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Abstract

This thesis develops and applies a complete signal processing chain for the study of
Ka-band propagation from a Low Earth Orbit (LEO) satellite, a geometry whose
fast, continuously varying elevation sets it apart from the well studied geostationary
case. A 19.2 GHz continuous wave beacon transmitted by the LIDE cubesat was
recorded at the ESTEC site of the European Space Agency by two co-located ter-
minals: a high-gain Cobham SeaTel 1500 on a building roof and a low-profile Kebni
vehicular terminal on a van. The chain first compensates the predictable terms of
the link budget, namely the satellite transmit-power variation, the free space path
loss and the gaseous attenuation, each reconstructed from independent ancillary
data. A dedicated segmentation step, robust to the deep multipath fades of the van
terminal, then isolates the interval in which the beacon is genuinely received. On
the conditioned signal the excess attenuation and the tropospheric scintillation are
characterised and compared with predictions derived from radiosonde data through
the Rytov model. The measured scintillation agrees with the prediction, in the
median, above about 25° of elevation, whereas its temporal spectrum cannot be
resolved on the short, noise-limited LEO records. By exploiting the co-location of
the two antennas, the dominant residual impairments are shown to be instrumental
rather than atmospheric: the periodic pointing cycle of the Cobham and the ground
multipath of the Kebni are identified and separated from the propagation effects. A
sun-outage screen confirms that the Sun only grazed the antenna beams, raising the
noise floor by less than a decibel without ever blocking the link. The results, and
an honest account of their limitations, motivate a set of improvements for future
campaigns and the development of a machine learning model for the prediction of
link outages.



Contents

List of Abbreviations

1 Introduction
1.1 The Role of Low Earth Orbit Satellite Communications . . . . . . . .
1.2 Characteristics and Advantages of the Ka Band . . . . . . . . .. ..
1.3 The ESTEC Measurement Context . . . . . . . . . . ... ... ...
1.4 Thesis Objectives and Structure . . . . . . . ... .. ... ... ...

2 Background
2.1 Satellite Communications and LEO Orbital Dynamics . . . . . . . ..
2.1.1 Keplerian Orbital Parameters and TLE Representation . . . .
2.2 The Ka-Band Link Budget Analysis . . . . . ... ... .. ... ...
2.3 Atmospheric and Solar Impairments . . . . . . . . ... ...
2.3.1 Gaseous Absorption by Oxygen and Water Vapour . . .. ..
2.3.2 Cloud and Rain Attenuation . . . . . . . .. ... ... ....
2.3.3 Tropospheric Scintillation . . . . .. ... ...
2.3.4 Solar Interference (Sun Outage) . . . . . ... ... ... ...
2.4 The Doppler Effect in LEO Constellations . . . . . . . ... ... ..
2.5 Multipath, Shadowing and Fast Fading Effects . . . . . . . . ... ..

3 Experimental Setup and Instrumentation
3.1 ESTEC Measurement Campaign Architecture . . . . ... ... ...
3.2 Antenna Systems and Hardware Specifications . . . . . . . . .. ...
3.2.1 Cobham SeaTel 1500 Reference Terminal . . . . . . . . .. ..
3.2.2 Kebni SOTM Low Profile Terminal . . . . . .. ... .. ...
3.2.3 Radio Frequency Specifications Summary . . . . . .. . .. ..
3.3 Radio Frequency Chain and Digitisation . . . . .. .. .. ... ...
3.4 Software Architecture and Doppler Shift Computation . . . .. . ..
3.4.1 Peak Detection and Scalloping Loss Mitigation . . . . . . . ..
3.4.2 Doppler Shift Computation . . ... ... ... ... ... ..

4 Signal Processing and Results Analysis
4.1 The Processing Pipeline . . . . . . ... ... ... ... ...
4.2 Deterministic Compensation of the Received Power . . . . . . . . ..
4.2.1 Step 0: Satellite Power Amplifier Compensation . . . . . . . .
4.2.2 Step 1: Free Space Path Loss Compensation . . . . . .. . ..
4.2.3 Step 2: Gaseous Attenuation Compensation . . . . ... ...
4.2.4 The Pointing-Error Quality Mask . . . . ... ... ... ...



4.3
4.4
4.5
4.6
4.7
4.8

Pass Segmentation: Beacon-On Detection. . . . . . ... .. ... ..
Clear-Sky Reference and Excess Attenuation . . . . . . . .. ... ..
Campaign Attenuation Statistics . . . . . . ... . ... ... ....
Cobham Tracking Anomalies and the 1 Hz Pointing Artefact . . . . .
Kebni Ground Multipath: A Clean and an Obstructed Pass . . . . .
Tropospheric Scintillation: Measurement versus RAOB Prediction . .

5 Conclusions and Future Work

5.1
5.2
5.3
5.4
2.5

Summary of the Work . . . . . .. ... oo
Key Findings . . . . . . . . .
Limitations and Possible Improvements . . . . . . . . ... ... ...
Directions for Future Work . . . . . . . .. ... ... ...
Concluding Remarks . . . . .. .. ... ... oo

Acknowledgements

Declaration on the Use of Artificial Intelligence

i

44

50
50
51
52
93
54

59

60



List of Abbreviations

AOS Acquisition of Signal

CCDF  Complementary Cumulative Distribution Function
CSV Comma-Separated Values

CW Continuous Wave

ESA European Space Agency

ESTEC European Space Research and Technology Centre
FFT Fast Fourier Transform

FSPL Free Space Path Loss

GEO Geostationary Earth Orbit

G/T Antenna gain-to-noise-temperature ratio
IF Intermediate Frequency
I/Q In-phase and Quadrature

ITU-R  International Telecommunication Union, Radiocommunication Sector
KNMI  Royal Netherlands Meteorological Institute
LEO Low Earth Orbit

LNB Low Noise Block

LO Local Oscillator

LoS Line of Sight

LOS Loss of Signal

MEO Medium Earth Orbit

PA Power Amplifier

PSD Power Spectral Density

RAAN  Right Ascension of the Ascending Node
RAOB Radiosonde Observation

RF Radio Frequency

SDR Software Defined Radio

SGP4 Simplified General Perturbations 4
SNR Signal-to-Noise Ratio

SOTM  Satcom-On-The-Move

TCA Time of Closest Approach

TLE Two-Line Element

USRP  Universal Software Radio Peripheral
uTC Coordinated Universal Time

VSAT  Very Small Aperture Terminal

1l



Chapter 1

Introduction

The demand for reliable, high-capacity satellite communications has grown steadily
over the past three decades, driven by the proliferation of broadband services, real-
time multimedia applications, and the increasing need for global connectivity in
sectors ranging from maritime navigation to emergency response. Satellite systems
operating at higher microwave frequencies offer access to wider bandwidths and the
possibility of using smaller ground terminals, both of which are fundamental prereq-
uisites for the next generation of communication infrastructures. In this context, the
Ka band, occupying the 17 to 40 GHz frequency range, has progressively emerged
as a central candidate for commercial and institutional satellite services, attracting
significant research interest to characterise the propagation environment and design
robust link budgets [1].

At the same time, the orbital paradigm of the space segment is shifting. The
traditional dominance of Geostationary Earth Orbit (GEO) satellites is being com-
plemented, and in some application domains increasingly replaced, by constellations
of Low Earth Orbit (LEO) satellites [2]. The substantially reduced altitude of LEO
systems, typically between 300 and 2000 km, translates into lower propagation la-
tency, reduced Free Space Path Loss (FSPL), and the possibility of polar coverage,
making them particularly attractive for broadband internet access, Earth observa-
tion, and time-sensitive communication services. The combination of LEO geometry
with Ka-band frequencies, however, introduces propagation challenges that differ
significantly from the well-studied GEO case, and the experimental characterisation
of these effects remains an open research area [3].

This thesis presents the work carried out in the framework of a measurement
campaign conducted at the European Space Research and Technology Centre (ES-
TEC) of the European Space Agency (ESA), focused on the reception and processing
of a Ka-band Continuous Wave (CW) beacon signal transmitted by the LIDE LEO
cubesat [4]. The campaign employed two distinct ground terminals installed at the
same site, allowing a direct comparison of propagation effects under different hard-
ware and environmental conditions. The analysis developed in this work addresses
the complete signal processing chain, from raw power samples to characterised prop-
agation impairments, with particular attention to the specific challenges posed by
the LEO geometry.



1.1 The Role of Low Earth Orbit Satellite Commu-
nications

LEO satellites occupy altitudes ranging from approximately 300 to 2000 km, com-
pleting a full orbit in roughly 90 to 130 minutes and achieving orbital velocities
of the order of 7.5 km/s [5]. Their proximity to Earth results in an FSPL that is
roughly 20 to 40 dB lower than that of a GEO satellite at 35786 km, depending on
the slant range, and their round-trip signal latency, typically below 15 ms, is more
than an order of magnitude smaller than the roughly 250 ms round-trip delay of a
GEO link.

The commercial landscape for LEO communications has evolved considerably.
Early ventures such as the Teledesic T1 demonstration satellite, launched in 1998
into a 565 km polar orbit to evaluate Ka-band link performance for a planned
288-satellite constellation, demonstrated the technical feasibility of broadband LEO
services but did not reach commercial deployment [6]. The Iridium constellation,
operating at L. band for subscriber handsets but using Ka-band inter-satellite and
gateway links, demonstrated the viability of large-scale LEO networks and remained
in continuous operation after a financial restructuring [6]. More recently, constella-
tions such as Starlink and OneWeb have deployed hundreds to thousands of satellites
in Ku and Ka band with the objective of providing global broadband coverage to
fixed and mobile terminals [2].

Despite this commercial momentum, the propagation models used in the design
of LEO Ka-band links remain largely adapted from GEO-derived empirical datasets,
collected from fixed-elevation beacon experiments on satellites such as OLYMPUS;
ITALSAT, and ACTS |6, 3]. A critical difference between GEO and LEO measure-
ments is that the elevation angle of a LEO satellite changes rapidly and continuously
throughout a pass. The speed at which the propagation path sweeps through the tur-
bulent troposphere is then set by the satellite motion rather than by the wind. This
alters the scintillation spectrum and makes the direct application of GEO-derived
models unreliable |7, 8]. The LIDE campaign at ESTEC is motivated by the need to
collect controlled propagation data under this dynamic geometry, contributing ex-
perimental evidence to support the adaptation and validation of propagation models
for the LEO case.

1.2 Characteristics and Advantages of the Ka Band

The Ka band spans the frequency range from 17 to 40 GHz, with commercial satellite
downlinks predominantly allocated in the 17.7 to 21.2 GHz portion and uplinks in
the 27.5 to 30 GHz region, depending on regional regulatory frameworks. The
primary motivation for operating in this band is the availability of several gigahertz
of spectrum, enabling data rates that are unattainable in the congested C and Ku
bands [1, 2]. For a given antenna aperture, antenna gain scales as the square of
frequency, meaning that Ka-band terminals can achieve higher directive gain with
smaller physical dimensions, a property of direct relevance for compact mobile and
vehicular terminals.

The critical disadvantage of Ka-band operation is the sensitivity of the propaga-



tion channel to atmospheric impairments. Rain attenuation, the dominant impair-
ment above 10 GHz, scales strongly with frequency: at 20 GHz, rain rates of the
order of 10 to 15 mm /h can produce attenuation exceeding 7 to 8 dB at low elevation
angles, and values well above 20 dB have been observed under heavy precipitation
in many regions of the world [6]. Water vapour absorption reaches a local maximum
near 22.235 GHz, adding a spectrally selective contribution to the total path attenu-
ation that must be accounted for in the link budget [9]. Cloud liquid water content,
though less severe than rain, contributes a diffuse attenuation component that is
relevant for availability calculations at high elevation angles [10]. Tropospheric scin-
tillation, caused by refractive index fluctuations in the lower troposphere induced
by turbulent mixing of temperature and humidity, produces rapid amplitude and
phase fluctuations that cannot be mitigated by simple power control [11].

The strongly stochastic nature of these impairments has driven decades of exper-
imental beacon campaigns over GEO satellites, producing the semi-empirical models
codified in recommendations of the International Telecommunication Union, Radio-
communication Sector (ITU-R), such as ITU-R P.618, P.676 and P.840 [11, 9, 10].
Building on earlier European campaigns conducted at lower frequencies (the Italian
SIRIO and the ESA OTS, operating in the 11-18 GHz range), the OLYMPUS satel-
lite, launched by ESA in 1989, provided the first large-scale European dataset at 20
and 30 GHz from a wide range of climatic sites [12], and the subsequent ACTS cam-
paign, operated by NASA from 1993 onwards, extended these results across North
America and firmly established the current set of rain attenuation and scintillation
statistics used for GEO link design [13]. These models, however, were derived un-
der the assumption of a fixed elevation angle, a condition that holds for GEO links
but not for LEO passes, as the effective scintillation bandwidth is shifted to higher
frequencies by the rapid orbital motion [8].

1.3 The ESTEC Measurement Context

ESTEC, located in Noordwijk, the Netherlands, is the main technical establish-
ment of ESA and hosts a broad range of space engineering research facilities. The
measurement campaign described in this thesis was carried out in the context of
an ongoing effort at ESTEC to characterise the Ka-band LEO propagation chan-
nel using the LIDE cubesat as the signal source. LIDE transmits a CW tone at
19.2 GHz on its downlink, providing a spectrally clean, narrowband signal well
suited to power-level measurements and Doppler analysis, following a similar ap-
proach to the beacon experiments performed over ROCSAT-1 at 19.5 GHz |7] and
over FedSat at 20.13 GHz [(].

The experimental setup deployed two receiving terminals at the ESTEC site
in a fixed configuration, designed to allow simultaneous acquisition from both sta-
tions during each satellite pass. The first terminal is a Cobham SeaTel 1500, a
stabilised parabolic reflector antenna with a 1.5 m aperture, installed on the roof of
a two-storey building within the ESTEC campus. The second terminal is a Kebni
Satcom-On-The-Move (SOTM) low-profile Ka-band terminal designed for vehicular
use, mounted on the roof of a van parked at ground level near the building. The two
terminals differ not only in aperture and gain but also in their tracking architecture
and their immediate electromagnetic environment, making them complementary
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instruments for the study of impairments that depend on the ground-level geom-
etry, such as multipath from surrounding structures. A comparable challenge was
identified in the FedSat experiment, where site obstructions were recognised as a
significant source of measurement uncertainty [6].

