in
FIGURE 4 Brightness temperatures collected by the Spino d'Adda radiometer on 2 January 2018 and values estimated using the TKK method
and the Liebe MPM93 mass absorption model (inputs are the RAOBS vertical profiles from Milano Linate airport) [Colour figure can be viewed at
wileyonlinelibrary.com]
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TABLE 3 Monthly mean radiative temperature, Tmr, for Tito Scalo and Spino d'Adda, calculated by applying the Liebe's MPM93 mass absorption
model to a large dataset of local vertical atmospheric profiles

Site f (GHz) Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sept. Oct. Nov. Dec.

Tito Scalo 23.84 265.78 265.72 266.6 269.12 275.07 278.98 281.66 282.08 278.08 274.5 270.12 267.49
27.84 263.16 262.95 263.84 266.48 272.59 276.66 279.53 280.09 276.02 272.23 267.73 265.01
31.4 261.78 261.52 262.34 264.95 270.91 274.88 277.8 278.38 274.44 270.67 266.27 263.62
51.26 260.07 259.82 260.37 262.64 267.8 271.25 273.74 274.14 270.88 267.83 263.87 261.55
52.28 261.74 261.5 262.08 264.31 269.57 273.05 275.42 275.79 272.46 269.48 265.49 263.16

Spino d'Adda 23.84 265.65 265.29 268.17 271.81 276.3 280.28 284.27 283.99 281.34 277.02 270.86 267.68
27.84 263.16 262.71 265.5 269.23 274.08 278.27 282.57 282.33 279.53 274.96 268.49 265.18
31.4 261.88 261.36 263.99 267.64 272.52 276.69 281.03 280.85 278.04 273.46 267.08 263.82
51.26 261.95 261.3 263.39 266.39 270.66 274.16 277.85 277.66 275.26 271.39 266.16 263.62
52.28 264.1 263.45 265.67 268.64 272.82 276.28 279.88 279.64 277.27 273.45 268.26 265.78
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fact, even if 2 channels centered around 20 and 30 GHz (sensitive to water vapor and liquid water extinction, respectively), are typically sufficient

to provide Arad(f), the 3 available extra channels were used as well to increase the estimation accuracy. Table 3 lists the Tmr(f, ϑ) monthly values for

Tito Scalo and Spino d'Adda, at the selected radiometric frequencies. Arad(f, ϑ) is thus given by:

Arad f;ϑð Þ ¼ a0 þ ∑
5

i¼1
aiAref fi;ϑð Þ (2)

where, as for Tmr(f, ϑ), the coefficients a0 and ai are calculated by regression of Aref(fi, ϑ) and Arad(fi, ϑ), which are calculated by applying cloud detec-

tion and mass absorption models to the local vertical profiles.16 Table 4 lists the coefficients ai (i = 0 to 5) for Tito Scalo and Spino d'Adda. These

coefficients allow a very accurate estimation of Arad: Considering the whole radio sounding dataset, the root mean square value of the relative

error is 0.0035 and 0.0048 dB for 19.701 and 39.402 GHz, respectively, well below the receiver accuracy.

Finally, the beacon power level time series, Pbeac (dBm), are converted in total attenuation time series, Atot,beac (dB), through:

Atot;beac f;ϑð Þ ¼ −Pbeac f;ϑð Þ þ Pbeac;cs f;ϑð Þ þ Arad f;ϑð Þ (3)

where Pbeac,cs (dBm) is the beacon power level during clear sky periods (and linearly interpolated in rainy periods) and concurrent to Arad. Pbeac,cs

and Arad are linearly interpolated during rainy periods (between the last sample before the beginning of the rain event and the first sample after the

end of the rain event).

