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Abstract
With sum throughputs exceeding 1 Tbit/s, next-generation high throughput satellites
will play a key role in integrated satellite-terrestrial 5G networks for applications including backhauling or broadband internet access in rural areas, planes and vessels.
Such satellites require the deployment of tens of Ka- and/or Q/V-band feeder links
to provide enough uplink bandwidth. Meanwhile, geographical restrictions as well as
cost and quality-of-service considerations significantly constrain the search for gateway deployment sites. Diversity strategies are also necessary to cope with strong
rain fades. In this thesis, multiple-input-multiple-output (MIMO) feeder links are
proposed to address these challenges. Using two active gateway antennas per feeder
link, a MIMO-based solution enables to support twice the data traffic per feeder link
compared to the state-of-the-art. The optimization of the backbone network design
and the interference isolation between the different links can easily be achieved thanks
to a reduction of the number of gateway sites. Moreover, a better robustness against
adverse weather conditions can be guaranteed. On-ground and on-board processing
strategies for such MIMO links are introduced to enable the reliable spatial multiplexing of different data streams. Furthermore, advanced smart diversity schemes are
presented to guarantee a sufficient system availability. A thorough analysis in terms
of achievable uplink carrier to interference plus noise ratio (CINR) emphasizes the
advantages of the proposed concept and provides guidelines for an efficient design.
Supervisor: Professor Dr.-Ing. Andreas Knopp, MBA

Kurzfassung
Geostationäre Satellitensysteme mit einem Datendurchsatz von über einem Terrabit
pro Sekunde werden in zukünftigen 5G-Netzen eine wesentliche Rolle spielen. So sollen breitbandige Internet-Zugänge für entlegene Gebiete, Flugzeuge und Schiffe als
auch Anwendungen wie Backhauling unterstützt werden. Durch die Satelliten soll die
begrenzte Reichweite terrestrischer 5G-Netze kompensiert werden. Solche Satellitensysteme benötigen hierfür eine große Anzahl von Ka- und/oder Q/V-Band Feeder
Links, um eine ausreichende Bandbreite im Uplink zu gewährleisten. Geographische
Beschränkungen sowie Kosten- und QoS-Betrachtungen grenzen die Suche nach Bodenstationsstandorten ein. Außerdem sind Diversitätsverfahren nötig, damit eine starke Regendämpfung kompensiert werden kann und es zu keinem Verbindungsabbruch
kommt. Der in dieser Arbeit vorgeschlagene Ansatz löst die aufgeführten Herausforderungen mit einer sogenannten Multiplen-Input-Multiplen-Output (MIMO) Feeder
Links Strategie. Die Verwendung von zwei aktiven Bodenstationen pro Feeder Link
ermöglicht eine Verdoppelung der Datenrate im Vergleich zum Stand der Technik.
Die daraus resultierende Reduzierung der Anzahl von weit entfernten Bodenstationsstandorten vereinfacht die Optimierung des Backbone-Netzwerkes und ermöglicht die
Vermeidung von Interferenzen. Eine erhöhte Robustheit gegen schlechte Wetterbedingungen kann hierdurch ebenfalls erzielt werden. On-ground und on-board Signalverarbeitungslösungen für die vorgeschlagenen MIMO Links werden in dieser Arbeit
eingeführt, um ein zuverlässiges Raummultiplexing von unabhängigen Datenströmen
zu ermöglichen. Zudem werden fortgeschrittene Diversitätsverfahren entwickelt, sodass eine ausreichende Systemverfügbarkeit garantiert werden kann. Eine ausführliche
Analyse hinsichtlich des erreichbaren Uplink Carrier to Interference plus Noise Ratio
(CINR) veranschaulicht die Vorteile des vorgeschlagenen Konzeptes und liefert einen
Leitfaden für ein effizientes Systemdesign.
Betreuer: Universitätsprofessor Dr.-Ing. Andreas Knopp, MBA
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raised me with all the love a child can dream about? My grand-father, André, also
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Chapter 1
Introduction
This chapter starts with a brief history of satellite communications. The current
trend in the satellite industry that consists in deploying multibeam geostationary
satellites to provide broadband services is also discussed. A particular focus is set on
the engineering challenges associated to the design of feeder links for such satellite
systems. Based on the weaknesses of the current solutions, the advantages of the
multiple-input-multiple-output (MIMO)-based feeder link architecture proposed in
this thesis are shortly emphasized. The state-of-the-art of MIMO line-of-sight (LOS),
the concept on which MIMO feeder links are based, is then presented. The structure
of the presented work is finally outlined.

1.1

The Development of Satellite Communications

Even though launching man-made communication relays into orbit was already envisioned before 1945 [1], the formalization of this idea is attributed to Arthur C. Clarke.
He published in October 1945 a paper entitled Extra-Terrestrial Relays: Can Rocket
Stations Give World Wide Radio Coverage? [2]. In this work, he underlined the
interest of the geostationary orbit, 35 870 km above the Earth surface, to achieve a
worldwide coverage with only three satellites. However, Clarke thought that his concept could only be realized in a very long-term perspective. He thus didn’t patent his
idea [3]. The decades that followed proved him wrong. The satellite communications
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industry became profitable within 20 years.
The era of satellite communications began on 4 October 1957 with the launch of
the first artificial satellite Sputnik by the Soviet Union. This event appears as one of
the most important milestones in the space race that opposed at that time the United
States of America (USA) to the Soviet Union. This space competition, together with
scientific advances inherited from the Second World War, triggered a tremendous development of the satellite technology and revolutionized global communications. The
Sputnik satellite was only able to send a pulse signal back to Earth but it demonstrated that using an artificial satellite to broadcast signals from space was technically
feasible. A year later, on 18 December 1958, the satellite SCORE (Signal Communications by Orbiting Relay Equipment) was launched by the USA and was the first
satellite to broadcast an audio message from space. The first test satellite allowing
two-way live communications was launched on 12 August 1960 and was denominated
Echo 1. This satellite was actually a passive reflector which simply echoed back the
uplink signal to Earth. A second test satellite, called Echo 2, was also launched on 25
January 1964. Even though the passive reflection of signals was successfully tested
with both Echo 1 and Echo 2, this solution was not retained due to the low achievable
capacity [3]. On 4 October 1960, the first active repeater satellite, the Courier 1B,
was put into orbit. It used a store-and-forward transmission architecture and could
only reach a transmission rate of 55 kbit/s [4]. A further step was reached when the
Telstar (Atlantic communications) and Relay 1 (Pacific communications) satellites,
launched by the National Aeronautics and Space Administration (NASA) [3] on 10
July 1962 and 22 November 1963, enabled for the first time a direct relaying of signals
between continents.
All the satellites used for experimentation from 1957 to 1963 were put into low
Earth orbits (≈ 200 km–2000 km). It was on 19 August 1964 that the first geostationary earth orbit (GEO) communication satellite, the Syncom 3, was successfully
launched. This represents a milestone in the history of commercial worldwide communications. Following this conclusive experimentation, the era of commercial satellite
communications indeed started with the launch on 6 April 1965 of the first satel2

lite of the Intelsat series, Intelsat 1, nicknamed Early Bird. It provided transatlantic
telecommunications services and was rapidly followed by more powerful satellites (Intelsat 2, 3, etc...) which offered significantly higher capacity than submarine cables
at that time [3], [5]. However, due to their low gain antennas and low transmit
power, these satellites required large antennas (≈ 30 m diameter) on Earth to detect
the extremely weak signals. In the very first years of satellite communications, only
point-to-point intercontinental communications were possible. Meanwhile, the rapid
technological evolution enabled the satellite industry to extend its consumer base [1],
[6]. In 1972, the first domestic system using a geostationary satellite, known as Anik
A1, was for example deployed in Canada. With point-to-multipoint communications,
satellites brought significant advantages compared to terrestrial networks especially
in regions where geographical constraints and/or low population density make terrestrial solutions too expensive. Moreover, whereas satellites of the first generation were
operated in the C-band (4–8 GHz) and used frequency modulation, the introduction
of new frequency bands (X-band: 8–12 GHz/Ku-band: 12-18 GHz) and the advent
of digital communications allowed a further increase of the supported data rates. In
the 80s, satellite communications services included the distribution of TV programs,
teleconferencing or maritime communications. The demand for even higher data rates
kept increasing since then.
Nowadays, a large number of satellite communications systems use the Digital
Video Broadcasting (DVB) open standards. The first release, the DVB-S standard,
was published in 1995. It was followed, ten years later, by the DVB-S2 standard. An
extension of this latter standard, known as DVB-S2X, was released in March 2014.
Through the use of powerful channel coding, higher-order constellations and reduced
roll-off factors for the pulse shaping, an efficient exploitation of the limited spectral
resources is enabled. Satellite technology is now part of our everyday life, and the
world satellite industry generates an annual revenue of more than $250 billion [7].
While the broadcasting of data on large regions of Earth (country or continent) has
long been one of the main drivers for the development of satellite communications,
the delivery of broadband services has become a promising market in the last decade.
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Such services are enabled by multibeam satellites, known as high throughput satellites
(HTSs), where frequency resources are reused. In this way, the sum throughput is
significantly increased, and the cost per bit is further reduced to offer a competitive
alternative to terrestrial networks for the delivery of services with high data rate
requirements. In the following section, the architecture and the design challenges of
next-generation HTS systems are discussed.