The choice of ESTEC as a measurement site is motivated by the availability of
infrastructure, the proximity to the De Bilt upper-air radiosonde station operated
by the Royal Netherlands Meteorological Institute (KNMI), and the access to satel-
lite scheduling through ESA operational channels. The radiosonde data collected
at De Bilt, combined with surface meteorological records from the KNMI network,
provides the atmospheric ground truth for the analysis. It is used to compute the
theoretical gaseous attenuation correction |9] and to apply scintillation prediction
models built on the Radiosonde Observation (RAOB) vertical profile of C? [14],
enabling a quantitative comparison between measured and predicted channel be-
haviour.

1.4 Thesis Objectives and Structure

The primary objective of this thesis is the development and application of a complete
signal processing pipeline for Ka-band CW data acquired from a LEO satellite, with
the goal of characterising the propagation channel and identifying both atmospheric
and instrumentation-related impairments. The specific objectives are the following.

e Organise and synchronise the multi-source dataset comprising Radio Frequency
(RF) power samples, antenna telemetry from both terminals, satellite teleme-
try, surface meteorological records, and RAOB vertical profiles.

e Implement and validate a preprocessing chain covering FSPL compensation,
satellite power amplifier gain correction, and gaseous attenuation removal
based on ITU-R P.676-13.

e Identify and characterise instrumentation-related artefacts, specifically the
1 Hz pointing update cycle of the Cobham SeaTel 1500 and the multipath
fading observed on the Kebni terminal.

e Apply the Rytov scintillation model to RAOB profiles and compare the pre-
dicted log-amplitude standard deviation with the measured value, assessing
the validity of GEO-derived atmospheric models for the LEO propagation
context.

e Provide a spectral and statistical characterisation of the scintillation observed
on both terminals, with reference to the role of satellite velocity in determining
the scintillation frequency content.

The remainder of this thesis is organised as follows. Chapter 2 provides the
theoretical background necessary to interpret the measurement results, covering or-
bital mechanics and the Two-Line Element (TLE) format, the link budget and the
FSPL, the Doppler effect in LEO passes, atmospheric propagation impairments, and
multipath fading. Chapter 3 describes the experimental setup in detail, including



the hardware specifications of both receiving terminals, the RF chain and signal
digitisation, the acquisition software architecture, and the methodologies used for
CW peak detection and Doppler computation. Chapter 4 presents the signal pro-
cessing results and their analysis: the FSPL compensation, the satellite transmitter
degradation, the pointing artefacts observed on the Cobham terminal, the multipath
fading on the Kebni terminal, and the tropospheric scintillation measured against
the radiosonde prediction. Chapter 5 draws the two stations together into a compar-
ative analysis, summarises the key findings, and outlines directions for future work,
including improvements to the ground terminal configuration and the development
of propagation models adapted to the LEO geometry.



Chapter 2

Background

2.1 Satellite Communications and LEO Orbital Dy-
namics

LEO constellations are fundamentally reshaping the landscape of satellite communi-
cations. Unlike traditional GEO systems, LEO systems operate at altitudes typically
ranging from 300 km to 2,000 km above the Earth’s surface [1]. Because of this close
proximity to the ground, LEO satellites inherently mitigate the severe propagation
delay and path loss experienced in GEO, offering substantial benefits in terms of
latency and bandwidth for global connectivity [2, 15].

Due to the laws of orbital mechanics, a satellite at these low altitudes must travel
at extremely high velocities to counterbalance the Earth’s gravitational pull and
maintain a stable orbit. For instance, a typical LEO spacecraft (such as the LIDE
satellite) travels at an orbital velocity of approximately 7.5 km/s [5]. Consequently,
the satellite completes a full revolution around the Earth in a very short orbital
period, usually ranging from 90 to 130 minutes depending on the specific altitude.
For a ground station, this high velocity translates into a very brief visibility window
during a satellite pass, typically lasting only a few minutes, which necessitates highly
dynamic and precise antenna tracking systems.

To accurately track a fast-moving LEO satellite, ground stations rely on pre-
calculated orbital parameters formatted as a TLE set. The TLE is a standard data
format introduced to the user community alongside the Simplified General Pertur-
bations 4 (SGP4) propagation models in the seminal Spacetrack Report No. 3 [16].
The TLE encodes essential orbital parameters such as inclination, eccentricity, the
right ascension of the ascending node, argument of perigee, and mean anomaly. Fur-
thermore, the format includes dynamic variables like the mean motion (the number
of orbits completed per day) and its time derivatives, as well as the BSTAR drag
term, which estimates the atmospheric decay rate of the satellite due to aerodynamic
drag in the upper atmosphere (see Table 2.1 and Table 2.2).



Table 2.1: TLE format, Line 1. [10]

Columns | Content

01 Line number

03-07 Satellite catalog number

08 Classification (U: unclassified, C: classified, S: secret)
10-11 International Designator (last two digits of launch year)
12-14 International Designator (launch number of the year)

15-17 International Designator (piece of the launch)

19-20 Epoch year (last two digits of year)

21-32 Epoch (day of the year and fractional portion of the day)

34-43 First derivative of mean motion, the ballistic coefficient (rev/day,
per day)
45-52 Second derivative of mean motion (rev/day®, decimal point as-
sumed)
54-61 B*, the drag term, or radiation pressure coefficient (units of
1/(Earth radii), decimal point assumed)
63 Ephemeris type (always zero, only used in undistributed TLE data)
6568 Element set number. Incremented when a new TLE is generated
for this object
69 Checksum (modulo 10)

Table 2.2: TLE format, Line 2. [10]

Columns | Content

01 Line number

03-07 Satellite Catalog number

09-16 Inclination (degrees)

18-25 Right ascension of the ascending node (degrees), in the ECI refer-
ence frame, measured from the vernal point

27-33 Eccentricity (unitless, decimal point assumed)

35-42 Argument of perigee (degrees)

44-51 Mean anomaly (degrees)

53-63 Mean motion (revolutions per day)

64-68 Revolution number at epoch (revolutions)
69 Checksum (modulo 10)

In a practical measurement campaign, such as the one conducted at ESTEC, the
TLE data is ingested by an orbit propagator model (typically SGP4) to predict the
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satellite’s exact position relative to the ground station over time. This approach,
known as program tracking, generates a continuous schedule of azimuth and ele-
vation coordinates that the ground station antenna controller uses to mechanically
steer the parabolic dish and maintain the satellite within its main beam during the
entire pass.

2.1.1 Keplerian Orbital Parameters and TLE Rep-
resentation

The exact state of a satellite at a specific point in time, known as the epoch, is
universally described using the TLE set format [16]. A TLE encodes the classical
Keplerian orbital elements, which are mathematically necessary to uniquely define
an unperturbed orbit in a three-dimensional Cartesian space relative to a central
body (the Earth). The SGP4 propagation model uses these parameters to calculate
the satellite’s exact position and velocity vectors over time, allowing ground station
antennas to maintain accurate program tracking.

To fully understand the orbital dynamics handled by the SGP4 algorithm, it is
essential to define the six classical Keplerian elements extracted from the TLE:

e Inclination (i): The angle between the Earth’s equatorial plane and the
satellite’s orbital plane. An inclination of 0° indicates an equatorial orbit,
while 90° defines a polar orbit.

e Right Ascension of the Ascending Node ({2 or RAAN): This angle
specifies the orientation of the orbital plane in space. It is measured in the
equatorial plane from a reference direction (the First Point of Aries or Vernal
Equinox) to the ascending node, which is the point where the satellite crosses
the equator moving from the Southern to the Northern Hemisphere.

e Eccentricity (e): A dimensionless parameter defining the shape of the orbit.
A value of e = 0 corresponds to a perfectly circular orbit, while 0 < e < 1
denotes an elliptical orbit.

e Argument of Perigee (w): This angle defines the orientation of the ellipse
within the orbital plane. It is measured from the ascending node to the perigee
(the point of closest approach to the Earth) in the direction of the satellite’s
motion.

e Mean Anomaly (M): An angular parameter that defines the specific posi-
tion of the satellite along its orbit at the given epoch time. It is a mathemati-
cally constructed angle that assumes the satellite moves at a constant angular
speed.

e True Anomaly (v or #): The actual geometric angle measured in the orbital
plane from the perigee to the current physical position of the satellite. While
the mean anomaly is used in TLE sets for computational simplicity, the true
anomaly describes the exact real location of the spacecraft, accounting for the
fact that its speed varies along the orbit according to Kepler’s Second Law.



e Mean Motion (n): The number of complete orbits the satellite makes around
the Earth in one solar day. In TLE formats, this value directly relates to the
orbital period and the semi-major axis (a) via Kepler’s Third Law.

Beyond the classical Keplerian elements, the TLE format also includes the B*
(BSTAR) drag term [16]. This is a pseudo-drag coefficient used by the SGP4 model
to account for non-conservative perturbations, primarily atmospheric drag, which
constantly causes the orbit of LEO satellites to decay.

Figure 2.1 provides a visual representation of these parameters relative to the
Earth’s equatorial plane and the vernal equinox vector.

Earth rotation axis

Ye

-
!

Figure 2.1: Geometric representation of the classical Keplerian orbital elements
(Inclination, RAAN, Argument of Perigee, and Anomaly) defining a satellite’s orbit
around the Earth.

2.2 The Ka-Band Link Budget Analysis

The link budget is the fundamental system-level calculation used to determine the
viability and performance of a satellite communication channel. It accounts for
all the gains and losses in the telecommunications system, from the transmitter
onboard the spacecraft to the receiver at the ground station. In recent years, the
telecommunications industry has increasingly shifted towards the Ka-band to satisfy
the growing demand for higher data rates.

The primary advantage of the Ka-band over legacy bands (like C or Ku, see
Table 2.3) is the vast amount of available spectrum, which translates directly into
significantly higher data capacity and broadband throughput capabilities |1, 2|. Fur-
thermore, because the physical size of an antenna required to achieve a specific gain



is inversely proportional to the frequency, the Ka-band allows for much smaller
ground terminals and highly compact payload antennas on LEO satellites.

Table 2.3: Frequency bands for radar and space radiocommunications from I[TU-R
[17]. ™ For space radiocommunications K and Ka bands are often designated by
the single symbol Ka.

Letter Radar (GHz) Space radiocommunications
symbols | Spectrum Nominal Examples
Examples
regions designations (GHz)
L 1-2 1.215-1.4 1.5 GHz band 1.525-1.710
2.3-2.5
S 2-4 2.5 GHz band 2.5-2.690
2.7-34
3.4-4.2
C 4-8 5.25-5.85 4/6 GHz band 4.5-4.8
5.85-7.075
X 8-12 8.5-10.5 - -
13.4-14.0 | 11/14 GHz band | 10.7-13.25
Ku 12-18
15.3-17.3 12/14 GHz band 14.0-14.5
KM 18-27 24.05-24.25 | 20 GHz band 17.7-20.2
Ka() 27-40 33.4-36.0 | 30 GHz band 27.5-30.0
37.5-42.5
\Y - - 40 GHz band
47.2-50.2

However, propagating signals at these high frequencies comes with a major math-
ematical drawback in the link budget: the FSPL. The FSPL represents the geometric
spreading of electromagnetic energy over distance, and it is the most dominant loss
component in any satellite link. It is defined in decibels (dB) by the following
equation:

FSPL.g = 20log,y(d) + 201og,,(f) + 201ogy, (4%) (2.1)

where d is the slant range (the distance between the satellite and the ground
station) and f is the operating frequency. As demonstrated by Equation 2.1, moving
to the higher frequencies of the Ka-band inherently increases the baseline path loss.

In GEO links, the distance d is relatively constant (approximately 35786 km),
leading to a static FSPL. Conversely, in LEO satellite communications, the slant
range d is highly dynamic and depends critically on the satellite’s altitude H and
its elevation angle ¢ relative to the ground station’s horizon [18], see Figure 2.2.
The slant range can be calculated using the following geometric relation:

d(e) = Ry \/ (H;—j‘ﬂ)Q ~ cos2(2) — sin(e)

10
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where Rp is the Earth’s radius.

Ground-~""""
station

Central B
angle 0

Satellite Orbit’s radius (r) Earth’s center

Figure 2.2: Geometry of the ground station and the satellite, adapted from [18].

During a typical LEO pass, the satellite first appears at a very low elevation
angle near the horizon, where the slant range is at its maximum. As the satellite
approaches the zenith (maximum elevation), the slant range decreases to its min-
imum value, which is simply the orbital altitude H. Because of the logarithmic
dependence of FSPL on the distance d, this rapid variation in slant range causes
drastic fluctuations in the free space attenuation during the short visibility window
(typically 5 to 10 minutes). Consequently, the received signal power at the ground
station continuously varies, demanding robust dynamic range capabilities from the
receiving front-end to avoid saturation at the zenith and signal loss at the horizon.

2.3 Atmospheric and Solar Impairments

The propagation of radio waves from a satellite to a ground station is highly de-
pendent on the physical properties of the medium through which they travel. For
lower frequencies, such as the L or S bands, the Earth’s atmosphere is mostly trans-
parent. However, as telecommunications systems shift towards the Ka-band (17-40
GHz) to meet the demand for high data rates, the shorter wavelengths become ex-
tremely susceptible to various environmental impairments, primarily located in the
troposphere (from the ground up to roughly 10-15 km) and, to a lesser extent, the
ionosphere [19, 20]. It is convenient to separate these tropospheric impairments into
three families according to how they behave in time and how they can be treated
in the measurement chain. Gaseous absorption by oxygen and water vapour is a
slowly varying, spatially smooth contribution that can be predicted from meteoro-
logical data and removed deterministically. Cloud and rain attenuation are caused
by hydrometeors that are highly localised and intermittent in space and time, and
therefore cannot be reconstructed from a single ground reference. Tropospheric scin-
tillation is a fast, zero-mean fluctuation produced by clear-air turbulence, which is
characterised statistically rather than removed. The following subsections describe
each of these mechanisms, the relevant ITU-R recommendations, and the conse-
quences of each for the LIDE measurement campaign.