Figure 5 shows an example of the beacon calibration procedure by illustrating in detail the steps it consists of. Considering that radiometer is

sensitive only to absorption and not to scattering from hydrometeors during precipitation (as well as to scattering from turbulent eddies), Aref can

be calculated, through Equation (1), only during clear sky periods. For this reason, the procedure presented in Bosisio et al,19 which relies on the

brightness temperature at f1 = 23.84 and f2 = 31.4 GHz, has been applied to preliminarily identify the presence of rain along the path.16 First,

the sky status indicator (SSI) is calculated from 1‐minute averaged brightness temperature data as:

SSI ¼ TB f2;ϑð Þ−10:3
TB f1;ϑð Þ (4)

Then, the SSI signal is thresholded by a robust hysteresis method with lower and upper thresholds equal to 0.73 and 0.87, respectively. Rain

is present in the time intervals where the SSI signal exceeds the lower threshold and, at the same time, at least 1 SSI sample is above the upper

threshold. The above thresholds have been chosen by comparing the cumulative distribution functions of rain rate and SSI at given probability

levels. This simple automatic procedure detects almost all rain events. However, it is not able to single out with high accuracy when precipitation

begins and ends. Hence, the start and end time of each event have been subsequently adjusted by visual inspection of the rain rate time series

derived from the rain gauge and of the received beacon signals. The procedure is clarified in the 4 plots in Figure 5, which reports, for the same

day, Arad at 39.402 GHz, the rain rate, and the beacon power levels (both bands) (site of Spino d'Adda). In all plots, the yellow line represents the

duration of the rain event as identified by visual inspection of all the data. The top left plot shows the result of the preliminary SSI‐based

method. As expected, Arad and Atot,beac (bottom right plot) do not overlap during the rain event, because of the limits of (1) to accurately measure

rain attenuation.
TABLE 4 Coefficients ai (i = 0 to 5) for Tito Scalo and Spino d'Adda, to be used in Equation (2) and calculated by regression of Aref(fi, ϑ) and
Arad(fi, ϑ), which are calculated by applying cloud detection and mass absorption models to the local vertical profiles

Site f (GHz) a0 a1 a2 a3 a4 a5

Tito Scalo 19.701 0.0640 0.0678 0.6548 0.6850 0.0093 0.0964
39.402 −0.0117 −0.0125 −0.1679 −0.1757 −0.0051 −0.0189

Spino d'Adda 19.701 0.0721 0.0762 0.6775 0.7075 0.0097 0.1070
39.402 −0.0225 −0.0238 −0.1952 −0.2026 −0.0050 −0.0333



FIGURE 5 Example of beacon data calibration. Top left plot: time series of Arad at 39.402 GHz, with preliminary identification of rainy period
through the SSI method; bottom left plot: time series of the rain rate derived from the rain gauge; top right plot: time series of Pbeac as derived
from the beacon receiver; bottom right plot: time series of the calibrated total attenuation (39.402 GHz) derived from beacon data, Abeac,tot, and
estimated by the radiometer, Arad [Colour figure can be viewed at wileyonlinelibrary.com]
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Data processing procedures at the Rome site is conditioned by the lack of continuous radiometric measurements, useful to set the clear‐sky

reference. Clear‐air attenuation at Ka band is obtained by filtering the time series to remove the satellite orbital oscillations and by selecting

clear‐air periods on the basis of (i) rain gauge and weather data; (ii) measurements from the available weather radar at X band and C band; (iii)

radio‐sounding measurements at 12.00 and 24:00 UTC at Pratica di Mare, 20 km away from Rome; and (iv) Meteosat satellite imagery to detect

cloud coverage with a spatial resolution of about 3 km every 15 minutes. Once clear‐air periods are identified with a time‐moving window of

72 hours, the mean received signal is computed and subtracted to the received signal to derive the instantaneous attenuation. By removing

the average, the high‐rate acquisition at 30 Hz allows the computation of scintillation standard deviation over 1‐minute windows in clear (and pos-

sibly also cloudy) periods.11 The data processing at Q band is similar, but the removal of the satellite orbital oscillations is not needed as the auto-

matic open‐loop tracker avoids these effects, which would be more pronounced at Q band.
4 | PROPAGATION RESULTS

The characteristics of the ASI principal ground stations in Tito Scalo and Spino d'Adda, in terms both of dynamic range and sampling rate, allow a

comprehensive investigation of propagation effects. This is confirmed, for example, by beacon signals recorded in Spino d'Adda at 19.701 and

39.402 GHz on 01 December 2014 during a rain attenuation event where the rain rate was up to almost 40 mm/hour, as shown in Figure 6.