1.2

The Advent of High Throughput Satellites

Contrary to conventional satellites used for signal broadcasting on vast areas of the
Earth (country or continent), HTSs use a large number of spot beams where frequency resources are reused. The technological advances in the design of Ka-band
multifeed antennas with large apertures have especially favored the development of
this new generation of satellites. The typical architecture of a HTS system is illustrated in Fig. 1-1. Nowadays, half power beamwidths1 as low as 0.2∘ are envisioned
Geostationary satellite

Feeder links
(Ka-band and/or Q/V-band)

User links
(Ka-band)

 100 km

 100 km

Figure 1-1: Typical architecture of a HTS system
for user links in the Ka-band (20/30 GHz) [8], [9]. This results in a beam diameter2
of less than 150 km. As a consequence, power can be concentrated on very localized
regions, and hundreds of spot beams can be deployed on a continent like Europe. A
1

In antenna theory, the half power beamwidth characterizes the region of the radiation pattern
for which the transmit power does not fall to more than half its maximum value.
2
The beam diameter is the diameter of the satellite antenna footprint.
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few examples of HTSs that have been launched since 2005 are provided in Table 1.1.
The general trend towards the increase of the number of spot beams and, thus, of the
Table 1.1: Non-exhaustive list of high throughput satellites
Name

Launch year

Coverage

Spot beams

Throughput

Thaicom 4 (iPSTAR)
KA-SAT
Viasat 1
Jupiter 1 (Echostar XVII)
Jupiter 2 (Echostar XIX)
Viasat 3 Americas
Konnect VHTS

2005
2010
2011
2012
2016
Planned for 2019
Planned for 2021

Asia, India, Australia
Europe, North Africa, Middle East
North America
North America
North America
North, Central and South America
Europe

87 Ku-band / 10 Ka-band
82 Ka-band
72 Ka-band
60 Ka-band
120 Ka-band
+1000 Ka-band
+200 Ka-band

45 Gbit/s
90 Gbit/s
140 Gbit/s
120 Gbit/s
220 Gbit/s
1 Tbit/s
500 Gbit/s

achievable sum throughput per satellite is clearly observable. With capacities of up to
1 Tbit/s, future HTSs are commonly called very high throughput satellites (V/HTSs).
Following the progress of radiation-hardened electronics, most of these satellites will
embark a digital processor. In this way, the beam, power and frequency resources
can be flexibly allocated according to the traffic demands [10]. V/HTS systems will
play an important role in integrated satellite-terrestrial networks to extend the range
of applications supported by 5G, which is the latest standard for mobile communications specified by the Third Generation Partnership Project (3GPP). Backhauling or
broadband internet access in planes, vessels and remote locations without fiber connection belong to some of the most promising enhanced mobile broadband (eMBB)
use cases for satellites [11].
A key technological evolution to cope with the ever growing demand for higher
data rates in bandwidth-limited V/HTS systems is to shift their feeder links to the
Q/V-band (40/50 GHz). This especially enables to free up the whole Ka-band spectrum for the user links. Even though up to 5 GHz of bandwidth is available in the
Q/V-band, tens of spatially separated feeder links with a full re-use of the uplink
frequency resources are required to support the aggregated user link bandwidth. An
example of system dimensioning is provided in Table 1.2. The case of a transparent
payload is considered i.e., that the signals are simply converted to the downlink frequency and amplified before their transmission in the downlink3 . As illustrated in
3

If a digital on-board processor is available, a sample-based processing of the signals such as
digital filtering can also be performed. The payload is in this case a digital transparent payload. The
interest of such payloads will be discussed in Chapter 2.
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Table 1.2: Example of V/HTS system dimensioning
User links
Payload characteristics
Bandwidth per beam
Polarizations per beam
Spatially separated beams

Feeder links

Transparent payload and
single feed per beam (SFPB)
1.45 GHz in Ka-band
1
275

4 GHz in Q/V-band
2
50

Fig. 1-1, a separation of several hundreds of kilometers must be ensured between the
ground equipment of each feeder link to guarantee a sufficient beam isolation. The
search for tens of gateway deployment sites fulfilling this constraint in a given region
of Earth (e.g., Western Europe) is actually a challenging engineering problem, and
the costs of the ground segment represent a non-negligible part of the total costs of
a V/HTS system. The following issues have indeed to be considered:
Backbone architecture: The costs of a network of ground stations seamlessly integrated into the terrestrial 5G broadband access architecture are influenced by
the length of the peering links and the distance to the internet service provider
points of presence [11], [12]. Moreover, the gateways locations influence the
quality-of-service (QoS) of data delivery from the terrestrial network. To guarantee certain latency and/or reliability requirements, the geographical location
of the ground stations should be carefully optimized [13].
Regulatory coordination: The use of frequency bands requires a complex coordination among governments around the world. The aim is to keep interference
between different systems operated in the same radio-frequency spectrum below
a specific limit. These harmonization efforts are conducted by the International
Telecommunications Union (ITU) [14]. In order to comply with the ITU rules,
satellite operators might for example be constrained to avoid the installation of
gateways in certain countries.
Tropospheric impairments: Tropospheric impairments, including especially rain,
can significantly impact the availability of links in higher frequency bands like
the Ka- or the Q/V-band. As a consequence, an operator will privilege the
6

deployment of gateways in regions where the probability of experiencing severe
impairments is lower. To further improve the system availability, smart diversity
strategies are also required [15], [16].

To partly address the two first challenges, new candidate technologies like the resort
to W-band (81–86 GHz) [17] or optical links [18] are considered for future systems.
Due to the larger available bandwidth, the number of gateway sites can be drastically
reduced compared to an architecture limited to Ka- and/or Q/V-band feeder links.
However, the tropospheric impairments become an ever more challenging issue in
terms of link availability. In particular, optical links are in outage as soon as clouds
are present on the signal propagation path, and optical ground stations can only be
installed in regions with a low probability of cloud coverage (e.g. Southern Europe,
Africa). Moreover, advanced diversity strategies are necessary which influences the
system costs. Finally, the ground and space hardware for W-band and optical links
is less mature. As a consequence, an innovative architecture for the feeder links
of V/HTS systems is presented in this doctoral thesis. This new design, which is
based on the MIMO LOS concept, enables satellite operators to handle the feeder
link bottleneck with existing Ka- and/or Q/V-band hardware products. The stateof-the-art of the MIMO LOS technology is presented in the following.

1.3

MIMO LOS: A State-of-the-Art

In this section, a short survey about the pioneering investigations on MIMO systems
is provided. The state-of-the-art of MIMO LOS for terrestrial and satellite application
scenarios is then thoroughly reviewed, and a basic example for the optimization of a
single-satellite MIMO LOS system is considered. To clearly demarcate the proposed
MIMO LOS strategy from other MIMO over satellite schemes, the literature of this
field of research is also briefly discussed.
7

1.3.1

Background

A MIMO communication system use several antennas at the transmitter and at the
receiver. If 𝑇 transmit and 𝑅 receive antennas are deployed, a 𝑅 × 𝑇 MIMO link is
obtained. At the end of the nineties, the very first investigations on the capacity of
such systems were conducted using independent and identically distributed Gaussian
random variables to model the channel coefficients between each transmit and receive
antenna [19], [20]. Such an assumption corresponds to a Rayleigh fading channel
model. It is appropriate to represent propagation channels with a rich scattering
environment. On the other hand, the independence of the channel coefficients is
considered as valid as long as the separation of the array elements is larger than the
half-wavelength. In this case, a linear scaling of the link capacity with the minimum of
the number of inputs and outputs is obtained. This significant capacity gain, known as
spatial multiplexing gain, is enabled by the exploitation of independent spatial paths.
The space dimension is thus a new degree of freedom in addition to time, frequency
and polarization. Rich multipath environments are for example observed in urban
cellular networks where signals are reflected by numerous scatterers such as buildings.
As a consequence, the MIMO technology is nowadays a key enabler to reach high data
rates with terrestrial communication standards like LTE-advanced [21] or the new 5G
[22]. However, the Rayleigh fading model assumption for which MIMO gains were
first predicted is not accurate to represent channels with LOS propagation. Research
works were hence conducted to comprehensively analyze MIMO LOS channels as
reported in the sequel.

1.3.2

MIMO LOS for Terrestrial Communications

If strong LOS components are present in the propagation channel, the capacity of
MIMO systems becomes strongly influenced by the geometrical arrangement of the
antennas. The positioning of the antennas indeed influences the phase of the channel
coefficients in a LOS environment. Using a ray-tracing approach, it was shown in
1999 that antenna configurations can be found to achieve maximum capacity [23].
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This work was followed by further studies which analyze the feasibility of MIMO
LOS for indoor wireless local area networks [24]–[26] and outdoor broadband wireless
applications [27], [28]. Relying on a 3-D geometrical model, general design rules were
formulated in [29], [30] to optimize the inter-element spacings if uniform linear arrays
(ULAs) are used on both sides of the MIMO link. The optimal antenna arrangement
depends on the distance between the arrays, their spatial orientation and the carrier
frequency. Channel measurements in indoor [30]–[34] and outdoor scenarios [35] at
carrier frequencies around 2.5 GHz or 5.5 GHz confirmed the theoretical predictions.
All the previously mentioned works on MIMO LOS adopted a spherical wave model
(SWM) instead of the more common plane wave model (PWM) to represent the
propagation channel between the antenna arrays. The importance of the SWM to
model MIMO LOS channels was extensively discussed in [36].
Whereas the concept of MIMO LOS was originally studied for terrestrial networks,
the channel measurements from [30]–[35] revealed, however, that a pure LOS channel
is never fully obtained due to the presence of a few scatterers. Moreover, most
of terrestrial communication scenarios envisioned a communication link between an
access point and a mobile terminal. Designing the system under the assumption of a
static antenna arrangement is then not practical. The very first application of MIMO
in a pure and fixed LOS propagation environment was actually proposed in 2008
for satellite communication systems. Research works on MIMO LOS over satellite
are addressed in the following section. Interestingly enough, MIMO LOS was later
investigated for high-throughput millimeter wave backhaul links in terrestrial 5G
networks [37]. In this case, the use of a 60 GHz carrier frequency and the static
position of the front-ends also offer the desired propagation conditions.