11



2.3.1 Gaseous Absorption by Oxygen and Water
Vapour

Even under perfectly clear-sky conditions the atmosphere is not transparent at Ka
band. The signal is attenuated by molecular absorption, dominated by two species:
diatomic oxygen (Oz), which possesses a dense complex of magnetic-dipole reso-
nances clustered around 50-70 GHz plus an isolated line at 118.75 GHz, and water
vapour (H,0), whose first relevant electric-dipole rotational line sits at 22.235 GHz
[9]. The LIDE downlink at 19.2 GHz lies on the low-frequency shoulder of the 22.235
GHz water-vapour line, so the gaseous budget at this frequency is dominated by wa-
ter vapour and is therefore sensitive to the humidity of the air column, while the
oxygen contribution is smaller and far more stable. Figure 2.3 shows the specific
(per-kilometre) attenuation of the two constituents as a function of frequency.

10 Specific Attenuation from Oxygen and Water Vapor
T T T T T

Oxygen (Dry Air)
— = Water Vapor (o = 7.5 g/m?)

10 L X 22.24
Y 2.84077

Specific Attenuation (dB/km)

0 10 20 30 40 50 60 70 80 90 1:)0
Frequency (GHz)

Figure 2.3: Specific attenuation due to atmospheric gases as a function of fre-

quency. The data are calculated according to the approximate method described in

Recommendation ITU-R P.676-13 [9], assuming standard atmospheric conditions at

sea level (temperature 15 °C, pressure 1013.25 hPa, and water vapour density 7.5

g/m?).

The reference framework for computing this contribution is Recommendation
ITU-R P.676-13 [9], which provides two complementary methods. Annex 1 is a
line-by-line summation over the individual oxygen and water-vapour spectral lines;
it is the most accurate formulation and, when fed with a vertical profile of pressure,
temperature and humidity, yields the specific attenuation y(h) = v,(h) + 7w (h)
[dB/km] at each height. Annex 2 is a simplified, computationally light approxi-
mation in which the oxygen and water-vapour specific attenuations are expressed in
closed form as functions of the local pressure p, temperature 7" and water-vapour
density p, valid up to 350 GHz. In both cases the total zenith (vertical) attenuation
is obtained by integrating the specific attenuation over height,
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Azenith = / V(h) dh ~ Yo ho + Yw hwa (23>
0

where the right-hand side is the Annex 2 equivalent-height form: h, and h,, are
the equivalent heights of the oxygen and water-vapour columns, computed from the
surface pressure and temperature. The attenuation along the slant path at elevation
¢ then follows the cosecant law for a plane-stratified atmosphere,

Azeni
Agas(£) = 220t (2.4)

sine

In this work the gaseous term is computed from the De Bilt radiosonde as-
cent using the ITU-R P.676-13 Annex 1 line-by-line model: the specific attenu-
ation y(h) is evaluated at every reported level from the measured pressure, tem-
perature and humidity and integrated over height to give the zenith attenuation
Ajenith = fooo ~v(h) dh, which is then projected onto the slant path through Equa-
tion (2.4). The line-by-line model is preferred over the simplified Annex 2 closed
form because the radiosonde resolves the actual vertical distribution of water vapour,
which dominates the budget at 19.2 GHz. Because oxygen is uniformly mixed and
the water-vapour field, although variable, changes smoothly and slowly over hori-
zontal scales of tens of kilometres, the column represented by a single radiosonde
is a faithful estimate of the gas the slant path actually traverses. The gaseous
contribution is therefore a deterministic, predictable term. It is computed level by
level and compensated in the preprocessing chain, where the predicted loss is added
back to the measured received power, following the same philosophy adopted for
multi-satellite propagation campaigns [21].

2.3.2 Cloud and Rain Attenuation

Above the clear-air gaseous floor, the largest impairments at Ka band are produced
by liquid hydrometeors. Cloud attenuation arises from non-precipitating liquid
water droplets, whose radii (a few to tens of micrometres) are far smaller than the
1.5 cm wavelength at 20 GHz, placing the interaction in the Rayleigh regime. In this
regime the scatterer is much smaller than the wavelength, so the attenuation cross-
section scales with the droplet volume rather than with its geometric cross-section;
the cloud attenuation consequently depends only on the total liquid water content of
the column and not on the detailed drop-size distribution. Recommendation I'TU-
R P.840 [10] formalises exactly this by modelling the cloud specific attenuation as
proportional to the columnar liquid water content L [kg/m?] through a temperature-
dependent specific attenuation coefficient K;(f,T), giving a diffuse contribution of
a few tenths of a decibel that is relevant mainly for high-availability link design.

Rain attenuation is the dominant impairment whenever it occurs. When the
raindrop diameter becomes comparable to the wavelength (drops of 1-5 mm against
1.5 cm at 20 GHz), the wave is both absorbed, with its energy converted to heat
inside the drop, and scattered out of the path. Heavy precipitation can therefore
degrade the received power by tens of decibels [20]. The standard prediction frame-
work is Recommendation ITU-R P.618 [11], which combines the specific attenuation
power law of Recommendation ITU-R P.838,
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yr =k R* |dB/km], (2.5)

where R is the rain rate [mm/h| and the coefficients k and « depend on frequency
and polarisation [22], with the rain-height model of Recommendation ITU-R P.839
[23] and the rainfall-rate statistics of Recommendation ITU-R P.837 [24]. The P.618
method introduces horizontal and vertical path-reduction factors to convert the
specific attenuation into the slant-path attenuation Ag g, exceeded for 0.01% of an
average year. It must be stressed that these reduction factors are long-term statistical
adjustments calibrated for the 0.01% point and are not meant to reconstruct the
attenuation of an individual instantaneous event.

Why rain and cloud attenuation cannot be compensated in
this campaign

This statistical character is precisely the difficulty for a single-pass, single-site mea-
surement. Compensating an impairment in the received power requires knowing its
instantaneous value along the actual slant path. For the gaseous term this is feasi-
ble (Section 2.3.1) because the absorbing gas is smooth and well mixed. Rain and
clouds are the opposite: convective rain cells have characteristic horizontal scales
of only a few kilometres and lifetimes of minutes, and cloud cover is broken and
inhomogeneous, so the hydrometeor field is strongly intermittent in both space and
time [25].

The geometry of a LEO pass aggravates this. The available ground truth is a
single point: the surface weather record and the rain gauge of one station, plus
a radiosonde ascent launched from De Bilt twice a day, which samples a vertical
column at a fixed location that is not co-located with the link. During a pass,
however, the satellite sweeps from horizon to horizon in a few minutes; the slant path
swings across a wide range of azimuth and elevation and, projected onto the rain
layer at a few kilometres of altitude, its piercing point migrates over many kilometres
of sky. The beam therefore interrogates a large, horizontally inhomogeneous volume
of troposphere that is mostly far from the ground reference. A point rain gauge
cannot tell whether the segment of path actually traversed at a given instant passed
through a rain cell, missed it, or clipped its edge, nor can it provide the rain rate
distributed along that oblique path. The same argument applies to broken clouds.

For these reasons no attempt is made in this work to remove rain or cloud
attenuation from the measured power: doing so from a single weather station would
introduce errors larger than the effect being corrected. This limitation is intrinsic to
the geometry rather than to the instrumentation: a faithful reconstruction of rain
along a LEO slant path would require spatially resolved data, such as weather-radar
fields or a synthetic rain-cell model of the kind used to simulate LEO fade dynamics
[25], which lie outside the scope of the present campaign.

2.3.3 Tropospheric Scintillation

Unlike the bulk attenuation produced by gases and hydrometeors, tropospheric scin-
tillation manifests as rapid, zero-mean fluctuations of the amplitude and phase of
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the received signal [26]. It is caused by small-scale turbulent mixing in the tropo-
sphere, which creates random fluctuations of the refractive index along the path; as
the wavefront crosses these eddies it is alternately focused and defocused, producing
fast fading at the antenna. Because the fluctuations have zero mean they cannot be
removed by power control, only characterised statistically, and their intensity grows
at low elevation, where the path through the turbulent layers is longest. The phys-
ical chain adopted here proceeds in three steps: (i) the refractive-index structure
parameter C? is reconstructed as a function of height from a radiosonde ascent; (ii)
the Rytov weak-fluctuation theory converts the C? profile into the variance of the
log-amplitude fluctuations along the slant path; and (iii) the resulting prediction is
applied to a LEO pass as a function of the instantaneous elevation.

Two features of these fluctuations recur throughout the later analysis and are
worth defining at the outset. The first is the inertial subrange of the turbulence.
Atmospheric turbulence organises the air into swirls, or eddies, of many different
sizes: energy is injected at the largest (outer) scales by wind shear and convection,
is handed down to progressively smaller eddies, and is finally dissipated into heat
by viscosity at the smallest (inner) scale. Over the intermediate range of sizes,
called the inertial subrange, energy is neither produced nor dissipated but simply
cascades down the chain. There, Kolmogorov’s theory of locally isotropic turbulence
fixes the statistics of the refractive index field. As the wind, or the motion of the
satellite, carries these eddies across the line of sight, each eddy size imprints a
fluctuation on the received power at a corresponding rate: large eddies produce slow
(low frequency) fluctuations and small eddies fast (high frequency) ones, so eddy
size maps directly onto temporal frequency. The temporal power spectrum of the
log-amplitude therefore inherits the cascade law: above a lower cut-off it rolls off as
783 where f is the fluctuation frequency of the received power in hertz [27, 28].
Observing that particular slope is the spectral signature of genuine turbulence.

The second feature is that lower cut-off itself, the scintillation corner frequency
(or Fresnel frequency). Below it the fluctuation spectrum is essentially flat; above it
the power rolls off as f~%3 as just described. Physically the corner frequency is set
by how quickly the eddies are swept across the beam. It is roughly the transverse
crossing speed divided by the width of the first Fresnel zone, the patch of atmosphere
that the beam effectively samples, so a faster wind, or a faster satellite, pushes it
towards higher frequencies. This dependence on the crossing speed is what makes the
corner frequency, unlike the scintillation variance, sensitive to the orbital geometry,
as discussed at the end of this section.

The refractive-index structure parameter C?

At microwave frequencies the radio refractivity N = (n — 1) x 10° of moist air
depends on pressure, temperature and humidity [29]. Turbulent mixing stirs air
parcels of different refractivity together, and the statistics of the resulting small-scale
refractive-index field are quantified, within Kolmogorov’s theory of locally isotropic
turbulence, by the refractive-index structure parameter C2 [m?/3|, which varies with
the height z above the surface. Following the classical derivation of Tatarski [28§],
C? is related to the vertical gradient of a conserved generalised refractivity M and
to the outer scale of turbulence Ly by
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where z is the altitude above the ground along the vertical profile, a? is an
empirical constant of order unity, and Ky /K, is the ratio of the turbulent exchange
coefficients for heat and momentum. The symbols used throughout this section are
collected in Table 2.4. The way the conserved variable in M is defined is the crucial

K OM\ >
2 2 H ;4/3
Ci(z)=a _KM L, (_87: ) ,

(2.6)

modelling choice that distinguishes the two formulations used in this thesis.

Table 2.4: Symbols used in the tropospheric-scintillation model.

Symbol | Quantity Units
z altitude above the ground (vertical coordinate) m
C?(z) | refractive-index structure parameter m~2/3
n, N | radio refractive index; refractivity N = (n — 1) x 10° | — N-units
M generalised (moist) radio refractivity N-units
OM/0z | vertical gradient of M m~!
a? empirical structure constant (= 2.8) -
Ky /Ky | turbulent exchange-coefficient ratio (heat/momentum) | —
Ly outer scale of turbulence (/= 100 m) m
T absolute temperature K
P atmospheric pressure hPa
q specific humidity ke /kg
0 potential temperature, § = T'(1000/p)°-2%¢ K
H pseudopotential temperature, H =T + (g/c,)z K
g gravitational acceleration ms—2
Cp specific heat of dry air at constant pressure Jkg 1K1
c moist-refractivity coefficient (=~ 7.8 x 10%) K
ol log-amplitude variance Np?
Oy log-amplitude standard deviation Np or dB
X log-amplitude fluctuation Np
k wavenumber, k = 27/ rad m~!
A f wavelength; carrier frequency m; Hz
€ elevation angle deg
path integral [°C2(z)z%/%dz m"/

Tatarski formulation.

The original derivation builds M from the pseudopotential
(or potential refractive) temperature obtained under the hydrostatic approximation,

H =T+ (g/cp) 2z, where g is gravity and ¢, the specific heat of dry air [28]. This

dry-static-energy variable is a convenient surrogate for a conserved quantity within

the boundary layer but is only approximately conserved aloft.
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Cherubini & Businger formulation. Cherubini and Businger [30] showed that
replacing H with the true potential temperature

0.286
— -

removes a long-standing bias of the hydrostatic approximation. The two def-
initions agree closely below about 6-7 km. Above that height the atmosphere is
increasingly stable, and near the tropopause the temperature itself levels off or
even inverts; there the true potential temperature #, which depends on the actual
pressure through (1000/p)°2%¢, keeps increasing sharply, while the pseudopotential
H =T+(g/cp)z can only grow at the fixed dry-adiabatic rate built into its definition
and so fails to capture this enhanced stability. Consequently 00/0z exceeds OH/0z
aloft, and the pseudopotential formulation underestimates the refractivity gradient,
and hence C?, in the upper troposphere and lower stratosphere. Retaining the mois-
ture term and expressing the gradient in terms of the potential temperature # and
the specific humidity ¢, the moist refractivity gradient takes the form (Cherubini &
Businger [30], eqs. 17-20; applied to a Q-band slant link by Marziani et al. [14])

—6
(9M:80><10 p{(1+@> 90 6 9q

— — == ~ 78 x10° K 2.
0z T T ) o: CT&z]’ cRT8XITK,  (28)

with p in hPa and T, 0 in kelvin. The Tatarski profile is recovered by substituting
the pseudopotential temperature H for # in the gradient term of Equation (2.8), so
that the comparison between the two isolates exactly the effect of the conserved
variable.

In practice the radiosonde levels are first cleaned and interpolated onto a uniform
vertical grid (50 m steps); at each mid-layer the gradients 00/0z and 0q/0z are
evaluated by finite differences and inserted into Equations (2.6)-(2.8), with the
empirical constants a®> = 2.8 and Ly ~ 100 m adopted from [30]. The result is a
vertical profile C?(z), peaking near the surface and in the moist mid-troposphere and
decaying with height. Figure 2.4 overlays the profile obtained with the potential
temperature (Cherubini) and with the pseudopotential H (Tatarski) computed from
the same ascent, reproducing the divergence above ~6-7 km: on this sounding the
Tatarski profile carries only about half of the Cherubini path integral above 6.5 km,
and correspondingly predicts a lower o, (0.32 against 0.34 dB).

