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Abstract

Due to the congestion of the spectrum and the need for wider bandwidths, ultra-high
throughput satellites (UHTS) are moving towards the use of higher frequency bands (Q/V
and W band). These frequencies are however severely impaired by atmospheric
phenomena causing attenuation, scintillation and depolarization and compromising the
quality of service (QoS). In order to study the Earth-space link, several experimental
campaigns have been performed up to the Q band with geostationary (GEO) satellites.
This paper introduces a new propagation experiment which will extend the
characterization of the Earth-space channel up to the W band and low Earth orbits (LEO).
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1 Introduction

The continuous development of payload and ground segment technologies enables the
exploitation of higher frequency bands for satellite communication systems. The use of
higher frequencies brings advantages such as the availability of wider bandwidths, the
smaller antenna size for the same antenna gain and the reduced interference from existing
commercial systems. However, the impairments induced by the atmosphere (attenuation,
scintillation and depolarization) become more severe.

The sources of atmospheric attenuation are gaseous components (oxygen and water
vapour), clouds and, mainly, rain. Scintillation causes rapid fluctuations of the signal
amplitude due to variations of the refractive index along the propagation path.
Depolarization is critical for systems employing frequency reuse and consists in the
leakage of copolar signal power to the orthogonal polarization in the presence of rain
and/or ice particles. The impact induced by the atmosphere depends also on the path
length, being more significant for low elevation angles.

The goal of the radiowave propagation campaigns is to develop channel models able to
reproduce the temporal and spatial characteristics of the atmospheric effects. These
models serve to improve the characterization of the ground segment requirements and the
design and employment of fade mitigation techniques (FMTSs) such as uplink power
control (UPC), adaptive coding and modulation (ACM) and site diversity [1]. The
campaigns consist in receiving a beacon signal (of constant amplitude and frequency)
transmitted from a satellite. Ancillary radio-meteorological instrumentation such as
microwave radiometers, rain gauges and meteorological stations is used to complement
the experimental dataset.

A long tradition of propagation campaigns have been carried out since the 1970s; e.g.
Olympus F1 (beacons at Ku and Ka band), Italsat 1 (Ka and Q band) and the ongoing
Alphasat Scientific Experiment (Ka and Q band) [2] [3]. All of these experiments
contributed to the improvement of the Earth-space channel characterization.
Nevertheless, there is a lack of measurements for frequency bands beyond Q band.
Moreover, the propagation experiments for which measurement results are available are
limited to geostationary (GEO) satellite links. Preliminary propagation measurements
were made at 29 GHz with the demonstration LEO satellite Teledesic T1 [4], but the
constellation was canceled and the propagation data remained commercial-in-confidence.
The Iridium LEO constellation used 20/30 GHz for their gateways but propagation data
were not accessible either. A Ka-band payload was installed on the Australian LEO
microsatellite FedSat. A complete description of the experiment and the receiving station
can be found in [5], with examples of measurements being presented in [6]. Only event-
based analysis was performed during the FedSat experiment, no statistics were produced
due to various problems encountered during the experiment.

One of the particularities of Earth-LEO links is the predominance of low elevation angles.
A few low-elevation propagation campaigns have been carried out at high latitudes with
GEO satellites [7], [8] and [9]. The results helped to improve the models for low elevation
links. They are, however, representative of arctic climates and not necessarily helpful for
temperate or tropical and equatorial climates. Therefore, it is necessary to foresee LEO
propagation campaigns worldwide in order to develop adequate models for low
elevations. To study further the Earth-space channel, in this case extending its
characterization to the W band and low Earth orbits, this paper presents a new propagation
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campaign which will be carried out measuring beacons at 37.5 and 75 GHz transmitted
from a CubeSat located on a low Earth orbit [10]. The satellite launch is planned for 2020,
followed by the measurement campaign lasting 2 years. The LEO permits measuring the
combination of the atmospheric fluctuations in space and time with the dynamics of the
orbit.