1.3.3

MIMO LOS over Satellite

The first works on MIMO LOS over satellite [38], [39] focused on satellite services with
frequency bands above 10 GHz. At these higher frequencies, links to geostationary
satellites indeed use highly directional antennas [6], [40] such that strong LOS connections are established. Therefore, a capacity-optimum MIMO satellite channel can
9

be obtained by an appropriate positioning of the transmit and receive antennas. The
basic architecture of a 2×2 MIMO LOS system with a single satellite is for example illustrated in Fig. 1-2. In the original works, an arbitrary number of elements arranged
Geostationary satellite

Figure 1-2: 2 × 2 MIMO LOS satellite system with a single satellite
as a ULA on Earth and two antennas on the geostationary orbit were considered. The
antennas in space were installed either on the same satellite (single-satellite scenario)
as already shown in Fig. 1-2 or on different satellites with an angular separation of a
few degrees (dual-satellite scenario). The position of the antenna elements on ground
were fully characterized by the coordinates of the array center, its orientation (e.g.
East-West direction) and the inter-antenna spacing. On the other hand, the antennas
in space were assumed to be in the equatorial plane, and their locations were defined
by their longitude. Based on this description, a closed-form expression for the optimal
antenna separation on Earth was derived for the case where the other parameters are
known. The validity of this result was verified through numerical simulations. With
a single satellite, an antenna separation of several kilometers on Earth is required to
achieve maximum capacity. Conversely, the ground antennas must only be separated
by a few tens of centimeters in the dual-satellite scenario. The Earth antenna array
can in this case be installed on a moving platform like a plane or a car. Antenna
designs were thus introduced in [38] to guarantee a high channel capacity for MIMO
satellite links with a mobile Earth antenna array. In [41], the analytical analysis
of this mobile scenario was extended to uniform circular arrays (UCAs) and carrier
frequencies below 10 GHz4 .
4

The L-band (1–2 GHz) or the S-band (2–4 GHz) are generally used for mobile satellite services.
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The preliminary investigations on the feasibility of MIMO LOS over satellite also
concentrated on the robustness of the links against phase and/or amplitude impairments due to station-keeping maneuvers [39], [42] or atmospheric degradations [43],
[44]. A theoretical analysis especially showed that the capacity of a MIMO satellite
link is not impacted by a phase impairment common to all propagation paths originating from a given antenna. Using interferometric measurements, this property was
later proven to be accurately verified for a dual-satellite scenario which is the most
sensitive setup to phase perturbations in the atmosphere [45]–[47]. In [48], [49], a
frequency domain equalization (FDE) was proposed to mitigate at the receiver the
inter-symbol interference (ISI) caused by path delay differences. Moreover, the performance degradations entailed by the presence of nonlinear power amplifiers in a
system with MIMO pre-processing was assessed in [50], [51], and it was shown that
MIMO strategies are still practically viable in this context.
All the theoretical studies on MIMO LOS over satellite relied on a SWM which, as
already mentioned in the previous section, is more appropriate to model the physical
propagation channel in a LOS environment. Its accuracy was confirmed in 2016 with a
proof-of-concept setup in which the access to two geostationary satellites from Eutelsat enabled to build a Ku-band MIMO channel [52]. Other measurement results were
also reported in [53]. A perfect agreement between the channel measurements and
the theoretical model was every time obtained, and the design rules first formulated
in [38], [39] were hence validated.
Based on the results obtained since 2008, the MIMO LOS technology for satellite
communications has especially been investigated for the following use cases:
Secure communications: The antenna geometry required for a high capacity MIMO
link can be exploited to secure data transmission [54]. Using an informationtheoretic framework, the system can be designed such that an eavesdropper
located outside an authorized area is unable to retrieve data.
UHF military communications: In [55], two geostationary satellites separated by
tens of degrees and operating in the ultra high frequency (UHF) band were con11

sidered to transmit data to an array with non-directional antennas on a mobile
terminal (e.g. rooftop of a military vehicle). The MIMO channel was modeled
in this case with a Ricean flat fading to take the presence of multipath components into account. Even though a pure LOS propagation environment is not
obtained here, the impact of the antenna geometry on the system capacity was
emphasized. Channel measurements presented in [56] confirmed these conclusions, and highlighted again the advantage of UCAs to achieve high capacity in
mobile scenarios.
Multibeam downlink: In [57], the multireflector architecture of typical satellite
payloads motivated the application of the MIMO LOS concept in the multibeam
downlink of a HTS system with full frequency reuse. A user scheduling algorithm, known as multiple antenna downlink orthogonal clustering (MADOC),
was especially proposed to build groups of users served in common time-frequency
resource blocks. Moreover, MIMO pre-processing was introduced to mitigate
spatial interference and ensure throughput fairness between the users.
Feeder links: The design of MIMO feeder links for V/HTS systems is going to be
thoroughly discussed in this work. As already underlined in Section 1.2, this
innovative feeder link architecture enables to tackle challenges encountered in
the conception of the ground segment of next-generation satellite systems.

1.3.4

Example: Optimized 2 × 2 Single-Satellite System

The structure of MIMO feeder links that will be introduced in Chapter 2 must respect
the design rules formulated in [38], [39]. Hence, an example for the antenna geometry
optimization of a 2 × 2 MIMO system with a single satellite is provided in Table 1.3
to get a first insight into the basic design trade-offs. A separation of 3 m between
the satellite antennas is assumed. Moreover, the considered satellite longitude of 9∘ E
corresponds to an orbital position that enables an efficient coverage of Europe (e.g.
KA-SAT). This orbital slot will be used for all the results presented in this thesis. In
this example, the optimal Earth antenna separations were determined for an array
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Table 1.3: Optimization example of a single-satellite 2 × 2 MIMO system
Satellite orbital position
Satellite antenna separation
Center of the Earth antenna array
Orientation of the arrays
Carrier to noise ratio (CNR) per path
Carrier frequency

9◦ E
3m
Luxembourg City (49.61◦ N, 6.13◦ E)
East-West direction
20 dB
20 GHz 30 GHz
40 GHz 50 GHz

Min. Earth antenna separation for max. capacity
Tolerance region for a capacity loss ≤ 5 %

96 km 64 km
48 km 38.4 km
±42.8 km ±28.5 km ±21.4 km ±17 km

located in Luxembourg. However, quasi-identical distances would be obtained for
any array positioned in Europe and oriented in the East-West direction. The values
in Table 1.3 clearly show that the optimal antenna separation decreases when the
carrier frequency is increased. The inter-antenna distance error that can be accepted
without entailing a capacity loss higher than 5 % is also displayed. Whereas the
minimum optimal antenna distances are for example 48 km at 40 GHz and 38.4 km at
50 GHz, tolerance regions of ±21.4 km and ±17 km are allowed with the considered
link budget, respectively. It thus becomes obvious that a MIMO LOS satellite link
can be reliably operated even though carrier frequencies several GHz apart are used.
This is a fundamental property that will facilitate the deployment of MIMO feeder
links. The optimization of the antenna positions and the acceptable margin of errors
will again be discussed in a more thorough manner in Chapter 3 to provide design
guidelines. In particular, the impact of the Earth array orientation, which has not
been discussed here, will be included.

1.3.5

Disambiguation: Other MIMO over Satellite Schemes

The MIMO LOS approach considered in this thesis should not be mistaken with
other MIMO over satellite strategies which have been thoroughly studied in the literature [58]. These latter MIMO schemes, whose state-of-the-art is going to be briefly
reviewed, can be classified as follows:
Interbeam interference mitigation: Considerable research efforts have been put
in the last decade on the development of interference mitigation schemes for the
user links of multibeam satellites with full frequency reuse. The literature on
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this topic relies on a modelization of the channel between the satellite transmit
feeds and the users on Earth as a MIMO channel. However, it is always assumed that the feeds are installed on the same reflector antenna. As predicted
by the MIMO LOS theory, a sufficient separation of the transmit elements is in
this case not guaranteed to obtain a maximum spatial multiplexing gain, and
interference cannot be exploited constructively as in [57]. Studies on interbeam
interference mitigation strategies considered nonlinear [59], [60] as well as linear
approaches [61]–[64]. Initially, all the signals were assumed to be pre-processed
and transferred to the satellite from a single gateway. This latter solution is
however impractical due to the large data rate requirements of multibeam satellites and the limited uplink frequency resources. Thus, further research works
on interference mitigation approaches for system with a multi-gateway architecture [65]–[68] were conducted. In [69], [70], other implementation constraints
were also scrutinized to assess the feasibility of the proposed concept in a practical system. These additive constraints especially include the fact that, in
the DVB-S2 standard, several users are embedded in a single frame to increase
the coding gain. Using a multicast approach, different publications proposed
MIMO pre-processing and user scheduling strategies adapted to this specific
frame structure [71], [72].

Space-time codes for dual-polarized channels: Following the promising results
of studies on dual-polarization for wireless terrestrial systems, the applicability
of this approach was also investigated in the context of the land mobile satellite (LMS) channel. In this latter scenario, a dual-polarized communication
link between one or two satellites and a mobile terminal with a non-directional
antenna is established. Due to multipath propagation, significant depolarization effects are observed, and cross-polarized components carry a non-negligible
part of the receive power. MIMO techniques can in this case exploit the crosscoupling between the polarizations. A MIMO channel is here used to take both
the co-polar and cross-polar components of the receive signal into account. This
14

obviously represents a complete different approach than the MIMO LOS concept discussed in the previous section. Results of measurement campaigns and
modeling approaches of the dual-polarized MIMO LMS channel at frequencies
around 2.5 GHz are reported in the literature [73]–[76]. Space-time codes were
also developed to exploit the multiplexing and diversity gains of MIMO LMS
channels [77]–[79].

1.4
1.4.1

Contributions of this Thesis
Summary

In the following chapters, the design of MIMO-based feeder links for V/HTS system
is thoroughly detailed. With the proposed architecture, an alternative to W-band
and optical feeder links is introduced to solve the engineering challenges that have
been listed in Section 1.2 while still using the Ka- and/or the Q/V-band. It relies
on the use of two time- and phase-synchronized gateway antennas and two receive
feeds per feeder link to create a MIMO LOS link. The presence of several gateway
antennas separated by several tens of kilometers within the footprint of a feeder beam
is a solution that has been envisioned for diversity purposes [80]. Products allowing
the exploitation of such single-site diversity systems are even commercially available.
However, these solutions only consider the activation of one of the gateway antennas
whereas the other remains idle, which is not a cost-effective approach due to the
unused redundant hardware. Here, the innovation lies in the simultaneous activation
of the antennas to double the amount of supported user link bandwidth per feeder link.
In this way, the number of gateway deployment sites5 can be reduced in comparison
to a state-of-the-art architecture. Therefore, the interference isolation of the feeder
links, the integrated satellite-terrestrial network design and the robustness against
rain fades can all be improved. The rest of this thesis is structured as follows:
Chapter 2: The system architecture, the hardware requirements and the time-varying
5

A gateway site corresponds to an area of approximately 1000 km2 centered at a beam boresight.
Antennas deployed in this area belong to the same site.
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channel characteristics of MIMO feeder links are discussed. A prediction method
of the MIMO channel state to compensate for inherent delays in its estimation
is also introduced.