From the C? profile to scintillation variance: the Rytov model

Once C?(z) is known, weak-fluctuation (Rytov) theory predicts the variance of the
log-amplitude fluctuation x of a spherical wave propagating along the slant path.
Integrating the Kolmogorov spectrum over the path yields the closed-form result
used in the radiosonde-based prediction methods of Vasseur [31] and Marzano &
d’Auria [32]; the same frequency and elevation scaling laws underpin the scintillation
model of Recommendation ITU-R P.618 [11]:

02 = 0.5631 K7/° (sine) 11/6 /0 C2() 5z [NpY, (2.9)
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Figure 2.4: Vertical profile of the refractive-index structure parameter C?(z) com-
puted from a De Bilt radiosonde ascent with the potential-temperature (Cherubini
& Businger [30]) and the pseudopotential (Tatarski [28]) formulations. The two
agree below ~6-7 km; above it the fixed dry-adiabatic slope of the pseudopotential
temperature H misses the enhanced static stability near the tropopause that the
true potential temperature 6 captures, so the pseudopotential formulation underes-
timates C? there and predicts a lower o, than Cherubini’s.
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where k = 2w /\ = 2 f/c is the wavenumber and ¢ is the elevation angle. The
corresponding standard deviation expressed in decibels is

oy [dB] = (20logge) /o2 = 8.686 /02 (2.10)

Each factor in Equation (2.9) has a clear physical meaning. The £7/% depen-
dence makes the scintillation grow with frequency, so that Ka band is markedly
more affected than the lower bands. The geometric factor (sine)~'"/6 accounts for
the lengthening of the turbulent path as the elevation decreases and is the reason
scintillation is most severe near the horizon. The weighting z°/% inside the integral
gives progressively more influence to turbulence at higher altitude per unit C?, a
consequence of the spherical-wave Fresnel geometry. The leading constant 0.5631
follows from the —11/3 power law of the Kolmogorov spectrum. The model is valid
only under weak scattering: the (sine)™'"/¢ term diverges as ¢ — 0, and the weak-
fluctuation assumption breaks down at low elevation, so the prediction is restricted
to € 2 10° and is regarded as an upper bound below that floor [31, 32].

Application to a LEO pass from radiosonde data

The combination of Equations (2.6)—(2.9) defines a concrete procedure for predicting
the scintillation along a LIDE pass directly from a De Bilt radiosonde ascent. The
key observation is that the C2(z) profile is a purely meteorological quantity: it
depends only on the state of the atmosphere, not on the geometry or motion of the
satellite. The path integral

I:/ C2(2) 2% dz (2.11)
0

is therefore computed once from the vertical column and, together with the
fixed beacon wavenumber k, summarises the entire turbulence contribution of the
atmosphere for that pass. This is legitimate because a single ascent is launched
roughly every twelve hours whereas a LEO pass lasts only a few minutes, over which
the clear-air profile is effectively frozen; if two soundings bracket the pass the profile
can instead be interpolated in time.

The predicted log-amplitude standard deviation then becomes an explicit func-
tion of the instantaneous elevation alone,

0 (€) [dB] = 8.686 1/ 0.5631 K7/ (sin )11/ T, (2.12)

obtained by inserting Equation (2.11) into Equations (2.9)-(2.10). Evaluating
Equation (2.12) over the elevation profile of the pass yields a predicted scintillation
curve that rises towards the horizon and falls to its minimum at culmination, follow-
ing the (sine)™'/¢ law. This curve is the quantity compared, window by window,
against the scintillation actually measured on the received power.

A subtlety specific to the LEO geometry must be emphasised. The Rytov vari-
ance of Equation (2.9) depends on the geometry only through the elevation and
is otherwise independent of the satellite’s motion; the rapid orbital slew does not
change how strongly the signal scintillates. What the slew changes is the spectrum
of the fluctuations: the effective transverse velocity at which the path cuts across
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the turbulent eddies is dominated by the satellite motion rather than by the wind,
which shifts the scintillation corner frequency to substantially higher values than in
the geostationary case [8, 33]. This is the central reason why GEO-derived scintilla-
tion spectra cannot be transferred directly to LEO links, even though the variance
model remains applicable per window with the instantaneous elevation.

2.3.4 Solar Interference (Sun Outage)

Beyond atmospheric conditions, satellite communications can be severely disrupted
by celestial bodies, most notably the Sun. A sun outage occurs when the apparent
trajectory of the Sun places it directly behind the satellite, causing the Sun to enter
the direct field-of-view (the main beam) of the ground station’s receiving antenna
[34] (see Figure 2.5).

Receving Antenna

Figure 2.5: Geometric representation of Sun outage due to positioning of satellite.

The Sun is a massive broadband microwave noise source, radiating immense
thermal energy across the entire RF spectrum. When the ground antenna points
towards the Sun, the system’s background noise temperature spikes dramatically,
overwhelming the comparatively weak signal transmitted by the satellite [34]. While
sun outages are highly predictable geometric events, they cause an unavoidable,
temporary collapse of the Signal-to-Noise Ratio (SNR), resulting in complete com-
munication link failures that typically last for several minutes.

This geometry was checked explicitly for the LIDE campaign. For every recorded
pass, the angular separation between the Sun and the satellite, as seen from each
antenna, was computed by pairing the SGP4 prediction with a solar ephemeris [35].
The Sun never entered the main beam of either terminal: the closest approach of
the whole campaign was 1.8°, on the morning pass of 1 April 2026, seconds after the
beacon had been switched off, and the closest approach during an active transmission
was 2.0°, on 16 April 2026. These grazing transits are nonetheless visible in the data.
On the van terminal, whose small aperture gives a beamwidth of a few degrees, the
recorded noise floor rises by up to 0.9 dB exactly at the instant of closest approach,
and the rise shrinks as the separation grows (about 0.3 dB at 3.9°). The rooftop
Cobham, whose 1.5 m dish has a beamwidth of only about 0.7°, shows no measurable
change at the same 1.8° separation. A full outage, with the Sun inside the main
beam and the link overwhelmed, therefore never occurred during the campaign.
The effect observed is limited to a brief, sub-decibel rise of the noise floor on the
wide-beam terminal, too small to disturb the beacon measurements.
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Figure 2.6 shows the 16 April event. In the top panel the received beacon power
follows its normal profile, from acquisition to the commanded switch-off, and is not
attenuated at any point: the Sun adds noise to the receiver, it does not block the
signal. In the bottom panel the noise floor is drawn on a tight scale together with
the angular distance between the Sun and the beam centre, that is, the satellite
direction the antenna is tracking. As the separation falls towards its minimum of
2.0° the noise floor rises by about 0.8 dB and then falls back as the two directions
part, mirroring the separation curve. This is the radiometric signature of the solar
disc grazing the edge of the antenna beam.

40 — Grazing solar transit, van terminal, 26-04-16 (min separation 2.0°)
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Figure 2.6: Grazing solar transit during the LIDE pass of 16 April 2026 (van
terminal). Top: received beacon power and recorded noise floor over the pass; the
dashed line marks the instant of closest Sun-satellite approach. Bottom: noise floor
on a tight scale (2 s average, left axis) and angular distance between the Sun and
the beam centre (right axis, logarithmic). The noise floor rises by about 0.8 dB
exactly when the separation reaches its minimum of 2.0°, while the beacon power is
unaffected: the Sun raises the system noise temperature but does not attenuate the
signal.

2.4 The Doppler Effect in LEO Constellations

A fundamental characteristic that heavily differentiates LEO satellite communica-
tions from GEO links is the severe Doppler shift. The Doppler effect in telecommu-
nications refers to the change in the observed frequency of an electromagnetic wave
caused by the relative motion between the transmitter and the receiver. Because
LEO satellites (such as LIDE) orbit at extremely high velocities relative to a fixed
ground station, the resulting frequency offset represents a major impairment that
must be rigorously compensated by the receiving hardware or software.
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The absolute Doppler shift f; observed at the ground station can be defined
mathematically as:

fd: _U_gfc (213>

where f. is the nominal carrier frequency of the transmitted CW signal, ¢ is the
speed of light, and v, is the relative radial velocity between the satellite and the
ground station.

The severity of the Doppler shift is directly proportional to the carrier frequency
fe. Therefore, while L-band or S-band systems experience manageable frequency
offsets, LEO systems operating in the Ka-band (e.g., above 18 GHz) face extreme
Doppler shifts. In Ka-band, the maximum Doppler shift can easily exceed 4400
kHz, with a rapid Doppler rate of change that can reach several kilohertz per second
around the time of closest approach.

During a typical LEO overpass, the Doppler profile exhibits the iconic “S-curve”
behaviour driven by the varying relative velocity (see Figure 2.7). This dynamic
evolution can be broken down into three main phases:

e Acquisition of Signal (AOS): When the satellite rises above the horizon,
its velocity vector is pointed strongly toward the ground station. The radial
velocity v, is highly negative (the distance is closing rapidly), resulting in a
positive and maximum Doppler shift. The ground receiver must tune its local
oscillator above the nominal f,. to capture the signal.

e Time of Closest Approach (TCA): As the satellite reaches its maximum
elevation angle (zenith or the point of closest approach), its motion becomes
purely tangential to the ground station. At this precise instant, the relative
radial velocity v, crosses zero. Consequently, the Doppler shift momentarily
drops to exactly zero, and the received frequency matches the nominal f.. This
is also the point where the Doppler rate of change is at its maximum, creating
the steepest slope in the frequency-time curve.

e Loss of Signal (LOS): As the satellite passes the zenith and begins to set,
it moves away from the ground station. The radial velocity becomes positive,
causing a negative Doppler shift. The received frequency drops below the
nominal f. and continues to decrease until the satellite drops below the horizon
and the link is lost.

Failing to track and compensate this severe, non-linear frequency shift in Ka band
leads to rapid synchronisation loss, severe inter-carrier interference in multi-carrier
systems, and a complete breakdown of the communication link.

2.5 Multipath, Shadowing and Fast Fading Effects

While the FSPL and the atmospheric impairments define the macroscopic power
budget of the satellite link, the local environment immediately surrounding the
ground station introduces severe microscopic variations. These local propagation
phenomena are primarily driven by multipath interference, which leads to a condition
known as fast fading [36].
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Figure 2.7: Doppler shift at 19.2 GHz of simulated LIDE pass.

In an ideal, unperturbed scenario, the communication channel between the LEO
satellite and the ground station consists exclusively of a direct Line-of-Sight (LoS)
signal. However, in practical deployments, such as the experimental setup involving
the Kebni antenna mounted on a van or the SeaTel antenna on the ESTEC rooftop,
the environment is rarely free of physical obstacles. Buildings, vehicles, metallic
structures, and even the ground itself act as reflective surfaces for the highly direc-
tional Ka-band electromagnetic waves.

When the transmitted signal reaches the ground station, the receiving antenna
captures not only the primary LoS ray but also multiple secondary rays that have
bounced off nearby obstacles. Because these reflected rays travel slightly longer
distances than the direct ray, they arrive at the receiver with different time delays
and, consequently, different phases.

When the LoS signal and the multipath reflections superimpose at the receiving
antenna, they interfere with one another. If the delayed rays arrive in phase with the
direct signal, they combine constructively, causing a temporary enhancement of the
received power. Conversely, if a strong reflected ray arrives 180° out of phase relative
to the direct signal, the waves combine destructively. This destructive interference
results in a sudden, sharp drop in the received signal power, an event defined as a
deep fade.

Because the LEO satellite is moving at an extremely high velocity (changing its
elevation and azimuth very rapidly), the geometry of the reflections changes con-
tinuously and dynamically. This rapid geometrical variation means that the phase
relationships between the LoS ray and the multipath rays alternate from construc-
tive to destructive within fractions of a second [37]. In the context of the ESTEC
measurement campaign, these multipath effects are the cause of the anomalous and
rapid power fluctuations observed in the acquired CW signal. They appear when-
ever the moving line of sight passes close to a reflecting or obstructing structure, so
their timing is set by the local geometry of each pass rather than by the elevation
alone, as the case study of Chapter 4 will show.

A related but physically distinct mechanism is shadowing. Whereas multipath
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fast fading arises from the interference of reflected rays with the direct ray, shad-
owing occurs when an opaque obstacle, such as a building, a mast, or vegetation,
partially or totally blocks the LoS itself. The result is a comparatively slow but
deep attenuation of the received power that persists for as long as the obstruction
intercepts the path, frequently accompanied by diffraction at the obstacle edges.
Because the Kebni terminal operates at ground level while the satellite sweeps a
wide range of azimuth and elevation during a pass, the LoS can transit behind
such obstacles, producing power drops that are clearly distinguishable both from
the smooth FSPL trend and from the rapid multipath fluctuations. Figure 2.8
shows the received power of a LIDE pass in which a shadowing event appears as a
pronounced, sustained drop while the satellite transits behind a fixed obstacle.
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Figure 2.8: Measured received power during a LIDE pass affected by LoS shadow-
ing.

24



Chapter 3

Experimental Setup and Instrumenta-
tion

3.1 ESTEC Measurement Campaign Architecture

The experimental foundation of this thesis is based on a fixed measurement campaign
conducted at ESTEC in Noordwijk, the Netherlands. The primary objective of
this experimental setup is to accurately capture and analyse the CW beacon signal
transmitted in the Ka band by the LEO satellite LIDE.

To comprehensively evaluate the propagation channel and isolate the various im-
pairments (such as the FSPL, atmospheric attenuation, and multipath interference),
a dual-antenna architecture was deployed. This configuration allows for simultane-
ous data acquisition from two distinctly positioned receiving terminals, providing a
comparative baseline to distinguish between satellite-induced anomalies (e.g., trans-
mitter degradation) and ground-induced fast fading.