By observing the 39.402 GHz beacon attenuation (blue curve), it is evident that the receiver dynamic reaches the remarkable value of about

60 dB. The good quality of the recorded data is confirmed by the spectrum of the attenuation time series at 39.402 GHz showed in Figure 7:

the theoretical behavior of attenuation and turbulence effects (cyan and black lines, respectively) are confirmed, and the noise floor is still below

the received signal spectral components. Though the present technology does not allow such high values of power margin, the performance of the

receiving station allows a reliable study of lower value of attenuation and a complete characterization of the tropospheric channel and of its

physical modeling.

After the 2 ground stations test and measurements quality check, the data started to be collected quite regularly since October 2014.

Unfortunately, in June 2016, the power supply of the antenna motor drive unit in Spino d'Adda was struck by lightning, causing the measure-

ment interruption until November 2016, when it was substituted. In Tito Scalo, the downconverters were out of service in a great part of

2016, preventing measurements on a regular basis. In 2017, there was a problem in that data transfer to the experimental control center in

Spino d'Adda (a data backup was recently made available and is under analysis) and a failure of the antenna motor drive unit in Tito Scalo (still

under repair in January 2018). For this reason, a good data availability allowing statistical analysis was available, up to now, only in 2015.

Figure 8 shows the complementary cumulative distribution function (CCDF) of rain rate for 2015 compared to the long‐term one measured

during the Italsat experiment (1994‐2000) and the prediction by ITU‐R P.837‐7 maps.20 It is evident that 2015 was slightly drier year; the

http://wileyonlinelibrary.com


FIGURE 7 Power spectral density of rain attenuation event shown in Figure 7, recorded in Spino d'Adda at 39.402 GHz (blue line) on 01
December 2014 between 02:36 and 03:18 UTC. Theoretical slope of attenuation (cyan line) and turbulence effects (black line) are also shown
for reference [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 6 Total attenuation recorded in Spino d'Adda at 19.701 GHz (red line) and 39.402 GHz (blue line) on 01 December 2014 between

02:36 and 03:18 UTC. Rain rate intensity (black line) is also reported [Colour figure can be viewed at wileyonlinelibrary.com]
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agreement with ITU‐R model is reasonable. Figure 9 shows the CCDF of total attenuation at 19.701 (black solid line) and 39.402 (blue solid

line) GHz measured in Spino d'Adda in 2015 compared with the long‐term (1994‐2000) CCDFs measured during the Italsat experiment6 along

a 37.7° slant path at 18.7 GHz (black dotted line) and 39.6 GHz (blue dotted line) and the ITU‐R P.618‐1321 model predictions (back and blued
FIGURE 8 CCDF of rain rate (black line) in 2015 in Spino d'Adda. The long‐term CCDF (1994‐2000) measured during the Italsat experiment
(blue line) and prediction by ITU‐R P.837‐7 (red line) are also shown for comparison) [Colour figure can be viewed at wileyonlinelibrary.com]
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dashed lines for 19.701 and 39.402 GHz, respectively); as for ITU‐R, the measured rain rate exceeded for 0.01% of the average year

(35.6 mm/hour) has been used as input (see Figure 8). The comparison with Italsat CCDFs, considering also the slightly different beacon fre-

quencies (especially at Ka band), confirms that 2015 has been a drier year with respect to the long‐term average and that the Alphasat receiver

dynamic range permitted to measure higher attenuation values, corresponding to the few very intense rain events. The agreement with the ITU‐R

model is quite satisfactory especially for time percentages from 100% down to 0.05%, even if it tends to overestimate the measured data in

such range.

The receiving station in Rome, despite its design based on a reengineering concept, shows a relatively good performance in sensitivity and

dynamics. The quality of the Q band received data stream appears to be better than Ka band, the latter being penalized by the lack of a customized

tracking system. The use of an open‐loop tracking system at Q band has largely improved the acquisition of data even during rainfall events, even

though the overall dynamics of the Q‐band receiver is limited by the relatively small antenna. The overall dynamic range of the 2 beacon receivers

is about 30 dB. Indeed, this feature of mounting small antennas can be useful to enhance the sensitivity to amplitude scintillation in clear air

condition where larger antenna tends to filter out signal fluctuations because of their smaller beam widths.