Chapter 3: On-ground and on-board MIMO processing strategies are introduced to
spatially multiplexed different data streams in a MIMO feeder link. The performance in terms of achievable uplink carrier to interference plus noise ratio
(CINR) is analyzed. It is shown that there exists a large range of gateway antenna separations for which a close-to-optimal CINR can be reached in a MIMO
feeder link. Moreover, the superiority of a joint ground/on-board processing in
the case of a rain fade is highlighted. Finally, it is pointed out that a given set of
MIMO gateway antennas can provide data to satellites positioned on different
orbital slots.

Chapter 4: A smart diversity approach exploiting the specific architecture of MIMObased feeder links is presented in Chapter 4 to guarantee a sufficient robustness
against strong rain attenuations. To this end, a degraded mode, called a diversity mode, is first introduced to still support part of the traffic when a heavy
rain event takes place at the location of one of the gateway antennas in a MIMO
feeder link. Possible strategies for the allocation of the resources at a system
level are then presented to fulfill the availability requirements of a V/HTS system. They consist in an extension of the 𝑁 + 0 and 𝑁 + 𝑃 smart diversity
schemes to a MIMO-based system architecture.

Chapter 5: The research challenges addressed in this work are restated, and the
main contributions are summarized. Moreover, perspectives for future research
and development activities are provided.

Part of the results presented in the Chapters 3 and 4 have been published in conference
proceedings and journals. The references to these works are listed below.
16

1.4.2

Conferences

∙ T. Delamotte, R. T. Schwarz, K. U. Storek, and A. Knopp, “MIMO feeder links
for high throughput satellites”, in Proc. International ITG/IEEE Workshop on
Smart Antennas (WSA’18), Invited paper, Mar. 2018, pp. 1–8
∙ T. Delamotte and A. Knopp, “Outage analysis of a MIMO-based smart gateway architecture”, in Proc. IEEE International Conference on Communications
(ICC’18), May 2018, pp. 1–6

1.4.3

Journals

∙ T. Delamotte and A. Knopp, “Smart diversity through MIMO satellite Q/Vband feeder links”, IEEE Trans. Aerosp. Electron. Syst., vol. 56, no. 1, pp. 285–
300, Feb. 2020
∙ R. T. Schwarz, T. Delamotte, K. Storek, and A. Knopp, “MIMO applications
for multibeam satellites”, IEEE Trans. Broadcast., vol. 65, no. 4, pp. 664–681,
Dec. 2019

17

Chapter 2
Basics of MIMO Feeder Links
Relying on studies about the applicability of MIMO for satellite communications
which have been discussed in Chapter 1, the concept of MIMO feeder links is detailed.
The required hardware for the gateways and the satellite payload design is especially
assessed. A thorough description of the time-varying characteristics of MIMO feeder
link channels is also presented. Finally, a method to predict the MIMO channel state
using the knowledge of the small movements of a geostationary satellite around its
orbital slot is described. This channel state prediction is essential to avoid an aging
of the channel state information (CSI).

2.1

System Architecture

In this section, the architecture of MIMO-based feeder links is thoroughly described.
First, an overview of the system is provided. The ground infrastructure of a single
MIMO feeder link and the satellite payload design are then addressed in detail.

2.1.1

Overview

The forward link of a V/HTS system with a satellite payload positioned on a geostationary earth orbit is considered. To support the large aggregate bandwidth required
for its multibeam downlink, 𝑁 spatially separated 2 × 2 MIMO feeder links with a
19

full re-use of the available uplink frequency resources in the Ka-band (27.5–29.5 GHz)
and/or the Q/V-band (42.5–43.5 GHz and 47.2–50.2 GHz) are deployed. An index
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processing

Backbone network

Backbone network

(a) State-of-the-art SISO feeder links
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(b) Proposed MIMO feeder links
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(c) Example of deployment in Europe

Figure 2-1: Feeder links for very high throughput satellites
𝜈, 1 ≤ 𝜈 ≤ 𝑁 , will be used in the sequel to distinguish the different feeder links in
the mathematical notations. A separation of several hundreds of kilometers between
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the ground equipment of the different links is necessary to guarantee a sufficient interference isolation. The proposed architecture and a state-of-the-art configuration
with single-input-single-output (SISO) links are illustrated in Fig. 2-11 . An example
of sites selection for a ground segment composed of 15 MIMO feeder links or 30 SISO
feeder links in Europe is also provided. The points stand here for the chosen deployment sites2 . Contrary to the state-of-the-art, two active gateway antennas separated
by a few tens of kilometers are installed in each site in the case of MIMO feeder links.
In the illustrative example of Fig. 2-1, only the uplink part of the system is considered. The specific design adopted for the downlink is indeed not in the focus of this
work. The four color scheme or a full frequency re-use [85] are for example popular
approaches for the allocation of the downlink frequency resources. We note that the
design of a comprehensive end-to-end solution using the MIMO LOS approach in the
feeder links and in the user links is principally feasible [84].
Here, transparent payload architectures will be used. This especially implies that
the bandwidths of the frequency channels in the uplink and in the downlink are
identical. This bandwidth is denoted by 𝐵, and the assumption is made that it is a
factor of the available uplink bandwidth 𝑊u per feeder link and polarization state.
Hence, with two antennas at each link end, a MIMO feeder link can support up to
𝐾 = 2 × 𝑊u /𝐵 data streams per polarization state. For this purpose, a segmentation
of the uplink band into 𝐿 = 𝐾/2 frequency channels of bandwidth 𝐵 combined
with the resort to spatial multiplexing in each of them is used. A possible uplink
250 MHz
RHCP
LHCP

UL 1
42.5

...

UL 4

UL 5
43.5 47.2

...

UL 16
50.2

f/GHz

Figure 2-2: Frequency plan in the Q/V-band for 𝐵 = 250 MHz and 𝑊u = 4 GHz
frequency plan is shown in Fig. 2-2 for 𝐵 = 250 MHz and 𝑊u = 4 GHz of bandwidth
1

In Fig. 2-1a and Fig. 2-1b, a set of 3 MIMO links (or 6 SISO links) is displayed. However,
next-generation V/HTS systems will require more than 15 MIMO feeder links (or 30 SISO feeder
links).
2
A gateway site corresponds to an area of approximately 1000 km2 at the center of a beam
footprint. Antennas deployed in this area belong to the same site.
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in the Q/V-band. The design of MIMO transmit/receive processing strategies for the
transmission of two different data streams per uplink frequency channel is addressed
in Chapter 3.
MIMO feeder links present several advantages for the design of V/HTS systems.
First, by dividing the required number of gateway sites by two, they enable to relax
the geographical, political and regulatory constraints that make the deployment of
state-of-the-art ground infrastructures challenging. On the other hand, MIMO feeder
links can also be advantageous in terms of robustness against strong rain fades. These
advantages will be emphasized in Chapters 3 and 4.

2.1.2

Ground Infrastructure

The Earth portion of the 𝜈-th MIMO feeder link consists of an array with two gateway
antennas separated by a distance 𝑑𝜈E of a few tens of kilometers (generally, 20 km
to 50 km). This distance is optimized according to the antenna arrangement on
ground and in space. The orientation 𝛿E𝜈 characterizes the angle between the eastwest direction and the antenna array. The location of the ground antennas is then
perfectly defined with the knowledge of the array center coordinates i.e., its longitude
𝜃E𝜈 and its latitude 𝜑𝜈E [38].
The antennas are connected to a central processing unit which is itself linked to
the terrestrial backbone network. This unit receives the traffic that should be transferred to the satellite, and performs a MIMO pre-processing (or MIMO precoding)
of the data streams to enable spatial multiplexing. The precoded signals are then
transmitted to the antenna front-ends. A time and phase synchronized distribution
is required to guarantee that a coherent transmission is realized. A radio-over-fiber
solution can be used for this purpose [86]. It is for example state-of-the-art in the
NASA deep space network where widely separated antennas must be synchronized
for deep space communications, tracking and navigation functions or ground-based
astronomical radar imaging operations. Originally, antenna arrays have only been
used for downlink applications (e.g. reception of weak signals from interplanetary
spacecrafts, very long baseline interferometry). Uplink arrays are indeed more chal22

lenging to design due to the need to precisely calibrate the array elements. The
troposphere, the fiber-optic links connecting the antenna reflectors or the eletronics
introduce phase perturbations that must be tracked and corrected. Meanwhile, the
potential of uplink arrays to replace very large aperture reflectors has been investigated during the last decade [87]–[89]. In this case, the same signal is transmitted by
the phase aligned array elements with the objective to maximize the effective isotropic
radiated power (EIRP) at a desired target point in space. This technique is known as
coherent combining. It has the advantage of being more cost-effective than a single
very large antenna reflector with stringent hardware requirements and maintenance
costs. Uplink arraying has been demonstrated in 2010 for X-band communication
with a geosynchronous satellite [87]. Moreover, on-going works at NASA concentrate
on the design of a Ka-band uplink array [89]. Whereas the goal of MIMO feeder links
is not to perform coherent combining, the gateway antennas require a similar calibration. Here, different signals are radiated by the gateway antennas, and the coherent
transmission ensures that a given phase relationship between these signals is fulfilled
at the satellite antennas. This phase relationship is determined by the MIMO precoding. Finally, we observe that, since the slant path lengths between the antennas
and the satellite can differ by several kilometers, the transmission of data symbols
from the antenna with the shortest slant path must be delayed by a few microseconds. This ensures that symbols from the same time slot are received simultaneously
at the satellite and, hence, that ISI from other slots is avoided. This need for a time
alignment of the transmit antennas is illustrated in Section 2.2.1. The accuracy of the
alignment must be within a negligible fraction of a symbol duration which is on the
order of a few nanoseconds for typical V/HTS scenarios. With current technology,
antenna arrays can be time-aligned with a precision of even a few picoseconds [88].