Section |1 introduces the system architecture and the two main subsystems: the satellite
and the ground station. Section IlI lists challenges foreseen for a LEO propagation
campaign at W band and limitations of the current standard channel models. Section IV
presents the analysis of the impact of the propagation effects. Section V introduces the
Numerical Atmospheric Simulator (NAS), which will be used to complement the
measurements. Finally, in Section VI, the conclusions are drawn.

2 System Architecture

This section presents the architecture of the system implemented to carry out the
propagation campaign. The block diagram is shown in Figure 1. Two main parts are
considered: the satellite and the ground station. These parts are discussed in the following.
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Figure 1: System architecture

4 [

2.1 Satellite

A 3U CubeSat of 4.5 kg weight will accommodate the payload of 15 W power
consumption. The satellite will be placed on a circular orbit (non-sun-synchronous in
order to achieve time of day variation) at 500 km altitude with an inclination between 52°
and 98°, depending on the eventually chosen launch vehicle.

Two coherent and unmodulated beacon signals will be radiated from the spacecraft; Table
1 summarizes their characteristics. According to the design and specifications, the
frequency stability of the beacons will be 1.2 ppm. In order to obtain the complete transfer
matrix of the atmosphere, the circular polarization of both beacons will be switched
between left-hand (LHCP) and right-hand (RHCP) with a selectable frequency higher
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than the rain decorrelation time.

The telemetry data, transmitted over S band to the TT&C ground station in Helsinki, will
include, along the usual housekeeping and control information, timestamped parameters
such as the transmitted power and the polarization switching frequency, in order to aid
the propagation data analysis.

A CubeSat was chosen for this experiment due to the reduced production and launch costs.
On the other hand, because of the limited power budget of the platform, a tradeoff between
satellite size and payload power had to be considered during the design phase; hence the
reduced EIRP compared with conventional values of GEO satellite beacons, e.g.
Alphasat, with 53 and 59 dBm at Ka and Q band respectively. Nevertheless, due to the
shorter distance to the satellite, the power flux density on ground will be very similar for
both experiments as seen from Graz (Alphasat at 35° elevation and considering the most
challenging case for the CubeSat, i.e. 10° elevation). State-of-the-art MMICs are used,
and the great effort was put into the design and optimization, in order to reach the required
attenuation measurement accuracy.

The fundamental-mode circular patch antenna has a radiation pattern with the maximum
towards the broadside direction. Choke rings have been placed around the patch in order
to modify and approximate the radiation pattern to the isoflux for visible Earth coverage
from LEO. The measured antenna patterns are shown in Figure 2, the gain is 7 dB at Q
band and 6 dB at W band. The Attitude Determination and Control System (ADCS) will
keep the antenna pointed towards nadir (i.e. 0°). The payload will be switched on
whenever it is visible from the measurement ground station(s), with minimum elevation
angle of 10°,

Table 1: Beacon characteristics

Frequency-band Frequency [GHz] Polarization EIRP [dBm]
Q-band 375 Circular 29.2
(adjustable switching
W-band 75 0-1 KHZ) 25.9

Payload antenna pattern. ¢ =0

——37.5 GHz LHCP

——37.5 GHz RHCP
75 GHz LHCP

—75 GHz RHCP

: A LA

n &0 60 L]

80 60 40 20

H[c;eg]
Figure 2: Left: CubeSat and payload © Reaktor Space Lab. Right: Measured antenna
patterns © VTT Technical Research Centre of Finland
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2.2 Ground Station

A ground station able to track the CubeSat and measure the beacons at both polarizations
is being developed purposely for this activity by LC-Technologies/Aveiro-Portugal. The
ground station and the ancillary equipment will be installed on the rooftop of the
JOANNEUM RESEARCH office building in Graz, Austria (47.06 N latitude, 15.45 E
longitude, 387 m height). The experimental site location and antenna design are shown in
Figure 3.

The antenna is an offset feed type with an 84 cm aluminum reflector. Relevant
specifications are given in Table 2. A radome is used to protect the antenna from the
weather. It is 6 mm acrylic Plexiglas with 0.15 dB loses at 75 GHz and negligible at 37.5
GHz.