The architecture comprises two distinct subsystems, intended to operate syn-
chronously during each satellite pass:

e The Roof Installation: The first terminal is a stabilised Cobham SeaTel
1500, a Very Small Aperture Terminal (VSAT) system. This antenna is
securely mounted on the unobstructed roof of an ESTEC facility building.
Thanks to its elevated position, the SeaTel antenna enjoys a clear, highly el-
evated LoS to the sky, ensuring that the received signal is largely immune to
local ground reflections and physical blockages.

e The Van Installation: The second terminal is a low-profile Kebni SOTM
antenna. Unlike the rigid roof system, this terminal is mounted on the roof of
a mobile van. This deployment provides critical operational flexibility: the van
can be positioned before each measurement to maximise the LoS for the specific
azimuth and elevation trajectory of the upcoming LIDE pass. However, despite
this optimisation, the van operates at ground level. The antenna therefore
remains surrounded by local physical obstacles, such as adjacent buildings,
parked vehicles, and metallic structures. If the positioning is insufficient for
a specific pass, the low vantage point renders the signal highly susceptible to
shadowing, multipath reflections and consequent fast fading.
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The rationale of this dual-antenna design is that comparing the two data sets
allows each impairment to be attributed to its origin according to whether it is
common to both terminals or exclusive to one. An unexpected power drop recorded
simultaneously by both the SeaTel and the Kebni antennas points to a systemic
cause, such as LIDE transmitter degradation or a macro-atmospheric event (e.g.,
rain fade); conversely, rapid and severe power fluctuations observed exclusively by
the ground-level Kebni antenna are attributable to fast fading caused by multipath
interference from the surrounding obstacles. It must be stated from the outset,
however, that in this campaign the comparison could be exploited only qualitatively:
as detailed in Chapter 5, the Cobham terminal’s difficulty in tracking the fast LEO
satellite (Section 3.2) meant that relatively few passes were recorded cleanly by both
antennas at the same time.

3.2 Antenna Systems and Hardware Specifications

To properly characterise the Ka band propagation channel during the LEO satellite
passes, the measurement campaign relies on two highly specialised receiver systems.
Each antenna presents distinct mechanical and radio frequency characteristics, which
directly influence the signal acquisition performance and the subsequent data anal-
ysis.

3.2.1 Cobham SeaTel 1500 Reference Terminal

The primary reference receiver is the Cobham SeaTel 1500, a highly stabilised VSAT
deployed on the ESTEC facility roof. This system is centred around a 1.5 m
parabolic reflector, enclosed within a rigid 81 inch radome that protects the in-
ternal mechanics from wind and severe environmental stressors [38|. Because of its
substantial aperture size, the SeaTel antenna delivers an exceptionally high gain of
46 dBi. This high gain translates into a very narrow beamwidth, which is funda-
mental to isolate the CW beacon of the LIDE satellite from surrounding thermal
noise and adjacent frequency interference.

However, despite its excellent radio frequency performance, this architecture im-
poses significant mechanical constraints during LEO operations. The SeaTel 1500
was originally designed for maritime environments, prioritising the compensation of
slow vessel wave motion rather than the extreme angular velocities of low orbiting
targets. The software program tracking updates the pointing coordinates at a rate of
1 Hz, which is relatively slow for LEO dynamics. Consequently, the heavy mechani-
cal rotators struggle to keep pace with the satellite when it passes directly overhead
at the zenith, and the terminal frequently loses lock during a pass. As a result, only
a minority of the recorded passes yielded clean Cobham data and the campaign is, in
practice, dominated by the more agile van terminal; the quantitative consequences
of this imbalance for the two-station comparison are discussed in Chapter 5.
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3.2.2 Kebni SOTM Low Profile Terminal

Operating in parallel with the roof installation is the Kebni SOTM terminal, which
is mounted on the mobile van. In sharp contrast to the bulky SeaTel system, the
Kebni antenna is engineered specifically for vehicular mobility and rapid deployment.
It features an innovative low-profile architecture built around a tuneless wideband
waveguide array, measuring only 28.5 cm in height (60 cm radome diameter) and
weighing less than 35 kg [39]. Its two-axis direct-drive brushless gimbal slews at up to
200°/s in azimuth and 100°/s in elevation, with accelerations as high as 700°/s?, and
maintains a pointing accuracy better than 0.2° [39]. This high slew rate is precisely
what allows the Kebni to hold a solid lock on the fast-moving LIDE satellite even
near the zenith and at ground level, where the line of sight is dynamically varying
and frequently obscured by local obstacles. The compact design inevitably results
in a lower absolute gain of 32 dBi compared to the 1.5 meter parabolic dish, making
the van mounted system inherently more sensitive to the fast fading and multipath
effects [39].

3.2.3 Radio Frequency Specifications Summary

Considering that the CW beacon downlink from the LIDE satellite operates at ex-
actly 19.2 GHz, the RF chains of both systems are strictly configured to capture
this frequency. The Low Noise Block (LNB) downconverters mounted on the an-
tennas play a crucial role in amplifying the weak received signal while minimising
the introduction of thermal noise, which directly impacts the antenna gain-to-noise-
temperature ratio (G/T). Table 3.1 provides a comprehensive summary of the key
RF specifications for both receiver systems used during the campaign.

Table 3.1: Summary of the hardware and radio frequency specifications for the
Cobham and Kebni receiver systems.

Parameter Cobham SeaTel 1500 Kebni SOTM

Antenna Aperture 1.5 m (Parabolic Reflector) Low profile SOTM

Antenna Gain (RX)

46 dBi (@ 19.7 GHz)

32 dBi (mid band)

LNB RX RF Frequency

18.45 — 19.45 GHz

19.20 — 21.20 GHz

LNB LO Frequency 17.50 GHz 18.25 GHz
LNB Gain 55 dB (min) 60 dB (min)
Noise Figure 1.3 dB to 1.7 dB (typ) 1.6 dB max (1.3 dB typ)
G/T 93.2 dB/K @ 10.70 GHz | 8.5 dB/K (typ @ mid-band)

3.3 Radio Frequency Chain and Digitisation

The journey of the signal from the satellite to the digital domain requires a robust
sequence of analogue downconversion and precise digital sampling. As discussed, the
CW beacon transmitted by the LIDE satellite propagates through the atmosphere
at exactly 19.2 GHz. Processing a signal at such extreme frequencies directly in
the digital domain is technically unfeasible with standard instrumentation, so an
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intermediate analogue downconversion stage is required before any software analysis
can occur.

The first stage of this conversion takes place directly at the focal point of the
receiving antennas, where the LNBs are mounted. The LNB is responsible for am-
plifying the weak incoming satellite signal and simultaneously mixing it with a Local
Oscillator (LO) frequency. The Cobham SeaTel 1500 system is equipped with an
LNB operating with an LO frequency of 17.50 GHz, while the Kebni SOTM antenna
uses a slightly different LNB with an LO frequency of 18.25 GHz. Through ana-
logue mixing, the original 19.2 GHz Ka band signal is heterodyned down to a much
lower Intermediate Frequency (IF) falling within the L band range. Specifically, the
Cobham system outputs an IF of 1.7 GHz, whereas the Kebni system outputs an
IF of 950 MHz.

Once downconverted, the analogue L band signals travel to the Software Defined
Radios (SDRs), where the critical digitisation phase takes place. For this experi-
ment, the analogue-to-digital conversion is performed by two distinct SDR platforms
manufactured by Ettus Research.

The SeaTel antenna chain is connected to a high performance Universal Software
Radio Peripheral (USRP) X300, a wideband SDR designed for demanding signal
intelligence and high throughput applications [40]. Conversely, the Kebni antenna
chain is routed into a USRP N210, which provides excellent dynamic range and
stability suitable for the narrower bandwidth requirements of the mobile terminal
[41]. The primary task of these USRP devices is to sample the analogue IF signals,
converting the continuous voltage variations into discrete In-phase and Quadrature
(I/Q) complex data streams. Digitisation is performed by the on-board analogue-to-
digital converters at their native rate, 200 MS/s on the USRP X300 and 100 MS/s
on the USRP N210, both at 14 bit resolution [40, 41]. The on-board FPGA then
digitally downconverts the band around the beacon and decimates it to the 4 MS/s
complex baseband stream that is forwarded to the host.

Finally, both the USRP X300 and the USRP N210 stream the digitised 1/Q
samples via high speed Gigabit Ethernet connections to a Linux workstation. This
dedicated machine manages the continuous data flow, temporarily stores the large
volume of samples in raw binary format, and executes the bespoke software algo-
rithms required for the peak detection and the Doppler shift calculation.

3.4 Software Architecture and Doppler Shift Com-
putation

Following the analogue downconversion and the digitisation performed by the Ettus
Research USRP platforms, the raw 1/Q samples are streamed via Gigabit Ethernet

to a dedicated Linux host. Here, the core data processing is executed through a
customised SDR workflow developed in Python using the GNU Radio framework.
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3.4.1 Peak Detection and Scalloping Loss Mitiga-
tion

The fundamental objective of the software architecture is to continuously monitor
the received signal power at a frame rate of 20 Hz, while accurately tracking the
extreme frequency dynamics of the LEO satellite. To achieve this, the complex
baseband signal, sampled at 4 MHz, is passed through a large Fast Fourier Transform
(FFT) block with a size of 32,768 bins. This transform shifts the data from the time
domain into the frequency domain, providing a continuous spectral representation
where the CW beacon appears as a distinct peak above the thermal noise floor.

A dedicated Python embedded block identifies the precise bin index containing
the maximum log power value, allowing for real time peak detection. However,
a pure CW tone subject to continuous Doppler shift rarely aligns perfectly with
the centre of a discrete FFT bin [412]. As the satellite accelerates and the received
frequency slides between adjacent bins, the spectral energy spreads, causing a well
known digital signal processing artefact called scalloping loss [42]. If the software
strictly recorded only the absolute maximum bin, the resulting power plot would
exhibit severe artificial amplitude modulations, masking the true propagation effects.

To mitigate this mathematical artefact, the Python script implements an inte-
grated peak power approach. Instead of observing a single bin, the algorithm defines
a small integration window centred around the detected peak, extracting three ad-
jacent bins. The logarithmic power values are temporarily converted back to linear
power, summed together to capture the true total energy of the tone, and then
converted back to decibels. As visual analysis during the experimental campaign
confirmed, integrating the central bin with its immediate neighbours significantly
cleans the data, producing a stable and less noisy power readout that is immune to
scalloping drops. Extending the integration window beyond three bins yields dimin-
ishing returns, as it begins to integrate surrounding thermal noise without capturing
additional signal energy, see Figure 3.1. Simultaneously, the software samples a
separate, fixed region of the spectrum far from the beacon to estimate and log the
baseline noise power.

3.4.2 Doppler Shift Computation

Alongside the absolute power measurements, the software must compute the Doppler
shift induced by the LIDE satellite’s extreme orbital velocity. Because the FFT
block is configured to centre the spectrum around the nominal IF, the theoretical
transmission frequency of the satellite corresponds exactly to the centre bin of the
FFT (e.g., bin 16,384 for a 32,768 size transform).

The absolute Doppler shift is calculated directly from the FFT peak index. By
subtracting the theoretical centre bin index from the actual observed peak bin in-
dex, the algorithm determines the bin offset. This offset is then multiplied by the
frequency resolution of a single bin, defined as the sample rate divided by the FFT
size (approximately 122 Hz per bin in this configuration), see Figure 3.2.

This approach provides a direct, highly accurate, and computationally lightweight
measurement of the Doppler shift. The resulting data comprises a precise Coordi-
nated Universal Time (UTC) timestamp, the integrated peak power in dB, the noise
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Figure 3.1: Close-up of the received power for different sizes of the bin integration
window.

Doppler vs Time

400

200

N
T
= 0
3
Q
Q.
o
a

-200

-400

-600 [

| 1 1 Il | | |
200 250 300 350 400 450 500
Time [s]

Figure 3.2: Doppler shift of the 18 March pass. The beacon was switched on at
40° of elevation and switched off at 10°.
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floor power, and the Doppler shift in Hz. It is formatted into an 80 byte ASCII string
and written to a Comma-Separated Values (CSV) file, ready for the post processing
propagation analysis detailed in the following chapters.

The software architecture remains identical for both the Cobham SeaTel 1500
and the Kebni SOTM terminals. The only operational difference resides in the
configuration of the centre frequencies, which are adjusted in the GNU Radio top
block variables to match the respective 1.7 GHz and 950 MHz IFs output by the
two different LNBs.
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Chapter 4

Signal Processing and Results Analy-
S1S

This chapter presents the processing of the CW data acquired during the LIDE cam-
paign and the analysis of the propagation and instrumentation effects that emerge
once the deterministic terms of the link budget are removed. The raw product of
the acquisition software described in Chapter 3 is, for each terminal and each pass,
a time series sampled at 20 Hz containing a UTC timestamp, the integrated beacon
power, the noise-floor power and the measured Doppler shift. The analysis proceeds
in two conceptual phases. In the first, deterministic phase, the three predictable con-
tributions to the received power, (the satellite transmit-power variation, the FSPL,
and the clear air gaseous attenuation) are reconstructed from independent ancillary
data and compensated. This leaves a residual referenced to a constant transmit
level and free of the geometric trend. In the second, statistical phase, this residual is
segmented to the interval in which the beacon is actually received, and what remains
is characterised against a clear-sky reference (excess attenuation) and through its
fast fluctuations (scintillation), while the artefacts of each terminal, the Cobham
pointing cycle and the Kebni ground multipath, are isolated and attributed to their
physical origin.

4.1 The Processing Pipeline

The processing is implemented as a single parametric routine applied identically
to both terminals, differing only in the per-terminal configuration established in
Chapter 3 (station coordinates, and the terminal-specific notch settings). For each
pass the routine ingests and time-aligns the multi-source dataset. The sources are:
the 20 Hz power series of the two stations, the antenna azimuth/elevation telemetry,
the LIDE transmit-power telemetry, the TLE set, the KNMI surface weather record,
and the De Bilt radiosonde ascent. The samples are mapped onto a common uniform
time grid, and then the cascade summarised in Figure 4.1 is executed:

1. Deterministic compensation (Section 4.2): the satellite power-amplifier

variation, the FSPL, and the gaseous attenuation are added back to the mea-
sured power, in this order.
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2. Pass segmentation (Section 4.3): the record is trimmed to the interval in
which the beacon is actually being received, discarding the receiver-noise tails
that bracket the pass.

3. Statistical conditioning and analysis: the compensated power feeds the
final analyses, the clear-sky reference and excess attenuation (Section 4.4, ag-
gregated over the campaign in Section 4.5), and the high-pass scintillation
extraction (Section 4.8). A pointing-error mask and a signal-to-noise gate run
alongside the chain to flag unusable samples.