2.1.3

Satellite Payload

At the receive end of the feeder link, the satellite is equipped with two multifeed
reflector antennas which are separated by a distance 𝑑S of a few meters. The attitude
control of the satellite i.e., the stabilization of its yaw, roll and pitch axes, is done
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with a high precision [6] such that the antennas can be assumed to be fixed with
respect to the center of mass of the satellite. In this work, the satellite antenna
array is oriented in the east-west direction. The exact location of the antennas in a
Earth centered, Earth fixed (ECEF) coordinate system can be determined from the
position of the center of the antenna array. Even though a geostationary satellite is
considered, this reference point will slightly move over time due to orbit perturbations.
The characteristics of the satellite motion around its desired orbital position and the
mathematical modeling of the antenna positions are detailed in Section 2.2.1.
For each antenna, an element of the multifeed network is used to form a beam
pointing towards the center of a gateway antenna array on Earth. As a consequence,
the ground equipment of a MIMO feeder link is illuminated by two beams. A set
of overlapping beams formed by the satellite antennas is denominated as a MIMO
feeder beam. Its beamwidth is sufficiently large such that depointing losses remain
small [6]. This aspect is illustrated in Section 2.2.3. It is worth mentioning that, in a
complete system, the total number of receive radio frequency (RF) chains is identical
for a MIMO-based architecture and a state-of-the-art SISO solution. The difference
is that, for SISO feeder links, all the receive feeds could be installed on the same reflector whereas, with the proposed MIMO scheme, the feeds are distributed between
two reflectors. However, we note that the manufacturing of antenna sub-systems with
a large number of feeds is a challenging task [9], [90]. Even with SISO links, more
than one reflector may be necessary to enable the practical feasibility of the antenna
assembly by reducing the size of the multifeed network per reflector. Hence, the need
for a second payload antenna is not a constraint which is only encountered in the design of MIMO feeder links. Once received by the RF front ends, the signals are either
frequency-converted and directly forwarded to the downlink or processed in a digital
signal processor (DSP). The main building blocks of the payload for the feeder link
part are shown in Fig. 2-3. Relying on the advancement of radiation tolerant DSPs,
very high throughput satellites embark such equipment in their payloads to perform
digital transparent processing (DTP). It is a form of on-board processing (OBP) where
a sampled version of the signals is accessed to perform tasks such as flexible filter24
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Figure 2-3: Feeder link part of the payload architecture
ing or downlink beamforming [10], [91]. For these architectures, also known as digital
bent-pipes, field programmable gate arrays (FPGAs) or application specific integrated
circuits (ASICs) are used. FPGAs have the advantage to be reconfigurable and to
allow an adaptation of the processing to the evolution of the market needs during
the satellite lifetime (≈ 15 years for GEO satellites). Examples of V/HTS with flexible digital payloads are Konnect VHTS and SES-17, both expected to be launched
in 2021. Based on their design, i.e. a multireflector architecture combined with a
fully flexible beam-to-beam connectivity, these satellites could actually support the
MIMO LOS technology. In Chapter 3, on-board digital processing capabilities will
be exploited to perform non-regenerative MIMO processing. To this end, the phase
coherence of the signals at the input of the DSP must be guaranteed. As shown in
Fig. 2-3, a local oscillator gives a common reference to the frequency downconverters
such that phase offsets remain identical in both RF paths. The distribution of a stable
frequency reference can already be realized in systems supporting digital beamforming or multiuser multiple-input-multiple-output (MU-MIMO) precoding [70], [92].
Finally, the DSP must support matrix operations on wideband signals which is feasible with radiation tolerant systems-on-a-chip (SoCs) that are commercially available
[93]. Regenerative digital payload architectures, where demodulation and decoding of
the uplink signals are performed, represent another alternative of on-board processing. They especially enable to improve the link quality by isolating the uplink and
the downlink [6]. However, regenerative payloads are significantly more complex than
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transparent architectures. Moreover, they lack flexibility due to their dependence on
the considered communication standard (e.g. symbols constellations, code rate,...).
Even though the advent of software defined radio (SDR) brought new opportunities
for the conception of flexible regenerative satellites, the significant amount of data
that should be processed shifts the feasibility of such complex payloads to the long
term [10], [94].

2.2

Channel Characteristics

The characterization of a MIMO feeder link channel requires to take several parameters into account. They include the slant paths geometry, which defines the LOS
coefficients, the atmospheric impairments and the antenna radiation patterns. All
these aspects are discussed in the sequel before the time-varying MIMO channel
model is introduced in Section 2.3.

2.2.1

Slant Paths Geometry

The path lengths between each transmit-receive antenna pair influence the propagation delays and the phase shifts experienced by the signals. Even though a GEO
satellite is considered, these distances are not perfectly constant over time. These
variations are due to perturbations that slightly modify the orbit of the satellite such
that it cannot be assumed to be a perfect circular geosynchronous orbit in the equatorial plane anymore. Orbit perturbations are due to the solar radiation pressure,
the asymmetric Earth gravitational potential and the gravity of the Sun and of the
Moon. The time-dependent distances between the gateway antennas and the satellite antennas can be determined with the knowledge of the orbital elements. These
parameters are used to describe the orbit of the satellite in an Earth centered inertial
(ECI) referential. They are defined as follows [95]:
Semimajor axis 𝑎: It represents the mean of the maximum 𝑟a and the minimum 𝑟p
of the orbital radius i.e., 𝑎 = (𝑟a + 𝑟p ) /2.
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Eccentricity 𝑒: This parameter, whose value is in the interval [0, 1[, characterizes,
together with the semimajor axis, the shape of the orbit. It can be determined
as 𝑒 = (𝑟a − 𝑟p ) / (𝑟a + 𝑟p ). An eccentricity equal to 0 corresponds to a perfect
circular orbit, whereas an elliptic orbit is obtained when 𝑒 > 0.
Inclination 𝑖: The angle between the orbit plane and the equatorial plane is known
as the orbital inclination.
Right ascension of the ascending node Ω: With this parameter, the angle measured eastwards in the equatorial plane from the direction of the First Point of
Aries to the ascending node is defined. The ascending node is the intersection
between the equatorial plane and the orbit section where the satellite travels
north through this plane.
Argument of perigee 𝜔: It corresponds to the angle measured in the orbit plane
between the ascending node and the direction of the perigee which is the point
where the orbital radius is minimum.
All these parameters are represented in Fig. 2-4. A sixth parameter, known as the
true anomaly, allows to define the position of the satellite on its orbit at a specific
time. However, this parameter will not be explicitly used in the sequel. As soon as
the eccentricity 𝑒 and/or the inclination 𝑖 are not equal to zero, the satellite appears
to librate around its desired orbital position. Using chemical or electric thrusters,
regular corrections are required to guarantee that the perturbations affecting the
orbital parameters are compensated. The objective is to restrict the motion of the
satellite within a predefined region around its assigned orbital location. It is known
as the station-keeping box, and its typical dimensions are 75 km × 75 km × 35 km [6].
Given a set of orbital parameters, the position of the satellite at time instant 𝑡 for a
fixed observer on Earth is determined with the longitude 𝜃S (𝑡) and the latitude 𝜑S (𝑡)
of the subsatellite point. For the sake of convenience, the center of the antenna array is
chosen as the reference point. The distance 𝑅S (𝑡) between the Earth’s center and the
projection of this reference point in the equatorial plane enables to fully characterize
27

Perigee
Satellite orbit
i
Z
rp
ω

Earth’s center

ra

Y

Projection of orbit
in equatorial plane

Ω
X (First point of Aries)

Apogee

Figure 2-4: Parameters of the satellite orbit in an Earth centered inertial (ECI)
coordinate system.
Satellite orbit

Plane tangent
to the Earth’s surface

z

dνE

Equator

dS

δEν
y

φS (t)

RS (t) − RE

φνE

θS (t)

θEν
x

Projection of orbit
in equatorial plane

Prime meridian

Figure 2-5: Parametric characterization of the antennas positions in an Earth centered, Earth fixed (ECEF) coordinate system.

28

the location of the antennas in an ECEF referential as illustrated in Fig. 2-5. In the
sequel, 𝑡 = 0 is arbitrarily defined as the time instant of the passage of the satellite
at the orbit perigee. To express 𝜃S (𝑡), 𝜑S (𝑡) and 𝑅S (𝑡) in closed-form, the following
intermediate variables are first defined [95]:
e = [𝑒x , 𝑒y ] = [𝑒 · cos (Ω + 𝜔) , 𝑒 · sin (Ω + 𝜔)]
i = [𝑖x , 𝑖y ] = [𝑖 · sin (Ω) , −𝑖 · cos (Ω)]

(Eccentricity vector) , (2.1)

(Inclination vector) ,

𝑠 (𝑡) = Ω + 𝜔 + 𝜓 · 𝑡 (Sidereal angle of the satellite) ,
𝑎−𝐴
(Mean longitude drift rate) ,
𝐷 = −1.5 ·
𝐴

(2.2)
(2.3)
(2.4)

with 𝜓 = 360.985 647 ∘ /d and 𝐴 = 42 164.2 × 103 m, the angular speed of the Earth
rotation and the radius of the ideal circular geosynchronous orbit, respectively. The
mean longitude drift rate 𝐷 is a dimensionless variable which can be converted to a
variable in ∘ /d by multiplying it with 𝜓. The position of the satellite in an ECEF
referential at time instant 𝑡 is then described by [95]:
𝜃S (𝑡) = 𝜃S (0) + 𝐷 · {𝑠 (𝑡) − 𝑠 (0)} + 2𝑒x · sin {𝑠 (𝑡)} − 2𝑒y · cos {𝑠 (𝑡)} , (2.5)
𝜑S (𝑡) = −𝑖x · cos {𝑠 (𝑡)} − 𝑖y · sin {𝑠 (𝑡)} ,
[︂
]︂
𝐷
𝑅S (𝑡) = 𝐴 · 1 −
− 𝑒x · cos {𝑠 (𝑡)} − 𝑒y · sin {𝑠 (𝑡)} .
1.5

(2.6)
(2.7)