\} 7 l’ﬁ |

Figure 3: Left: Installation site for the measurement equipment at the JOANNEUM
RESEARCH office building in Graz, Austria. Right: Ground station antenna © LC-
Technologies

Table 2: Ground station antenna characteristics

. . Half-power beamwidth Cross-polar discrimination
Frequency [GHZz] Gain [dBi] FEHPBW) [ p(XPD) [dB]
375 47 0.75 15
75 53 0.31 25

Satellite tracking will be performed in program track mode based on the orbit ephemeris
message (OEM) data distributed by the satellite control center. In order to follow
accurately the passes and minimize the impact of pointing errors on the beacon
measurements, an active tracking system based on interferometric phase measurement
will be used to fine-tune the antenna pointing. The system calculates the phase difference
between the wave fronts reaching four auxiliary horn antennas placed on the main antenna
reflector (see Figure 3). The calculated phase offset depends on the aiming tilt towards
the signal source.

The beacon receiver is able to handle Doppler frequency rates greater than 100 kHz/s and
measure the excess attenuation with 40 dB dynamic range and accuracy better than 0.5
dB. The measured parameters will include the copolar attenuation level, the cross-polar
discrimination (XPD) level and phase; and the differential level and phase between the
switched transmitted polarizations.

A set of ancillary equipment including a microwave radiometer, a disdrometer and a
weather station equipped with a tipping bucket rain gauge will be used to measure radio-
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meteorological parameters such as sky noise, ambient temperature, atmospheric pressure,
relative humidity, rain intensity and drop size distribution (DSD). Finally, the concurrent
measurements from the Alphasat Aldo Paraboni Scientific Experiment [2] [11] and
simulations from the NAS will complement the dataset.

The data acquisition system will collect the measurements and perform the data pre-
processing, aimed at removing from the measured signals the effects induced by the space
and ground equipment, identifying valid data samples and archiving raw and processed
beacon and radio-meteorological measurements.

3 W Band Challenges and Limitations

A long tradition of propagation campaigns have been carried out to study the atmospheric
channel in Earth-space links but no experiment has been reported at W band so far. This
section presents some challenges and limitations imposed by such high frequencies.

The sensitivity of the receiver will allow measuring the impact of the atmospheric effects
on the transmitted beacons. This will be particularly challenging at W band, where
disdrometer measurements predict that, for low elevation angles, attenuation higher than
40 dB can be caused by rain rates of just 5 mm/h. Hence, the measurement dynamic range
will be critical during rain periods. In order to overcome this challenge, the receiver will
lock to the lower frequency beacon (i.e. Q band) and exploit the inter-beacon coherence.

The ITU-R Recommendation P.838 includes a model to predict the specific rain
attenuation, y (dB/km):
y = k - R%

where k and o are coefficients which depend on the frequency, polarization tilt angle and
elevation of the transmitted signal; and R is the rain rate in mm/h. However, disdrometer
measurements have shown that the rain attenuation does not depend exclusively on the
rain rate but also on the shape of the DSD [12] [13]. Figure 4 shows the comparison of
specific attenuation at W band derived from DSD and predicted by ITU-R P.838 with the
rain rate as a parameter. As it can be seen, for a constant rain rate of 10 mm/h, the specific
rain attenuation varies with the DSD between 2 dB/km and 7 dB/km. Such observations
call for a reformulation of the current model at high frequencies.

In order to predict the impact of the rain on the signal depolarization, the method
presented by S. Okamura et al. [14] was followed, calculating the scattering amplitudes
of the raindrops to derive the transmission matrix of the medium. A Marshall-Palmer DSD
and 0° canting angle were assumed for the raindrops. The melting layer height was set at
3 km. Figure 4 shows the cross-polar discrimination (XPD) as a function of the copolar
attenuation with the elevation angle as a parameter. The obtained results highlight the
need for a large measuring dynamic range: For low elevation angles (12° and 30°), a
dynamic range of 45 dB is required to measure a depolarization of 25 dB. As the elevation
angle increases, the rain depolarization measurements become even more challenging.
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Figure 4: Left: Comparison of specific attenuation at W band derived from DSD and
predicted by ITU-R P.838 with the rain rate as a parameter. Right: W-band cross-polar
discrimination as a function of the copolar attenuation with the elevation angle as a
parameter

During the pre-processing of the beacon data, special care must be taken with unwanted
effects caused by inaccuracies or instabilities of the payload output power detector,
transmitter signal frequency and gain, ground station antenna pointing, receiver gain and
Doppler correction. All sources of uncertainty have been reflected in the link budget and
measurement error analysis calculations.