Figure 10 shows both the Q band and Ka band attenuation time series collected during the rainfall event of the 5 November 2017 in Rome,

together with the corresponding rain gauge time series. The partial unavailability of data in the Ka band trace is because of the lack of the satellite

tracking system, causing a loss of the beacon signal because of the satellite displacement (which is not evident in the figure as our data

postprocessing removes this trend, as mentioned). On the other hand, the Q band channel receiver saturates when the measured rain rate exceeds
FIGURE 9 CCDF of total attenuation (black line) in 2015 in Spino d'Adda. The long‐term CCDF (1994‐2000) measured during the Italsat
experiment (blue line) and prediction by ITU‐R P.837‐7 (red line) are also shown for comparison) [Colour figure can be viewed at
wileyonlinelibrary.com]

FIGURE 10 Example of total attenuation for the received (A) Q band and (B) Ka band Alphasat beacon at Rome station. C, The rain rate
measured through a rain gauge [Colour figure can be viewed at wileyonlinelibrary.com]
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about 60 mm/hour, inducing a slant path attenuation larger than the available dynamics of the receiving station at Q band. In the available data

time window, there is a good correlation between path attenuation of the 2 Alphasat links, following the variability of the locally measured rain

rate. Figure 11 illustrates the amplitude scintillation power spectral density of both channels for the same event. The Q band presents a

− 20 dB/decade slope at lower frequencies, typical of rain events, and an approximate −80/3 dB/decade typical of scintillation effects at higher

frequencies. Spikes above the frequency of 1 Hz are because of the anomalous behavior of 1 of the LO of the conversion stage. However, because

of the frequencies of the 2 artifacts, their effects fall in the noise floor frequency band, without affecting the clear air scintillation one. At Ka band,

scintillation effects follow the expected −80/3 dB/decade at higher frequency, whereas at lower frequency, the data filtering (necessary to delete

unwanted signal oscillation because of the lack of the tracking system at Ka band) makes data unusable.

The distance between the 3 Italian stations (about 500, 700, and 300 km for Spino d'Adda‐Roma, Tito Scalo‐Spino d'Adda, and Tito

Scalo‐Roma, respectively) permit the study of the large space correlation of attenuation, quite important to dimension and design smart gateway

systems.21-24 Figure 12 shows an example of rain attenuation time series recorded in Tito Scalo and Spino d'Adda; it is evident that the

decorrelation because of the large distance reduces drastically the simultaneous outage of the 2 stations.
FIGURE 11 Power spectral density of Q band and Ka band for the received signals collected on 5 November 2017 rain event in Rome; 1‐hour
data analysis [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 12 Example of rain attenuation at 39.402 GHz measured on 15 January 2015 at Spino d'Adda (blue line) and Tito Scalo (red line). The
black dashed line represents the case of site diversity configuration [Colour figure can be viewed at wileyonlinelibrary.com]
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5 | CONCLUSIONS

The Alphasat Aldo Paraboni propagation experiment aims at gaining a better understanding of the atmospheric propagation channel at Ka band

and Q band, taking advantage of the 2 coherent continuous‐wave beacons operating at 19.701 and 39.402 GHz aboard the Aphasat satellite.

In Italy, 3 ground stations have been installed and are acquiring the beacon signals: the 2 ASI main ground stations in Tito Scalo (Southern Italy)

and Spino d'Adda (Northern Italy) and the La Sapienza‐FUB station in Roma (Central Italy).

This paper, which illustrates the main characteristics of the 3 Italian stations and describes the procedures for data processing and analysis, is

intended to be a reference for all future publications about the statistical results obtained from the whole experiment period (from January 2015

to December 2019). The reported sample results show that the 3 stations offer the opportunity to conduct a careful analysis of the propagation

effects on the Italian territory. In fact, besides the very good dynamic of the 2 main Italian stations in Tito Scalo and Spino d'Adda, which permits

an accurate characterization of the atmospheric channel as for the attenuation, the depolarization, and the scintillation phenomena, the 3 ground

stations cover north, center, and south of Italy, thus enabling the investigation of the spatial correlation of the attenuation at large scale, in

particular useful for the design of future smart gateway satellite systems.

Future work will include comprehensive analyses, both on an event basis and a statistical basis, on the whole data set collected during the

experiment (several years expected), with a particular focus on attenuation (both first‐order and second‐order statistics), scintillation, and

depolarization effects.
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