A differentiation of 𝜃S (𝑡), 𝜑S (𝑡) and 𝑅S (𝑡) also allows to express the velocity of
the satellite relative to the rotating Earth in the tangential (longitude), orthogonal
(latitude) and radial directions as [95]:
[︁
]︁
𝑉t (𝑡) = 𝑉 · 𝐷 + 2𝑒x · cos {𝑠 (𝑡)} + 2𝑒y · sin {𝑠 (𝑡)} ,
[︁
]︁
𝑉o (𝑡) = 𝑉 · 𝑖x · sin {𝑠 (𝑡)} − 𝑖y · cos {𝑠 (𝑡)} ,
[︁
]︁
𝑉r (𝑡) = 𝑉 · 𝑒x · sin {𝑠 (𝑡)} − 𝑒y · cos {𝑠 (𝑡)} ,

(2.8)
(2.9)
(2.10)

where 𝑉 = 𝐴 · 𝜓 is the velocity required for a satellite in an ECI referential to remain
on the ideal geostationary orbit. The dimensional unit of the velocity components is
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m/s if the value of 𝜓 is converted to rad/s whereas 𝑖x and 𝑖y are expressed in radian.
For the sake of illustration, the values taken by 𝑉t (𝑡), 𝑉o (𝑡) and 𝑉r (𝑡) are plotted
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Figure 2-6: Components of the satellite velocity relative to the rotating Earth as a
function of time.
in Fig. 2-6 as a function of time for 𝑎 = 42 164.5 × 103 m, 𝑒 = 0.0004, 𝑖 = 0.05∘ ,

Ω = 90∘ and 𝜔 = 0∘ . The eccentricity and the inclination have been chosen such
that the pattern followed by the satellite around its desired orbital location reaches
the bounds of a typical station-keeping box [6]. The results show that the velocity
of the satellite with respect to a fixed observer on Earth can reach a few m/s in
each direction. The values vary with a 24 h period, and the satellite velocity can be
assumed constant over an observation period of a few seconds. For example, as shown
in Fig. 2-6, the slope of the tangential component of the satellite velocity reaches a
maximum of only ±1.8 × 10=4 m/s2 in the considered configuration.
Relying on the closed-form characterization of the satellite position at a given
instant 𝑡, the time-dependent distance between the 𝑛-th gateway antenna of the 𝜈-th
MIMO feeder link and the 𝑚-th satellite antenna is expressed as:
⃦
⃦
𝜈
𝑟𝑚𝑛
(𝑡) = ⃦pS,𝑚 (𝑡) − p𝜈E,𝑛 ⃦2 ,
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(2.11)

with

p𝜈E,𝑛

⎡
⎤
𝑅 (𝑡) cos {𝜃S (𝑡)} − ΔS,𝑚 sin {𝜃S (𝑡)}
⎢ S
⎥
⎢
⎥
pS,𝑚 (𝑡) = ⎢𝑅S (𝑡) sin {𝜃S (𝑡)} + ΔS,𝑚 cos {𝜃S (𝑡)}⎥ ,
(2.12)
⎣
⎦
𝑅S (𝑡) tan {𝜑S (𝑡)}
⎡
[︀
]︀⎤
𝜈
𝜈
𝜈
𝜈
𝜈
𝜈
𝜈
𝜈
𝑅 cos {𝜑E } cos {𝜃E } − ΔE,𝑛 sin {𝜃E } cos {𝛿E } + sin {𝜑E } cos {𝜃E } sin {𝛿E }
⎢ E
[︀
]︀ ⎥
⎢
⎥
𝜈
𝜈
𝜈
𝜈
𝜈
𝜈
𝜈
𝜈
= ⎢ 𝑅E cos {𝜑E } sin {𝜃E } + ΔE,𝑛 cos {𝜃E } cos {𝛿E } − sin {𝜑E } sin {𝜃E } sin {𝛿E } ⎥ .
⎣
⎦
𝜈
𝜈
𝜈
𝜈
𝑅E sin {𝜑E } + ΔE,𝑛 cos {𝜑E } sin {𝛿E }
(2.13)

The variables ΔS,𝑚 = 𝑑S · (𝑚 − 1.5) and Δ𝜈E,𝑛 = 𝑑𝜈E · (𝑛 − 1.5) are the signed distances
between the array centers and the antennas on the satellite and on Earth, respectively.
Here, the distance between the Earth’s center and any point on its surface is set equal
to the Earth’s mean radius 𝑅E = 6378.1 km. Moreover, since the gateway antennas
are separated by only a few tens of kilometers, the Earth’s curvature is neglected.

The evolution of the path lengths within a short period of time Δ𝑡 can also be
analytically described. This will later be used in Section 2.3 to formulate requirements
for a reliable exploitation of CSI at the transmitter. Since a satellite does not move
in its station-keping box faster than a few meters per second whereas the values of
interest for Δ𝑡 will not exceed more than a few seconds, a first-order Taylor series
𝜈
𝜈
expansion can be used to express 𝑟𝑚𝑛
(𝑡 + Δ𝑡) as a function of 𝑟𝑚𝑛
(𝑡). It is given by:

𝜈
𝑟𝑚𝑛

(𝑡 + Δ𝑡) =

𝜈
𝑟𝑚𝑛

⃒
⃒
𝑑 𝜈
𝑟𝑚𝑛 (𝑢)⃒⃒ · Δ𝑡 ,
(𝑡) +
𝑑𝑢
𝑢=𝑡

(2.14)

where
{︀
}︀
⃒
⃒
vST (𝑡) · pS,𝑚 (𝑡) − p𝜈E,𝑛
𝑑 𝜈
= vST (𝑡) · q𝜈𝑚𝑛 (𝑡) .
𝑟 (𝑢)⃒⃒
=
𝜈 (𝑡)
𝑑𝑢 𝑚𝑛
𝑟
𝑚𝑛
𝑢=𝑡

(2.15)

The vector vS (𝑡) is the velocity vector of the satellite relative to the rotating Earth
at time instant 𝑡. Moreover, q𝜈𝑚𝑛 (𝑡) is a unit vector pointing from the 𝑛-th gateway
antenna to the 𝑚-th satellite antenna. Since the distance between a transmit antenna
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and the satellite is large, it can be assumed that q𝜈𝑚1 (𝑡) = q𝜈𝑚2 (𝑡) = q𝜈𝑚 (𝑡). As a
consequence, the variations of the path lengths between the 𝑚-th gateway antenna
and the two satellite antennas are equal. On the other hand, the path lengths from
different gateway antennas vary unevenly. The differential path length variation between a signal transmitted from the first ground antenna and a signal transmitted
from the second one is defined as:
Δ𝑟𝜈 (𝑡; Δ𝑡) = vST (𝑡) · Δq𝜈 · Δ𝑡 ,

(2.16)

with Δq𝜈 = q𝜈2 (𝑡) − q𝜈1 (𝑡) a time-independent vector originating at the first gateway
antenna and pointing to the second one. Obviously, Δ𝑟𝜈 (𝑡; Δ𝑡) is maximum if Δq𝜈
and vS (𝑡) are collinear i.e., that the satellite moves in a direction parallel to the
direction of the gateway antenna array. Conversely, it is zero if Δq𝜈 and vS (𝑡) are
orthogonal to each other. The contribution of the radial, tangential and orthogonal
components of the satellite motion to Δ𝑟𝜈 (𝑡; Δ𝑡) are obtained by using the following
decomposition of the velocity vector:
vS (𝑡) = 𝑉r (𝑡) · ur + 𝑉t (𝑡) · ut + 𝑉o (𝑡) · uo

(2.17)

The vectors of the orthonormal basis {ur , ut , uo } point in the radial, tangential and
orthogonal direction, respectively. The decomposition of the satellite movement in
these three directions is illustrated in Fig. 2-7. The differential path length variation
is finally given by:
Δ𝑟𝜈 (𝑡; Δ𝑡) = Δ𝑟r𝜈 (𝑡; Δ𝑡) + Δ𝑟t𝜈 (𝑡; Δ𝑡) + Δ𝑟o𝜈 (𝑡; Δ𝑡) ,

(2.18)

with
𝜈
Δ𝑟x𝜈 (𝑡; Δ𝑡) = uT
x · Δq · 𝑉x (𝑡) · Δ𝑡 ,

x = r, t or o

.

(2.19)

In Section 2.3, the result from (2.19) will enable to analyze the relative phase shifts
of the MIMO channel coefficients due to the satellite movement.
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Figure 2-7: Decomposition of the satellite motion relative to the rotating Earth in
three components: radial, tangential and orthogonal

2.2.2

Atmospheric Impairments

In the frequency bands of interest i.e., the Ka- and/or Q/V-bands, the lowest layer of
the atmosphere, known as the troposphere, entails amplitude and phase distortions
of the signals transmitted by the gateway antennas [16], [96]. The impairments are
the consequence of different phenomena occurring in the propagation medium. For
links with a sufficiently high elevation angle (e.g.,≥ 30∘ ), the effects to be considered
are:
Gaseous absorption: Water vapor and oxygen are dominant contributors to the
gaseous absorption of millimeter waves. The attenuation induced by other atmospheric gases can be neglected [97]. The total gaseous absorption does not
exceed a few decibels, and it only slowly varies over time due to daily and seasonal changes of the water vapor content. The absorption caused by oxygen, on
the other hand, remains constant [17]. The statistics of the attenuation due to
gases can be determined with the ITU-R recommendation P.676 [98].
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Cloud attenuation: Liquid water droplets contained in clouds interact with the
electromagnetic waves. The resulting attenuation increases with the carrier
frequency, and it can reach a few decibels in the Q/V-band [99]. Changes
in the strength of cloud attenuation are linked to variations of the liquid water
content and of temperature [17]. Such fluctuations occur generally on timescales
ranging from a few seconds to a few minutes. The ITU-R recommendation P.840
provides tools for the determination of the cloud attenuation statistics [100].
Rain attenuation: Raindrops can lead to a significant loss of the signal power. They
are the main source of attenuation when a rain event occurs. The strength of
the attenuation is a growing function of the frequency, and losses of more than
10 dB can be observed. Smart diversity strategies have been proposed in the
literature to cope with strong rain fades in the feeder links of V/HTS systems
[15], [16]. The rain attenuation statistics can be modelled using the ITU-R
recommendation P.618 [96]. Concerning the rate of change of the attenuation,
fade slopes of a few tenths of decibel can be reached under severe weather
conditions. For example, values of ±0.4 dB/s have been measured at 50 GHz in
Madrid when the attenuation reaches 10 dB as reported in [101].
Variations of the refractive index: Water vapor, water droplets and raindrops
cause a variation of the refractive index. This influences the effective path
length of the electromagnetic waves which are consequently delayed by up to
some tens of picoseconds. The phenomenon can be categorized in large-scale
and small-scale effects.
Large-scale effects Atmospheric parameters, including pressure, temperature
and humidity, affect the mean value of the refractive index in a given region.
As a matter of fact, the effective path length varies with the weather
conditions [102], [103]. During a rain event, the extra propagation delay
due to the troposphere can be related to the rain attenuation value as
explained in [102].
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Small-scale effects The inhomogeneous distribution of water in the atmosphere, and the presence of turbulent airflows lead to a small-scale variation of the refractive index. It results in a multipath effect and, hence,
a distortion of the wavefront. A rapid fluctuation of the amplitude and
phase of the signal received at the antenna feed is then observed. It is
known as the scintillation effect [104]–[112]. To distinguish scintillation
impairments in rainy/cloudy and clear-air environments, the terms of wet
scintillation and dry scintillation are generally used in the literature [109],
[110]. Amplitude and phase scintillation has a coherence time on the order
of one second [107], [113]. Peak-to-peak variations increase with frequency
[108], [109], [114]. On the contrary, they decrease with the diameter of the
ground antenna thanks to an aperture averaging effect [105], [107], [112].
All the atmospheric impairments discussed in this section must be included in the
channel model of MIMO feeder links to appropriately describe the propagation environment. As further detailed in Chapter 3, their evolution over time has to be
tracked to obtain an accurate CSI and be able to perform MIMO processing. Here,
the fastest varying tropospheric impairments are the scintillation and, in case of a
heavy rain event, the rain attenuation. The update rate of a CSI acquisition scheme
must ensure that the fluctuations of these atmospheric effects is precisely monitored.