The current standard channel models present limitations for LEO propagation at Q and
W band, arising from:

e The limit of validity of the models in frequency and/or elevation angle
e  The combined dynamics of the satellite and the troposphere

e The fact that all the models have been tested with GEO satellite links for which
the elevation angle is linked to the latitude

In general, the predictions for low elevation angles are not accurate and lead to very high
fade predictions that are not observed in real links. Furthermore, discontinuities appear at
the transitions between models for low elevation angles. The present activity will address
these limitations and the critical issue of scintillation fading at low elevation angles.

4 Impact of Propagation Effects

The availability of a satellite communication system is determined by the amount of time
the system is above a minimum signal-to-noise ratio (SNR). A target availability figure
corresponds to a margin to be allocated to atmospheric losses based on statistical
assumptions. The higher the required link availability, the higher the atmospheric losses.

The link availability depends on the location of the ground station. Assuming the same
link availability, there are large differences between high and mid/low latitudes. The orbit
characteristics also affect the availability, and the statistics of elevation angle have to be
taken into account for the analysis of the impact of the propagation effects.

4.1 Leo Orbit

The Setinel-1A satellite orbit serves as reference for the analysis: a Sun-synchronous orbit
(SSO) 693 km above ground with an inclination of 98.18° and a period of rotating the
Earth of approximately 96 min, leading to a 12-day repeat cycle, corresponding to 176
orbits.
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The Sentinel-1A contact time statistics from Graz were obtained for one repeat cycle. The
contact time varies from approximately 10 to 700 s. Around 50% of the passes have 600
s duration or less. The relevant parameters and the impact of the orbit on the distribution
of elevation pointing angles are given in Figure 5. As it can be seen from the distribution,
the CubeSat will spend a considerable amount of time at low elevations, which is
detrimental from the propagation point of view. At such low elevation angles, the
behaviour of the Q- and W-band channels is unknown as there have been no previous
data, and even clear sky effects may create critical atmospheric losses.

Contact time CDF. Graz

P(contat time < x)

40

300 0 500 690 00
contac time [s]

100 200

Elevation angle statistics. Graz

0

Average contact time [min] 8.96
Orbits with contact 65
Total contact time [min] 583

Time available [%] 3.38 I|I|I
A IIIII.I...II.--.—--___._._ ;
10 20 30 40 50 60 70 80 20

elevation [deg]

% of contact time

Figure 5: Sentinel-1A orbit contact time and elevation statistics from Graz

4.2 Atmospheric propagation

The ITU-R Recommendation P.618-13 [15] “Propagation data and prediction methods
required for the design of Earth-space telecommunication systems” contains the model
for the prediction of total attenuation statistics for frequencies above 18 GHz. The model
was run for elevation angles from 5 to 90°. Figure 6 presents the results obtained at Q
band, plotting the total attenuation exceeded at each elevation angle for different time
percentages. The prediction methods employed in the model were derived for applications
where the elevation angle remains constant. The Recommendation indicates the way of
calculating the link availability for non-GSO systems in which the elevation angle is
varying. The results are also shown in Figure 6.
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Figure 6: Q-band total atmospheric attenuation statistics in Graz computed with ITU-R
P.618. Left: GEO link attenuation vs. elevation angle with availability as a parameter.
Right: LEO link attenuation vs. percentage of contact time for the Sentinel-1 orbit.

5 Numerical Atmospheric Simulator

In LEO systems, only a fraction of the day will be available as measured propagation data
due to the limited contact time with the ground station imposed by the orbit
characteristics. Since long-term statistics of propagation parameters are required for
model development and system planning, the measurements will be complemented in
post-processing by a Numerical Atmospheric Simulator (NAS), which converts
meteorological data to propagation parameters.