Gaseous
attenuation =
compensation

raw 20~Hz Sat-Tx ' FSPL '
power compensation compensation

excess attenuation

—» clear-sky template =——»
analyses

Beacon
trim

—_—

Figure 4.1: Block diagram of the processing chain applied to each terminal, from
the raw 20 Hz power to the attenuation and scintillation analyses.

4.2 Deterministic Compensation of the Received Power

The measured beacon power carries, superimposed on the atmospheric and local
effects of interest, three contributions whose values are known a priori from sources
external to the propagation channel. Each of these is power the signal genuinely lost
(or a transmit level it genuinely lacked), so the compensation consists of adding the
predicted term back to the measured power, restoring the level the link would have
had with a constant transmitter, no distance, and a transparent dry atmosphere.
The sign convention is therefore additive throughout: a larger predicted loss lifts the
compensated curve by the same amount. Denoting the measured received power by
P, (t) and writing () for the instantaneous elevation, the three stages produce P,
P, and finally the compensated power Pomp, as detailed below. This deterministic
philosophy, in which only the predictable and spatially smooth terms are removed
while the intermittent ones are left to the statistical analysis, follows the prepro-
cessing approach adopted for multi-satellite Medium Earth Orbit (MEO) and LEO
campaigns [21].
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4.2.1 Step 0: Satellite Power Amplifier Compensa-
tion

The first correction is not a propagation term at all but a property of the transmitter.
The LIDE beacon is radiated by an on-board power amplifier (PA) whose output is
not constant: over the few minutes of a pass it drifts by one to two decibels.

The PA output power is recorded in the LIDE transmit telemetry and is used
in two ways. First, it delimits the pass: the beacon is considered active only while
the PA output exceeds a threshold of 25 dBm, which provides the coarse temporal
window of the transmission. Second, it drives the compensation. The telemetry is
interpolated onto the 20 Hz grid and the per-pass maximum Ppi™ is taken as the
reference transmit level; the deficit relative to that maximum is then added back to

the measured power,
Py(t) = P (t) + Apal(t), Apa(t) = Pp™ — Ppa(t) > 0. (4.1)

Because Apa(t) is non-negative by construction, the operation normalises every
sample to the strongest transmit level of the pass and removes the satellite-side
droop, so that the surviving slow variation can be attributed unambiguously to
the ground segment and the atmosphere. Figure 4.2 overlays the raw and PA-
compensated power together with the telemetry profile.
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Figure 4.2: Step 0 satellite power-amplifier compensation: the received power, the

LIDE transmit-power telemetry, and the compensated profile.

4.2.2 Step 1: Free Space Path Loss Compensation

The dominant feature of every raw power profile is the deep, symmetric trough
imposed by the FSPL: the received power is lowest near the horizon, where the slant
range is maximal, and peaks at culmination, where the range collapses to the orbital
altitude. For each 20 Hz sample the satellite position is obtained by propagating the
corresponding TLE set with the SGP4 model [16], the slant range d(t) is computed
from the known station coordinates through the geometry of Equation (2.2), and
the path loss of Equation (2.1) is evaluated at the beacon frequency of 19.2 GHz
and added back:

Pi(t) = Py(t) + FSPLqg(d(t), f). (4.2)
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To keep the computation light despite the per-sample orbit propagation, the SGP4
state is evaluated on a coarse half-second grid and interpolated to the full 20 Hz
resolution with a shape-preserving piecewise cubic, which reproduces the smooth
range evolution at a fraction of the cost.

Figure 4.3 shows a representative pass before and after this operation. The
raw curve follows the theoretical FSPL almost exactly over most of the pass, which
both confirms the geometric model and validates the SGP4 pointing prediction; the
compensated curve is, to first order, flat, so that the residual departures from a
constant level, of the order of a few decibels, become visible and can be attributed
to the non-geometric mechanisms analysed in the remainder of this chapter.

Step 1 - Free-Space Path Loss (VAN, 26-05-20, 19.2 GHz)
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Figure 4.3: Step 1 FSPL compensation: raw received power, theoretical FSPL
from the SGP4 slant range, and the resulting compensated profile.

4.2.3 Step 2: Gaseous Attenuation Compensation

The third deterministic term is the clear air absorption by atmospheric gases intro-
duced in Section 2.3.1. It is computed from the De Bilt radiosonde ascent closest
in time to the pass, using the ITU-R P.676-13 Annex 1 line-by-line model [9]: the
specific attenuation y(h) = 7,(h) + 7w (h) is evaluated at every reported level from
the measured pressure, temperature and humidity and integrated over height to give
the zenith attenuation A,epitn = fooo ~v(h) dh. The slant value is obtained from the
cosecant law of Equation (2.4) and added back to the power:

Proomp(t) = Pi(t) + Agas (s(t)), Agas(e) = Az,emth. (4.3)
sine

The gaseous term scales as 1/sine and is therefore largest near the horizon: at the
low-elevation edges of the pass it amounts to of the order of one decibel, against
roughly a tenth of a decibel at culmination. Adding it back consequently [lifts the
low-elevation extremities of the compensated curve while leaving the high-elevation
centre almost unchanged. As argued in Section 2.3.1, the single radiosonde column
is a faithful estimate of the gas the slant path actually traverses, so the term can
legitimately be treated as deterministic. The output Peomp(t) is the fully compen-
sated power that feeds the statistical analysis. Figure 4.4 illustrates the effect at
the pass edges.
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Step 2 - Gaseous Attenuation, ITU-R P.676-13 (VAN, 26-05-20)
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Figure 4.4: Step 2 gaseous attenuation compensation: the 1/sine slant loss lifts
the low-elevation extremities of the compensated power.

4.2.4 The Pointing-Error Quality Mask

Running in parallel with the signal chain, but not modifying the power, is a quality
flag that identifies the samples acquired while the antenna was not correctly pointed
at the satellite. For each terminal the actual antenna azimuth and elevation, read
from the pedestal telemetry, are compared with the commanded SGP4 direction,
and the three-dimensional angular separation is thresholded: samples whose point-
ing error exceeds a fixed bound are flagged as invalid. These flagged samples are
excluded from the atmospheric statistics, where a pointing fade would otherwise
masquerade as attenuation, but are retained for the dedicated study of the pointing
artefacts in Section 4.6.

4.3 Pass Segmentation: Beacon-On Detection

The acquisition is started before the beacon is switched on and stopped after it is
switched off, so each record is bracketed by intervals in which the receiver registers
only its own thermal noise floor, some thirty decibels below the beacon. If these tails
were left in, the running clear-sky reference of Section 4.4 would straddle the abrupt
on/off transition and translate it into a spurious attenuation event, corrupting the
statistics. The record must therefore be trimmed to the interval in which the beacon
is genuinely received.

A naive amplitude threshold is inadequate, because on the Kebni terminal a
deep but fast multipath fade momentarily drops the received level below any fixed
threshold for a few seconds; a level-based detector then mistakes the fade for the
loss of the pass and cuts away genuine signal around the peak. The segmentation
instead exploits the one property that cleanly separates receiver noise from a fade:
the noise is flat, at the floor, for many seconds, whereas a fade is a brief excursion
from which the signal recovers. The detector is built around this observation and
operates on the SNR:

SNR(t) = Px(t) — Phoise(t)- (4.4)
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Three running statistics. The detector never thresholds the instantaneous sig-
nal, which would be at the mercy of a single noisy sample or a fast fade. It instead
uses three running statistics over three different time windows, each with one specific
job:

e a 3s running median fixes the two reference levels, the noise floor /. and
the beacon level /,,;

e a 5s running mean decides which stretches of the record are noise (this is
the multipath-safe step);

e a 1s running median locates the precise on/off instants.

The two reference levels are taken as the extremes of the 3s median, ., = min and
lon, = max, which makes them independent of how long each state lasts. They define
the contrast A = l,, — log and a near-floor band f,A,

T=log+ foA,  fa=0.25, (4.5)

against which the noise test is made. The default window lengths and thresholds
are listed in Table 4.1.

The procedure. The beacon-on interval is then found in the following steps:

1. Is there a step at all? If the contrast A is below step_db, the record shows
no clear on/off transition (the beacon is on throughout, or never present) and
it is kept untrimmed. Otherwise the trimming proceeds.

2. Classify the noise: the “flat for many seconds” test. A sample is labelled
noise when the 5s running mean of the SNR falls inside the near-floor band,

SNR5S (t) <T.

A fast fade cannot satisfy this: averaging a brief dip with the surrounding
beacon keeps the 5s mean well above 7. Only genuine noise stays below it,
because it is flat at the floor for tens of seconds. This is what makes the
detector immune to multipath.

3. Group into sustained-noise blocks. Consecutive noise samples are joined
into runs, and only runs longer than min_noise_s are retained, discarding
isolated noise-like samples.

4. Snap the edges to the true transition. Because the 5s mean lags the real
on/off step by about half its window, the provisional edges would leave ~2s
of noise at the end and clip ~2s of beacon at the start. Fach edge is therefore
moved to the first (last) sample at which the sharp 1s median exceeds T,
searched only inside the provisional beacon span. Restricting the search to that
span means a mid-pass fade, which dips below 7 but is bracketed by beacon
on both sides, cannot move the edges; only the genuine on/off transitions can.
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5. Apply a guard. A short margin guard_s is trimmed inward at each edge
to discard the on/off ramp itself. The surviving index range is the beacon-on
window, and all later processing (geometry, gaseous compensation, clear-sky
reference, scintillation) is rebuilt on it.

As a safeguard, if no beacon segment survives between the two noise blocks, for
example an all-noise record, the routine returns the untrimmed record and flags the
pass as not detected, so that a failed detection never silently produces an empty
pass.

Table 4.1: Default parameters of the beacon-on segmentation (20 Hz sampling).

Parameter Role Default
step_db minimum ON-OFF contrast A to act on a pass | 15 dB
persistence window | 3s running median for the levels fog, fon 3s
averaging window | 5s running mean for the flat-noise test 5s
fa near-floor band as a fraction of the contrast A 0.25
min_noise_s minimum duration of a sustained-noise block 8s
guard_s inward trim at each edge (on/off ramp) 2s

Each statistic therefore plays a distinct part: the 3s median pins the reference
levels, the 5s mean rejects fast fades, and the 1s median places the cut. Figure
4.5 shows the diagnostic for a strongly multipath-affected Kebni pass, where the
kept window correctly spans the beacon across two deep fades while removing the
flat-noise tails at both ends.
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window (shaded) spans the deep fades while the flat-noise tails are removed.
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4.4 Clear-Sky Reference and Excess Attenuation

After the three deterministic terms have been removed and the pass has been
trimmed, the compensated power Peomp(t) retains only a slow residual variation,
on top of which sit the impairments of interest. To quantify attenuation one needs
the clear-sky level, that is, the power the link would have had in the absence of
clouds, rain and scintillation. This template is estimated directly from the data as
a sliding high-percentile (95th) envelope of the compensated power, exploiting the
fact that the atmosphere only ever reduces the signal, so that the upper envelope
traces the clear sky [21]. The excess attenuation is then

Acxc(t) = Pret(t) — Peomp(t) > 0, (4.6)

clipped to non-negative values and reported only on samples that survive the SNR
gate of Equation (4.4), so that deep pointing fades or dropouts are not mis-counted
as atmospheric loss. It must be stressed that P, is a per-pass, relative reference:
its zero-decibel baseline is the clear-sky level of that individual pass, not an absolute
calibration. Since the elevation-dependent gas term has already been compensated
in Step 2, Ae in clear air is close to zero at all elevations, and departs from zero
only during cloud or rain events. Figure 4.6 shows a representative pass with its
template, the excess-attenuation series, and the simultaneous elevation and azimuth,
so that every feature of Ae.(t) can be read against the geometry.
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Figure 4.6: Per-pass clear-sky template and excess attenuation Aey(t), shown
together with the pass geometry.
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4.5 Campaign Attenuation Statistics

In principle, aggregating the excess attenuation of Section 4.4 over all the passes
yields the standard propagation deliverable: the complementary cumulative distri-
bution function (CCDF) P(Aee > ), the fraction of time a given attenuation is
exceeded, which translates directly into the link margin required for a target avail-
ability. (For the campaign-wide aggregations, here and in Section 4.8, the gaseous
term of Step 2 is computed with the lighter Annex 2 surface model of Equation (2.3),
driven by the KNMI record, in place of the per-pass Annex 1 integration; the differ-
ence is small, slow and smooth, so it is absorbed by the per-pass clear-sky template
and removed entirely by the scintillation high-pass.) Figure 4.7 shows this dis-
tribution, conditioned on elevation class. It is included here, however, not as a
propagation result but to make the limitations of the present dataset explicit: with
this campaign the CCDF is not statistically meaningful, and the rest of this section
explains why.

The clearest symptom is that the elevation ordering is unphysical. A genuine
atmospheric loss must be largest at low elevation, where the slant path through the
atmosphere is longest; yet in the figure the lowest-elevation class (10-15°) shows less
attenuation than the higher-elevation classes. Such an inversion cannot be real, so
it is a symptom of insufficient and biased sampling rather than of propagation. Two
mechanisms produce it:

e Sparse, biased low-elevation bins. A pass sweeps through low elevation
quickly, in fact the elevation rate is greatest near the horizon and falls to
zero at culmination. For this reason, the antenna dwells only briefly around
10-15° (and the beacon is often not yet switched on there), leaving that bin
thinly populated. It is also biased low. At low elevation the signal is weakest,
since the path is longest, so the SNR gate, which discards any sample whose
beacon-to-noise ratio falls below the 10 dB threshold to prevent noise-floor
samples being read as attenuation, preferentially removes the deepest fades
there. What survives is a subset skewed toward small attenuation. On the
van, any ground multipath or shadowing event that happens to fall in this thin
bin (Section 4.7) scatters the few surviving samples further. The 10-15° tail
therefore rests on a handful of non-representative samples. (These effects act
at the low-elevation end; at the high-elevation end the opposite bias applies to
the Cobham, whose zenith slew pointing fades of Section 4.6 inject spurious
attenuation into its high-elevation bins, so the two biases together exaggerate
the apparent inversion.)

e No rain classification. As argued in Section 2.3.2, a single surface rain
gauge cannot resolve the rain along an oblique, fast-moving LEO path. No
rain/clear split is therefore attempted at all: every sample is pooled into a
single clear air distribution with no rain tail, and the KNMI record is used
only for the gaseous compensation of Step 2, not to condition the statistics.