2.2.3

Antenna Radiation Pattern

The radiation pattern of an antenna models the amount of power transmitted/received
in/from a given angle. With directive antennas, it consists of a main lobe, concentrating most of the power, and of side lobes that radiate or capture signals in undesired
directions. The antenna boresight, which is the direction in the main lobe for which
the power is maximum, constitutes the axis of reference. For the ground stations, it is
pointed towards the satellite. Operators use precise tracking strategies to follow the
movement of the satellite in its station-keeping box and, hence, minimize pointing
errors. The accuracy of closed-loop automatic tracking, where the antenna pointing
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is adjusted by following a beacon signal from the satellite, is generally on the order of
some thousands of a degree. This level of precision enables to maintain the depointing
loss of the ground stations smaller than a few hundreds of a decibel [6]. In this work,
it is thus assumed that the gain of the gateway antennas is maximum. Even though
some minor transmit depointing losses are present, they are similar for MIMO feeder
links and for state-of-the-art SISO links such that a comparison between them will
not be impacted. On the other hand, the radiation pattern of the satellite antennas
must be thoroughly considered. First, the design of MIMO feeder links is such that
the boresights of the receive antennas are pointed towards the center of the gateway
antenna arrays. This is a fundamental difference with respect to the state-of-the-art
where the beams are directed to a gateway antenna in each feeder link. The receive
depointing loss of MIMO feeder links must hence be analyzed. Moreover, the interference between the different feeder links of a V/HTS system must be known to
determine their link budgets. To this end, the interference power captured in the
main lobe or in the side lobes of the radiation pattern should be taken into account.
For circular aperture antennas, it is symmetrical about the boresight. In this case,
the normalized radiation pattern at frequency 𝑓c can be determined as follows [115]:
⃒
⃒2
⧸︀
Ψ (𝜖) = ⃒Γ (𝜖) Γ (0)⃒ ,
with
∫︁
Γ (𝜖) = 2𝜋
0

Δa
2

{︂
𝛾 (𝑟) · 𝐽0

}︂
2𝜋𝑓c
𝑟 sin (𝜖) · 𝑟 𝑑𝑟 .
𝑐0

(2.20)

(2.21)

The variable 𝜖 stands for the off-axis angle, i.e. the angle with respect to the boresight
direction, whereas Δa is the aperture diameter. Furthermore, the functions 𝐽0 and 𝛾
are the zero order Bessel function of first kind and the aperture amplitude distribution,
respectively. Here, the following raised cosine distribution3 for 0 ≤ 𝑟 ≤ Δa /2 is

3

Other aperture amplitude distributions could be used [116]. However, some of these distributions
actually lead to a radiation pattern which is very similar to the one obtained with a raised cosine
distribution. The generality of conclusions drawn from results obtained with this latter distribution
is thus not violated.
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considered [117]:
(︂
)︂
(︂
)︂
(︂
)︂
1
1
1
2𝜋𝑟
1
+ · 1− √
· cos
.
𝛾 (𝑟) = · 1 + √
2
2
Δa
𝑇e
𝑇e

(2.22)

The ratio of the power collected by a feed from the center of the reflector to the
power collected from the edge is known as the edge taper 𝑇e . This parameter can
be used to control the width of the main lobe and the sidelobe level of the radiation
pattern. It should be known that the edge taper also influences in a practical system
the efficiency and, as a consequence, the maximum gain of the antenna. A trade-off
between spillover efficiency and illumination efficiency must be found to fulfill specific
system requirements [118]. For example, an edge taper of 0 dB means that power is
captured uniformly from all the reflector surface. The illumination efficiency is then
maximized. Meanwhile, unwanted radiation coming beyond the edge of the aperture
is also collected by the feed, and the spillover efficiency is minimal. Conversely, a
high edge taper leads to a decrease of the illumination efficiency but to an increase
of the spillover efficiency. Generally, a edge taper value between 10 dB and 20 dB is

Normalized radiation pattern Ψ (𝜖) in dB

used [119].
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Figure 2-8: Normalized radiation pattern at 50 GHz
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Normalized radiation patterns for aperture diameters of Δa = 1.4 m and Δa =
2.4 m are shown in Fig. 2-8 at 𝑓c = 50 GHz for 𝑇e = 12 dB and 𝑇e = 18 dB. The
considered values of Δa are typical for satellite Q/V-band antennas [9], [120]. As
expected, the width of the main lobe decreases if Δa is increased. Moreover, it can be
observed that a larger edge taper value has the advantage of reducing the sidelobe level
at the expense of a wider main lobe. The same behavior would be obtained for lower
(or higher) frequencies with the difference that the main lobes would be wider (or
narrower). For a given radiation pattern and boresight direction, the corresponding
footprint on the Earth’s surface can be determined using the approach from [117].
This is of interest to analyze the receive depointing loss and the interference level
in a given feeder link based on the coordinates of the desired and interfering ground
antennas, respectively. A thorough interference analysis will be conducted later in
Chapter 3. Here, the footprint calculation is first used to evaluate the depointing
loss in MIMO feeder links. The result is illustrated in Fig. 2-9 for Δa = 1.4 m,
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Figure 2-9: Receive depointing loss for beams pointed towards Rennes (France), Luxembourg and Berlin (Germany) for 𝑓c = 50 GHz, Δa = 1.4 m and 𝑇e = 12 dB
𝑇e = 12 dB and 𝑓c = 50 GHz. The satellite orbital position is 9∘ E. The white crosses
within each beam represent the antennas of a gateway array oriented in the east-west
direction i.e., 𝛿E = 0∘ , with an inter-antenna distance 𝑑E = 40 km. Obviously, the
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receive depointing loss of MIMO feeder links remains limited even though the antenna

Receive depointing loss in dB

boresights point towards the center of the gateway antenna arrays. In Fig. 2-10, the
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Figure 2-10: Receive depointing loss as a function of the distance in the east-west
direction from a beam center located in Luxembourg for 𝑓c = 50 GHz
depointing loss is shown for different values of Δa and 𝑇e as a function of the distance
in the east-west direction from the beam center located in Luxembourg. For example,
at a distance of 25 km from the beam center, the loss is equal to 0.16 dB for Δa = 1.4 m
and 𝑇e = 12 dB. It increases to 0.48 dB with Δa = 2.4 m. In the numerical results
that will be presented in Chapters 3 and 4, a 0.5 dB higher depointing loss will be
assumed for MIMO feeder links in comparison to SISO links. In view of the results
from Fig. 2-10, it is a rather pessimistic scenario. However, it will be shown that,
even in this case, MIMO feeder links significantly outperform the state-of-the-art.

2.3

Time-Varying MIMO Channel

Based on the propagation impairments discussed in the previous section, the model
of the 2 × 2 MIMO link in a given channel of the uplink frequency plan can now be
determined. The prediction of the MIMO channel at a given time instant from the
knowledge of its state at a previous time instant is also analyzed at the end of this
section.
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2.3.1

Channel Model

Let’s {𝑥𝜈𝑛 (𝜉)}+∞
𝜉=−∞ be a sequence of symbols to be transmitted in a frequency channel

centered at frequency 𝑓c from the 𝑛-th gateway antenna in the 𝜈-th feeder link4 . The
symbols have a duration 𝑇symb , and they are normalized such that E [𝑥𝜈𝑛 (𝜉)] ≤ 𝑃u𝜈
where 𝑃u𝜈 is the maximum EIRP that can be exploited for their transmission. The
design of the symbols through the resort to MIMO precoding will be thoroughly
discussed in Chapter 3. The time-alignment of the sequences received at the satellite
from the two gateway antennas of a MIMO feeder link must be guaranteed. It can
be achieved by controlling the pulse-shaping of the baseband signals as follows:
𝑑𝜈1 (𝑡) =
𝑑𝜈2 (𝑡) =

+∞
∑︁
𝜉=−∞
+∞
∑︁
𝜉=−∞

𝑥𝜈1 (𝜉) · 𝑝 (𝑡 − Δ𝑡𝜈D − 𝜉 · 𝑇symb ) ,

(2.23)

𝑥𝜈2 (𝜉) · 𝑝 (𝑡 − 𝜉 · 𝑇symb ) ,

(2.24)

where 𝑝 (𝑡) is a Nyquist pulse shaping filter. A raised cosine filter is for example used in
the DVB-S2 standard5 [121]. The variable Δ𝑡𝜈D enables to adjust the time-alignment
+∞
𝜈
of the symbol sequences {𝑥𝜈1 (𝜉)}+∞
𝜉=−∞ and {𝑥2 (𝜉)}𝜉=−∞ . It will be expressed later

in this section as a function of the path lengths between the gateway antennas and
the satellite. After the pulse shaping, the baseband signals are used to modulate a
carrier wave at frequency 𝑓c such that the passband signal to be radiated by the 𝑛-th
antenna is given by [122]:
𝑑˜𝜈𝑛 (𝑡) =

√
{︀
}︀
2 · Re 𝑑𝜈𝑛 (𝑡) 𝑒𝑗2𝜋𝑓c 𝑡 .