The Weather Research and Forecasting (WRF) model is a non-hydrostatic mesoscale
numerical weather prediction (NWP) system able to produce simulated high-resolution
4D meteorological data from NWP products such as ECMWF’s ERA5 (i.e. European
Centre for Medium-Range Weather Forecasts Re-Analysis 5). These meteorological data
are the input for the LEO channel simulator [16]. Mainly temperature, pressure, wind and
relative humidity profiles are used, in addition to hydrometeor content (i.e. rain and cloud
water mixing ratios given by WRF). The conversion to specific attenuation is described
in detail in [17]. Previous NAS experiments have been successfully carried out at Ka-
band [18]. Based on these simulations, long-term statistics of atmospheric attenuation can
be obtained.

The NAS simulations will be compared with the propagation measurements to validate
their capability to reproduce the spatial and temporal characteristics of the propagation
parameters on a LEO. The collected measurements will help tuning the NAS. The output
of the whole system will then be used for propagation modelling as far as possible.
Additionally, the NAS can be employed to set the clear sky level (recover the attenuation
in non-rainy conditions) in place of the radiometer [19].

Two years of NAS simulations (2016 - 2018) have been run for the experiment
frequencies and location. In this case, the TIMED satellite has been used as reference
(circular orbit, 625 km altitude, 74.1° inclination, 96.8 min period) [20]. The comparison
at Q band between the NAS simulations and the ITU-R P.618 predictions is given in
Figure 7.



Preparation of a CubeSat LEO Radiowave Propagation Campaign at Q and W band 1

n

NAS-simulated attenuation. 37.5 GHz. Graz - ITU-R P.618-predicted attenuation. 37.5 GHz. Graz

|—rain

—cloud
gaseous|-

—total ]

—rain
—cloud
2 gaseous |

—total 1 .

attenuation exceeded [dB]
attenuation exceeded [dB]

o R L e—— o
102 107 10° 10' 102 107 10° 10
contact time [%)] contact time [%)

Figure 7: Simulated and predicted attenuation statistics at Q band in Graz with the TIMED
satellite orbit. Left: NAS simulations. Right: ITU-R P.618 model predictions.

6 Conclusion and Outlook

A new radiowave propagation campaign to extend the characterization of the Earth-space
channel up to the W-band and low Earth orbits has been presented in this paper. Beacons
at 37.5 and 75 GHz transmitted by a payload on-board a CubeSat satellite will be
measured along with extensive radio-climatological data and simulations provided by a
Numerical Atmospheric Simulator.

The system architecture has been introduced. The challenges foreseen for a LEO
propagation campaign at W band and the limitations of the current standard channel
models have been listed. The analysis of the impact of the propagation effects has been
presented.

The limited contact time imposed by the LEO characteristics will not allow the
development of empirical stochastic propagation models; nevertheless, expected
outcomes of the activity include:

e  Operational “lessons learnt” from a LEO propagation measurement campaign,
including the development of new LEO propagation data processing techniques,
aimed at removing all systematic effects induced by the space and ground
segments, extracting the channel effects from the measurements. These
techniques are different (and more complex) from the ones currently stablished
for GEO propagation experiments

e  Better understanding of the impact of the atmospheric effects on the performance
of LEO satellite communication systems, leading to a potential refinement of the
space and ground segment requirements

Furthermore, with the advent of the “mega-constellations” consisting of hundreds and
even thousands of LEO satellites, the knowledge and experience gained in this activity
could be applied to a constellation transmitting beacon signals. Such large number of
satellites (and ground stations) would provide longer satellite contact times and enable
measuring all different pointing angles and climate situations.

Other experimenters are welcome to join the measurement campaign. Concurrent
measurements at different locations will allow investigating site diversity. Interested
parties are invited to contact the authors or refer to the group of the Alphasat Aldo
Paraboni propagation experimenters (ASAPE), where information is regularly
distributed.
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