The figure should therefore be read as evidence of what the campaign cannot yet
support, not as a channel statistic. Too few passes were collected, and in particular
too few low-elevation, well-pointed, and rainy samples. It is not possible to build
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a meaningful elevation-conditioned attenuation CCDF. A trustworthy distribution
would require spatially resolved rain information, such as a weather-radar field in-
stead of a point gauge, and a substantially larger and more weather-diverse set of
passes. With the present data the honest conclusion is that the excess-attenuation
statistic is not yet meaningful; it is reported only to delimit the scope of the cam-
paign and to motivate the requirements of a future one.

109 VAN total-attenuation CCDF (19.2 GHz)
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Figure 4.7: Campaign CCDF of the excess attenuation by elevation class. The
unphysical ordering (lower attenuation at 10-15° than at higher elevation) and the
absence of a populated rain class indicate that the dataset is too small and too clear
air to yield a meaningful attenuation statistic; the figure is shown to expose this
limitation, not as a result.

4.6 Cobham Tracking Anomalies and the 1 Hz Point-
ing Artefact

With the deterministic terms removed, the residual of the Cobham SeaTel 1500 re-
veals two instrumentation signatures that are a direct consequence of the mechanical
and control limitations discussed in Section 3.2.

The first is a set of sharp power drops concentrated around culmination. As the
satellite approaches the zenith its apparent angular velocity is maximal, and the
pedestal, designed for the slow motion of a ship, cannot follow it; the antenna lags,
the satellite leaves the centre of the narrow 1.5 m beam, and the received power falls
by up to 8 dB before the tracking loop recovers. These dropouts are absent at low
elevation, where the angular rate is modest, which confirms their kinematic origin
and justifies flagging them through the pointing mask of Section 4.2.4.

The second signature is a periodic ripple at around 1 Hz, the rate at which the
program-tracking software updates the commanded pointing. Because the pedestal
is repositioned in discrete one-second steps rather than continuously, the beam centre
oscillates about the true direction at the update frequency, modulating the received
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power. The effect is made explicit by the power spectral density (PSD) of the
residual, which exhibits a strong line near 1 Hz together with a few harmonics
(Figure 4.8). These lines are narrow but their exact frequencies drift from pass to
pass, forming a cluster in the 0.8-1.05 Hz band with harmonics near 1.8 and 2.4 Hz,
so a fixed notch bank at a single frequency cannot track them. They are instead
removed by an adaptive notch that, for each pass, detects the narrow peaks standing
well above the local continuum and places a zero-phase notch on each. As Figure
4.8 shows, this suppresses the tones by roughly two orders of magnitude. Because
the lines fall squarely inside the band used for the scintillation analysis, this removal
is applied to the Cobham signal before the windowed o, is computed, so that the
instrumental ripple is not mistaken for a clear air fluctuation.

102 Cobham pointing tones and their removal (LAB, 26-05-20)
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Figure 4.8: Cobham SeaTel 1500 pointing artefact: the power spectral density of
the LAB residual before (light) and after (dark) the adaptive pointing-tone notch.
The program-track lines cluster near 1 Hz with harmonics up to about 2.4 Hz; the
notch, which finds and removes them per pass, suppresses each by roughly two orders
of magnitude. The dotted vertical lines mark the tones detected on this pass.

4.7 Kebni Ground Multipath: A Clean and an Ob-
structed Pass

The Kebni residual is qualitatively different from the Cobham’s. Thanks to its
agile direct-drive gimbal and high slew rate (Section 3.2) it shows neither the zenith
dropouts nor the 1 Hz line of the Cobham; what affects it instead is its ground-
level environment, anticipated in Section 2.5. Operating on the van, the terminal
receives, besides the direct ray, reflections from the surrounding buildings, vehicles
and metallic structures, and its line of sight can be intercepted by fixed obstacles.
This is not a smooth, elevation-ordered effect like the atmosphere: it is a localised
event, tied to the geometry of a particular obstacle, that appears whenever the
moving line of sight crosses that obstacle, at whatever elevation the crossing happens
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to occur, not preferentially at low elevation. For this reason, with only a handful of
van passes there is no ensemble from which to fit a statistical fading model. What
the data does support is a direct comparison of an unobstructed and an obstructed
pass, presented here as a case study.

Two passes illustrate the two situations. On 2026-05-20 the van had a clear
view of the satellite throughout: the compensated power is smooth, and the fast
residual fluctuation stays at the few tenths of a decibel level characteristic of clear
air scintillation and receiver noise. On 2026-04-24, by contrast, a pole stood in the
line of sight, and as the satellite passed behind it, at an elevation of about 30°, the
compensated power collapsed into a sharp, deep fade flanked by rapid oscillations:
the pole blocked the direct ray while its edges diffracted the field, so that for a short
interval the received signal was dominated by the weaker, randomly-phased scattered
rays. These oscillations are consistent with a two-ray-with-Doppler channel model
[37], and the whole event occurs at mid elevation, set by the obstacle geometry
rather than by any low-elevation regime.

The shape of the 2026-04-24 received power closely resembles the multipath
events documented in the FedSat Ka-band propagation campaign, where obstruc-
tions at the ground station produced the same characteristic signature [6]; the same
event was already shown, from the raw received power, in Figure 2.8.

Figure 4.9 places the two passes side by side. The upper panels show the
compensated power of the clean (2026-05-20) and the obstructed (2026-04-24) pass,
the latter with the pole event clearly visible around 30° elevation; the lower panel
overlays the histograms of their fast fluctuation residuals. The contrast is unambigu-
ous: the clean pass yields a narrow distribution confined to a fraction of a decibel,
whereas the obstructed pass yields a much broader distribution with a pronounced
tail toward deep fades of several decibels. This clean versus obstructed comparison
is the level of statement the present dataset can honestly support; a full statisti-
cal characterisation of the fading, for instance a Rician K-factor as a function of
geometry, would require many more passes and is left to future work (Chapter 5).
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Figure 4.9: Comparison of a clean van pass (2026-05-20) and one affected by an
LoS obstruction (2026-04-24). Top: compensated power relative to a sliding clear-
sky baseline. The pole-diffraction multipath event, a fade of about 16 dB flanked
by rapid oscillations, is visible at about 30° elevation on the obstructed pass, while
the clean pass stays flat. Bottom: the distribution of the fast-fluctuation residual
(0.1 Hz high-pass) of the two passes, showing the marked broadening produced by
the multipath (o rising from 0.17 to 0.85 dB).

4.8 'Tropospheric Scintillation: Measurement ver-
sus RAOB Prediction

The clear air scintillation is extracted from the conditioned residual following the
procedure of Section 2.3.3. The compensated power is high-pass filtered with a
fourth-order zero-phase Butterworth filter at a cut-off of 0.04 Hz, chosen to lie above
the slow deterministic trend (periods of tens of seconds) yet below the scintillation
corner frequency (defined in Section 2.3.3), so that the slow drift is removed without
eroding the turbulent fluctuation. The filtered log-amplitude is divided into short
sliding windows; within each window the standard deviation o, is computed and
associated with the window-mean elevation. In parallel, the C2(z) profile is recon-
structed from the De Bilt radiosonde with the Cherubini & Businger formulation
of Equation (2.8), its path integral I of Equation (2.11) is evaluated once, and the
predicted o, (¢) of Equation (2.12) is obtained as a function of elevation.

Figure 4.13 compares the measured and predicted o, as a function of eleva-
tion, pooled over the passes of the campaign. For each elevation class the boxes
show the median and interquartile range of the per-window values, one box for
the measurement and one for the radiosonde based Rytov prediction (Section 2.3.3,
Equation (2.12)); both are drawn from the same population of windows. The me-
dian measurement and the prediction agree closely once the elevation exceeds about
25°: the class medians differ by less than 0.05 dB across the 25-40°, 40-60° and
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60-90° bins, and the fraction of windows lying within 0.5 dB of the prediction rises
from about three-quarters at 25-40° to essentially all of them above 60°. Where the
weak turbulence Rytov model is expected to hold, that is for a well pointed beam
at moderate to high elevation, the radiosonde based prediction therefore reproduces
the measured scintillation.

The two part company only at low elevation. Below about 25° the measured
median falls below the prediction (for instance 0.49 dB against 1.06 dB in the 10-15°
bin), for two reasons introduced earlier. First, the weak-fluctuation prediction rises
steeply towards the horizon, as (sine)~'*/®, and overshoots once the true scintillation
enters the saturation regime, past the model’s ~10° validity floor. Second, near the
horizon the van beacon is weak and frequently obstructed, so that the SNR gate
and the beacon-on trimming of Section 4.3 discard most of these samples; the low-
elevation classes are consequently sparse and biased towards the cleaner windows
that survived.

It matters that this comparison uses the median rather than the mean. The
outliers visible above each box are the ground-multipath and pointing events of
Section 4.7, which are worst at the intermediate elevations where the moving line
of sight most often crosses an obstacle. Those rare events pull the mean well above
the typical value and would spuriously suggest that the measurement exceeds the
prediction; the median is insensitive to them and recovers the genuine, turbulence-
dominated level, which is what tracks the Rytov curve. The temporal spectrum,
however, is not conclusive from these measurements.

Figure 4.11 makes the reason explicit. It compares the temporal PSD of the
log-amplitude residual of the two LEO terminals with that of the fixed-geometry
Alphasat beacon, all obtained by Welch’s method [43] after the same high-pass
conditioning. A genuine turbulence spectrum should reveal the inertial subrange
defined in Section 2.3.3, the band over which the log-amplitude PSD follows the
Kolmogorov f~%3 law, but, as the figure shows, none of the three records exposes
one.

On the low-gain van, however, this band is simply not accessible. The scintil-
lation is weak, a fluctuation of at most a few tenths of a decibel, so above a few
tenths of a hertz the spectrum flattens onto a constant, horizontal plateau. That
plateau is the receiver-noise floor. Every receiver adds its own random electronic
noise which, unlike turbulence, is white, and therefore appears on the spectrum as
a flat shelf. Two facts identify this shelf as noise and not signal: it is featureless
and frequency-independent, which is exactly what electronic noise looks like, and
its level agrees with the receiver-noise power recorded independently on each pass.
Where the turbulence signal would keep falling with frequency, it instead sinks be-
neath this floor, so that no inertial subrange can be seen above it. On the high-gain
Cobham the carrier-to-noise ratio is far better, but its fast residual is corrupted by
the antenna’s own pointing tones. Once these are removed by the adaptive notch of
Section 4.6 (the solid Cobham curve in the figure; the faint curve is the raw residual,
with the tones), what remains is still not turbulence: a broadband pedestal jitter
that sits above the receiver noise but shows no inertial-range roll-off.

Only the Alphasat beacon, recorded at a fixed geometry and with a high SNR
(about 38 dB), shows a well-behaved spectrum: a low-frequency plateau up to a
few tenths of a hertz, followed by a genuine roll-off that extends, clear of the noise,
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over more than a decade. Even this roll-off, however, is shallower than f~%3: the
measured curve lies above the reference line throughout the resolved band. Because
this is a high-SNR record, the shallowness is a real property of the spectrum and
not a noise artefact, so the —8/3 law can be read only as an approximate tendency,
and is not confirmed by these data. What the data does confirm, on the high-SNR
windows of the geostationary Alphasat where the fluctuation stands well clear of
the noise, is the amplitude statistic: the log-amplitude there is close to Gaussian,
as weak scintillation requires. Figure 4.10 compares the amplitude distribution of
the three residuals. Only the GEO one is a clean Gaussian, with an excess kurtosis
near zero; the van residual is also roughly Gaussian, but this says nothing about
turbulence, since the receiver noise that dominates it is itself Gaussian; and the
Cobham residual is not Gaussian at all, being shaped by the periodic pointing tones
of Section 4.6 and by frequent losses of lock (its excess kurtosis is strongly positive).
The amplitude test therefore supports a turbulence origin only where the SNR is
high enough to expose it: on the geostationary reference, not on the LEO passes.

Amplitude distribution of the scintillation residual (SNR-gated, 0.04 Hz high-pass)
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Figure 4.10: Amplitude distribution of the SNR-gated, high-pass log-amplitude
residual for the three records, each with a Gaussian of the same standard deviation
(dashed). Only the high-SNR geostationary Alphasat residual is a clean Gaussian
(excess kurtosis ~ 0), the signature of weak scintillation. The Kebni/van residual
is also roughly Gaussian, but this merely reflects the Gaussian receiver noise that
dominates it; the Cobham/LAB residual is markedly non-Gaussian (excess kurtosis
clearly positive), shaped by the pointing tones and by lock losses.

It would be expected, for a LEO, that a corner-frequency shift arises from the
orbital slew, which adds a large transverse velocity across the eddies and would
move the whole spectrum to higher frequency while leaving its variance unchanged
(Section 2.3.3). This remains a physically well-founded expectation that our short,
noise- and artefact-limited LEO records cannot verify. Testing it would require long-
duration beacon campaign. The one-year Svalbard campaign, for example, tracked
the Thor 7 20.198 GHz Ka-band beacon at a nominal 2.6° elevation continuously for
a year [14]. Such records accumulate the long, stationary time series, unavailable
from a brief, fast LEO pass, from which a scintillation spectrum and its corner
frequency could be extracted with confidence. (At Svalbard’s extreme 2.6° the
scintillation is itself strong, with summer fluctuations exceeding 10 dB, that is, the
saturated regime rather than the weak turbulence sampled here, and that campaign
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reports scintillation statistics rather than a spectral slope.) Confirming the LEO
corner-frequency prediction is therefore left to a dedicated acquisition of this kind
(Chapter 5) [8, 33].

102 — Temporal spectrum of the log-amplitude residual: LEO terminals vs. GEO Alphasat reference
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Figure 4.11: Temporal PSD of the log-amplitude residual (Welch estimate, after
the 0.04 Hz high-pass used throughout the scintillation analysis) for the two LEO
terminals and, as a reference, the fixed-geometry Alphasat GEO beacon; the dashed
line is the Kolmogorov f~%/3 law anchored on the GEO roll-off. Both LEO spectra
fail to expose an inertial subrange: the Kebni because its scintillation is too weak and
sinks into the white receiver-noise floor above about 0.3 Hz, the Cobham because its
fast residual, even after the pointing tones are notched out (the faint curve is the raw
residual with the tones), is broadband pedestal jitter rather than turbulence. Only
the high-SNR Alphasat beacon shows a well-behaved spectrum, a low-frequency
plateau followed by a roll-off, and even that roll-off is shallower than the f~%/°
reference, remaining above it throughout the resolved band.

Because a LEO pass offers only a brief, continuously varying elevation, an inde-
pendent single-elevation check was attempted on the geostationary Alphasat Aldo
Paraboni beacon recorded at the same site. As noted in Section 2.3.3, only about
twenty minutes of Alphasat data is available; the measured o, is of the same order
as the Rytov prediction at the fixed elevation, which is encouraging, but the record
is far too short for a statistically meaningful correlation and is reported here only as
a qualitative consistency check. Figure 4.12 shows it: the compensated Alphasat
power fluctuates by only a few tenths of a decibel about a stable clear-sky mean,
and the windowed o, holds steady at a median of about 0.12 dB across the twenty-
minute record, a weak, stationary fluctuation of the kind expected from clear air
turbulence at this fixed elevation. A conclusive validation would instead require the

47



kind of sustained fixed-elevation acquisition already discussed above, in the spirit of
the radiosonde-based Alphasat analysis of Marziani et al. [14].

Alphasat GEO single-elevation scintillation check (26-04-03, LAB)

Alphasat beacon, fixed geometry

03 Scintillation intensity over the pass

Compensated power (dB)

0 é 1 6 1 ‘5 26 2‘5 0 é 1‘0 1‘5 2‘0 2‘5
Time from start (min) Time from start (min)

Figure 4.12: Single-elevation scintillation check on the geostationary Alphasat
beacon (fixed elevation ~ 27°, LAB terminal). Left: the compensated received power
fluctuates by a few tenths of a decibel about a constant clear-sky mean. Right: the
log-amplitude standard deviation o, computed in 30 s windows, holds steady at a
median of about 0.12 dB over the record, a weak, stationary clear air scintillation.
The record (about twenty minutes) is far too short for a statistical validation against
the Rytov prediction and is shown only as a qualitative consistency check.
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VAN scintillation vs elevation (measured vs RAOB, median % IQR per class)
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Figure 4.13: Measured versus radiosonde-predicted log-amplitude scintillation o,
as a function of elevation (Kebni/van). In each elevation class the boxes give the
median and interquartile range of the per-window o, blue for the measurement
and grey for the RAOB/Rytov prediction, computed over the same population of
windows (rare multipath outliers appear as dots and extend above the axis cap).
The median measurement tracks the prediction closely above about 25°: the me-
dians agree to within 0.05 dB, and every 60-90° window falls within 0.5 dB of the
prediction. It diverges only below about 25°, where the weak-fluctuation predic-
tion overshoots in the saturation regime and the sparse low-elevation windows are
thinned by the SNR gate. The solid lines join the class medians, blue for the mea-
surement and grey for the prediction, to make the elevation trend clear.
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Chapter 5

Conclusions and Future Work

This thesis set out to develop and apply a complete signal processing pipeline for
Ka-band CW data acquired from a LEO satellite. Its twofold aim was to remove
the deterministic terms of the link budget and to study the residual atmospheric
and instrumentation effects, in particular the clear air scintillation, under the fast,
continuously varying geometry that distinguishes a LEO pass from the geostationary
case. The work was carried out on the LIDE beacon at 19.2 GHz, recorded at
ESTEC by two co-located terminals, a high-gain Cobham SeaTel 1500 on the roof
and a low-profile Kebni SOTM on a van. This closing chapter summarises what was
built, what was found, where the approach is limited, and which directions the work
naturally opens.

5.1 Summary of the Work

The core contribution is a physically grounded, reproducible processing chain that
turns the raw 20 Hz beacon power into a clean atmospheric measurement (Chap-
ter 4). It proceeds in two phases. In the first, deterministic phase, three predictable
contributions are reconstructed from independent ancillary data and added back to
the received power (Section 4.2): the satellite power amplifier variation, from the
on-board transmit telemetry; the FSPL, from the SGP4-propagated slant range;
and the clear air gaseous attenuation, integrated over the De Bilt radiosonde profile
with the ITU-R P.676-13 line-by-line model. The result is a signal referenced to a
constant transmit level and free of the dominant geometric trend.

A dedicated, multipath-safe segmentation step (Section 4.3) then trims each
record to the interval in which the beacon is genuinely received, identifying the
receiver-noise tails by the property that they are flat, at the floor, for many seconds,
so that even the deep fast fades of the van terminal are preserved while the noise is re-
moved. On the conditioned signal, two complementary analyses are run: a clear-sky
reference and excess-attenuation series, and a high-pass extraction of the scintilla-
tion. In parallel, the refractive-index structure parameter C2(z) is reconstructed
from the radiosonde and converted, through the Rytov weak-fluctuation model, into
a predicted log-amplitude standard deviation that can be compared, window by
window, with the value measured on the received power. The instrumentation arte-
facts of each terminal, the Cobham pointing cycle and the Kebni ground multipath,
were isolated and attributed to their physical origin by exploiting the co-location of
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the two antennas. In this way the objectives set out in Chapter 1 were met: the
multi-source dataset was organised and synchronised, the preprocessing chain was
implemented and validated, the instrumentation artefacts were characterised, and
the scintillation was compared against an independent radiosonde-based prediction.

5.2 Key Findings

The principal results of the analysis can be grouped as follows. Because the two
terminals observe the same satellite, the same slant range and the same atmosphere
but differ in their pedestal and their ground-level environment, an effect that ap-
pears on both stations at once must be satellite- or atmosphere-borne, whereas one
confined to a single terminal is instrumental or local. In short, the part common to
both records is the sky and the part that differs is the antenna. Table 5.1 classifies
each observed effect on this basis, and the paragraphs below discuss them in turn.

Table 5.1: Origin of each observed effect, classified by its appearance on the two
terminals.

Effect Cobham | Kebni | Origin

Slow 1-2 dB power yes yes Satellite PA (ther-

droop mal)

Zenith slew dropouts yes no Cobham  pedestal
kinematics

1 Hz periodic ripple yes no Cobham 1 Hz pro-
gram track

Fast fading / shadowing no yes Ground multipath
(van)

Clear air scintillation yes yes Tropospheric turbu-
lence

e The deterministic terms are removable and behave as physics pre-
dicts. The FSPL follows the SGP4 slant range; the gaseous term scales as
1/sine, of the order of one decibel near the horizon and a tenth of a decibel
at the zenith; and a slow one-to-two-decibel droop, common to both termi-
nals, is correctly identified as the thermal drift of the satellite amplifier rather
than a propagation effect, precisely because no ground-local mechanism could
reproduce it simultaneously at two separated sites.

e The dominant residual impairments are instrumental, not atmo-
spheric. The Cobham terminal exhibits a periodic ripple at its 1 Hz program-
track update rate and sharp pointing dropouts near culmination, where the
heavy maritime pedestal cannot follow the fast azimuth slew of an overhead
LEO pass. The van terminal, at ground level, is instead dominated by rapid
multipath fast fading and occasional shadowing produced by obstacles in its
line of sight; unlike the atmosphere this is a localised effect, tied to the ge-
ometry of a particular obstruction and appearing at whatever elevation the
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line of sight happens to cross it rather than preferentially near the horizon,
as the clean-versus-obstructed pass comparison of Section 4.7 made explicit.
The recurrent apparent power loss around the high-elevation part of a pass
was shown, from the weak correlation between the two co-located records, to
be a station-specific pointing effect rather than a satellite-side one: a common
cause would appear identically on both antennas, which it does not.

e The clear air scintillation matches the prediction where the geom-
etry is clean. In the calm, well pointed body of a pass the measured log-
amplitude standard deviation is of the order of a few tenths of a decibel,
consistent with published Ka-band results. Above about 25° of elevation its
median agrees with the radiosonde based Rytov prediction to within a few
hundredths of a decibel. Below that, the weak fluctuation model overshoots in
its saturation regime, while the SNR gate thins the surviving samples, so the
comparison degrades. The amplitude statistics support a turbulence origin,
since the log-amplitude of the clean high-SNR windows is close to Gaussian,
as weak scintillation requires. The temporal spectrum, however, could not be
pinned down: on the van it is limited by receiver noise, on the Cobham by
pedestal jitter that persists even after the pointing tones are notched out, and
even the clean, high-SNR Alphasat reference rolls off more shallowly than the
Kolmogorov f~%% asymptote. The corner frequency shift expected from the
LEO geometry, in which the orbital slew raises the transverse velocity across
the eddies, and hence the scintillation frequency content, while leaving the
variance unchanged (Section 2.3.3), is thus a physically sound expectation
that the present records cannot confirm. It is one reason a GEO-derived tem-
poral spectrum should not be transferred directly to a LEO link, even where
the variance model remains applicable per elevation [8, 33].

e Honest limitations were identified rather than hidden. The campaign-
wide attenuation statistic proved not to be meaningful. With a small, clear air
dataset that is poor in low elevation samples, the elevation-conditioned CCDF
shows an unphysical ordering and is reported only to delimit the scope of the
campaign. Likewise, the radiosonde based C? prediction reproduces the right
order of magnitude but carries the well known uncertainty of its outer scale
and empirical constants, as the geostationary Alphasat cross-check illustrated.

5.3 Limitations and Possible Improvements

Several of the limitations above point directly to concrete improvements for a future
campaign.

The most consequential is the ground segment. The high-gain Cobham terminal,
the natural instrument for the atmospheric measurement, is limited by a maritime
pedestal that tracks the fast LEO poorly and frequently loses lock: only about five
passes were recorded cleanly by both antennas at once, against roughly a dozen
usable passes from the van alone. This imbalance is itself a finding, but it also
blunts the co-located design. Even on those few simultaneous passes, each record is
so dominated by its own terminal’s pointing behaviour and local multipath, and the
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genuinely shared atmospheric signal so small (a few tenths of a decibel, with essen-
tially no rain during the campaign), that a quantitative station-to-station correlation
of the atmosphere could not be extracted. Equipping the high-gain terminal with
a mount matched to LEO slew rates would remove the pointing artefacts, greatly
increase the number of simultaneous passes, and finally enable the spatial-diversity
correlation that the co-located design was meant to exploit.

On the processing side, a quantitative study of rain attenuation would require
spatially resolved precipitation data, such as a weather-radar field, since a single
surface gauge cannot reconstruct the rain distributed along an oblique, fast-moving
slant path. For the scintillation prediction, calibrating the outer scale and empir-
ical constants of the C? model against a controlled measurement, for instance a
sustained acquisition of a geostationary beacon at a constant, low elevation in the
spirit of long-term high-latitude campaigns [14], would tighten the agreement be-
tween the radiosonde-derived and RF-measured variances. Finally, a larger and more
weather-diverse set of passes, together with a tighter telemetry-to-ephemeris time
synchronisation (which would make the pointing mask usable for the scintillation
windows), would give the statistics the significance the present dataset lacks.

5.4 Directions for Future Work

Beyond consolidating the measurement, the natural next step is to move from char-
acterising the channel to predicting its short-term behaviour, and in particular the
power outages that a LEO Ka-band link suffers. The analysis in this thesis showed
that these outages have heterogeneous origins: some are deterministic and geometry-
driven (the pointing loss at the zenith keyhole is, in principle, predictable from the
ephemeris alone), others are quasi-stochastic but strongly conditioned on the local
geometry and environment (ground multipath and shadowing, tied to specific ob-
stacles in the line of sight and appearing at whatever elevation the obstruction is
crossed), and others are atmospheric (scintillation, and rain when present). This
mixture, and the fast LEO dynamics for which the classical fixed-elevation ITU-R
models are poorly suited [2, 3], make the problem a good candidate for a data-driven
approach.

A concrete objective is therefore a machine-learning model for the predic-
tion of power outages. The rich multi-source dataset already assembled here pro-
vides the natural feature space: the predicted elevation, azimuth and their rates from
the propagated TLE; the recent history of received power, SNR and Doppler; the sur-
face and radiosonde meteorology; and a running scintillation index derived as in this
work. Trained to estimate the probability that the received power will drop below a
usable threshold within a short look-ahead horizon, such a model could anticipate a
fade a few seconds before it occurs and drive proactive mitigation: adaptive coding
and modulation, a make-before-break handover to another satellite, or, for the mo-
bile terminal, a repositioning of the van to restore the LoS. A particularly valuable
outcome would be a model that learns to separate the predictable, geometry-driven
outages (which can be scheduled around) from the genuinely stochastic ones (which
must be absorbed by margin), complementing the physics-based propagation models
rather than replacing them. Feeding such a model with data from a longer cam-
paign, and with the improved terminal and calibration described above, would turn
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the present offline characterisation into an operational, predictive tool.

A more targeted extension, which connects directly to that predictive goal, con-
cerns the ground multipath itself. The clean versus obstructed comparison of Sec-
tion 4.7 isolated the signature of a diffraction and multipath event unambiguously,
a deep, mid-elevation fade flanked by rapid oscillations. With only a handful of van
passes, however, it could be reported as a case study rather than as a statistical
model. With a larger set of vehicular passes the fast fading could be characterised
quantitatively through a Rician amplitude model [306].

5.5 Concluding Remarks

This work delivered a complete and physically motivated pipeline that isolates the
atmosphere from the satellite and the ground instrumentation in Ka-band LEO bea-
con data, and applied it to characterise the propagation channel and its impairments
under a dynamic geometry that classical, GEO-derived models do not fully describe.
Its clearest single message is methodological: with two co-located terminals and a
chain of physically justified compensations, the effects of the transmitter, the ge-
ometry, the atmosphere, and each antenna’s own tracking and environment can be
told apart and attributed to their origin. Its clearest limitation is equally plain:
the scientific value of the atmospheric statistics is bounded not by the method but
by the size of the dataset and by the tracking performance of the high-gain termi-
nal. Addressing those two constraints, and building on the assembled multi-source
dataset towards a predictive, machine-learning model of the link’s outages, is the
promising path that this thesis opens for the experimental study of LEO Ka-band
propagation.
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