4

(2.25)

Only one frequency channel is considered here. However, a feeder link uses in practice several
frequency channels as illustrated in the frequency plan of Fig 2-2. A complete model of a MIMO
feeder link should include the 2 × 2 MIMO links for all the available frequency channels. This will
be done in Chapter 3.
5
In practice, the filtering operation is actually split between the transmitter and the receiver.
The pulse shaping and the matched filtering are then realized with a square-root raised cosine filter.
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At the 𝑚-th satellite antenna, the noiseless part of the passband signal captured from
feeder link 𝜈 by the feed allocated to feeder link 𝜈 ′ can be expressed as:
𝜈′𝜈
𝑦˜𝑚

(𝑡) =

′
ℎ̃𝜈𝑚1𝜈

)︂
(︂
)︂
(︂
𝜈
𝜈
(𝑡)
(𝑡)
𝑟𝑚2
𝑟𝑚1
𝜈
𝜈′𝜈
𝜈
𝜈
𝜈
˜
˜
− 𝛽R,1 (𝑡) + ℎ̃𝑚2 (𝑡) · 𝑑2 𝑡 −
− 𝛽R,2 (𝑡) ,
(𝑡) · 𝑑1 𝑡 −
𝑐0
𝑐0
(2.26)

where
′

ℎ̃𝜈𝑚𝑛𝜈 (𝑡) =

√︀
𝑐0
𝜈
·
𝛼
(𝑡)
·
𝑔e · 𝑏𝜈𝑛′ 𝜈 .
𝑛
𝜈 (𝑡)
4𝜋𝑓c 𝑟𝑚𝑛

(2.27)

𝜈
The variable 𝛽R,𝑛
(𝑡) represents the extra time delay experienced by the signal from

the 𝑛-th gateway antenna due to refraction in the troposphere. It includes the effects of the large-scale and small-scale variations of the refractive index discussed in
Section 2.2.2. The tropospheric amplitude attenuation of the signal received at time
instant 𝑡 from the 𝑛-th transmit antenna is represented by 𝛼𝑛𝜈 (𝑡). In this work, this
fading coefficient 𝛼𝑛𝜈 (𝑡) will be assumed to be identical in all the uplink frequency
channels of the considered feeder link. This comes down to implicitly assuming that
an uplink power control scheme balances the differences between the tropospheric
attenuations in different frequency channels. The attenuation in dB is defined as
𝐴𝜈𝑛 (𝑡) = −20 · log10 {𝛼𝑛𝜈 (𝑡)}, and its statistics can be modeled using ITU-R recommendations. These statistics will be introduced in Chapter 3 to analyze the outage
probability of the proposed system architecture [96]. The maximum gains of the
transmit and receive antennas as well as the losses due to imperfections of the front′

ends are included in 𝑔e . Finally, 𝑏𝜈𝑛 𝜈 is the normalized receive antenna gain. Its value
depends on the position of the considered gateway antenna in the beam footprint of
the 𝜈 ′ -th feeder link. If this antenna is not associated to the feeder link, it actually
creates interference either at the edge of the main lobe or in the sidelobes of the radia′

𝜈 𝜈
tion pattern. The equivalent baseband representation 𝑦𝑚
(𝑡) of the receive passband
′

𝜈 𝜈
signal 𝑦˜𝑚
(𝑡) is obtained from (2.25), (2.26) and the following relation:

′

𝜈 𝜈
𝑦˜𝑚
(𝑡) =

√

{︁ ′
}︁
𝜈 𝜈
2 · Re 𝑦𝑚
(𝑡) 𝑒𝑗2𝜋𝑓c 𝑡 .
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(2.28)

After equating (2.28) and (2.26), it is easily established that:
𝜈′𝜈
𝑦𝑚

(𝑡) =

′
ℎ𝜈𝑚1𝜈

(𝑡) ·

𝑑𝜈1

(︂

)︂
(︂
)︂
𝜈
𝜈
(𝑡)
(𝑡)
𝑟𝑚2
𝑟𝑚1
𝜈
𝜈′𝜈
𝜈
𝜈
− 𝛽R,1 (𝑡) + ℎ𝑚2 (𝑡) · 𝑑2 𝑡 −
− 𝛽R,1 (𝑡) ,
𝑡−
𝑐0
𝑐0
(2.29)

with
′
ℎ𝜈𝑚𝑛𝜈

√︀
𝑐0
−𝑗2𝜋𝑓c
𝜈
(𝑡) =
·
𝛼
(𝑡)
·
𝑔e · 𝑏𝜈𝑛′ 𝜈 · 𝑒
𝑛
𝜈 (𝑡)
4𝜋𝑓c 𝑟𝑚𝑛

(︁

𝜈 (𝑡)
𝑟𝑚𝑛
𝜈 (𝑡)
+𝛽R,𝑛
𝑐0

)︁

.

(2.30)

Using (2.23) and (2.24), the result from (2.29) can be reformulated as:
𝜈′𝜈
𝑦𝑚

+∞
∑︁

)︂
𝜈
(𝑡)
𝑟𝑚1
𝜈
− 𝛽R,1 (𝑡) − 𝜉 · 𝑇symb
(𝑡) =
(𝑡) ·
(𝜉) · 𝑝 𝑡 −
−
𝑐
0
𝜉=−∞
(︂
)︂
+∞
𝜈
∑︁
(𝑡)
𝑟𝑚2
𝜈
𝜈
𝜈′𝜈
− 𝛽R,2 (𝑡) − 𝜉 · 𝑇symb
𝑥2 (𝜉) · 𝑝 𝑡 −
+ ℎ𝑚2 (𝑡) ·
𝑐0
𝜉=−∞
)︂
(︂
+∞
𝜈
∑︁
(𝑡)
𝑟𝑚1
𝜈′𝜈
𝜈
𝜈
= ℎ𝑚1 (𝑡) ·
− 𝜉 · 𝑇symb
𝑥1 (𝜉) · 𝑝 𝑡 − Δ𝑡D −
𝑐0
𝜉=−∞
(︂
)︂
+∞
𝜈
∑︁
𝑟𝑚2
(𝑡)
𝜈′𝜈
𝜈
+ ℎ𝑚2 (𝑡) ·
𝑥2 (𝜉) · 𝑝 𝑡 −
− 𝜉 · 𝑇symb .
𝑐
0
𝜉=−∞
′
ℎ𝜈𝑚1𝜈

𝑥𝜈1

(︂

Δ𝑡𝜈D

(2.31)
𝜈
(𝑡) only reaches up to some tens of picoseconds whereas 𝑇symb will
The fact that 𝛽R,𝑛
𝜈
(𝑡) ≪ 𝑇symb , has been used to obtain
be on the order of a few nanoseconds i.e., 𝛽R,𝑛

the last line of (2.31). To guarantee the time-alignment of the symbol sequences, it
is then obvious that the delay Δ𝑡𝜈D must be set equal to the differential propagation
delay between the gateway antennas and the satellite which is given by:
Δ𝑡𝜈D =

𝜈
𝜈
𝑟𝑚2
(𝑡) − 𝑟𝑚1
(𝑡)
.
𝑐0

(2.32)

For the sake of illustration, the evolution over time of the differential propagation
delay between a gateway array in Mandra (Greece) and a satellite at 9∘ E is shown
in Fig. 2-11. The gateway array is oriented in the east-west direction, and the interantenna distance is 40 km. Due to the movement of the satellite in its station-keeping
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Figure 2-11: Differential propagation delay as a function of time for a gateway array
positioned in Mandra (Greece) with 𝛿E = 0∘ and 𝑑E = 40 km

box, the differential delay is not constant. However, its rate of change is only a few
picoseconds per second such that it can be regularly estimated and compensated at
the transmitter to avoid inter-symbol interference. It has also to be noted that, due
to the small separation between the satellite antennas, the differential propagation
delay is identical for all of them i.e., that the value of Δ𝑡𝜈D in (2.32) is equal for 𝑚 = 1
and 𝑚 = 2. Based on (2.31) and (2.32), the noiseless part of the received signal at the
𝑚-th satellite antenna of a time-aligned MIMO feeder link writes in the equivalent
baseband as:
𝜈′𝜈
𝑦𝑚

(𝑡) =

+∞ {︁
∑︁
𝜉=−∞

′
ℎ𝜈𝑚1𝜈

(𝑡) ·

𝑥𝜈1

(𝜉) +

′
ℎ𝜈𝑚2𝜈

(𝑡) ·

𝑥𝜈2

(︂
)︂
𝜈
𝑟𝑚2
(𝑡)
(𝜉) · 𝑝 𝑡 −
− 𝜉 · 𝑇symb .
𝑐0
}︁

(2.33)
Since the filter 𝑝 (𝑡) guarantees that a detection of the symbols at their optimal
sampling instant will avoid the occurrence of ISI in time domain, the MIMO channel
can be modeled on a per-symbol basis. The channel between the gateway antennas
of the 𝜈-th MIMO feeder link and the feeds of the satellite antennas allocated to the
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𝜈 ′ -th link can then be described by the following matrix:
⎤
(𝑡)
(𝑡)
′
⎦ .
H𝜈 𝜈 (𝑡) = ⎣ ′
′
𝜈 𝜈
𝜈 𝜈
ℎ21 (𝑡) ℎ22 (𝑡)
⎡

′
ℎ𝜈11𝜈

′
ℎ𝜈12𝜈

(2.34)

The matrices with 𝜈 ′ ̸= 𝜈 will be used in Chapter 3 to model and analyze the interference between the different feeder links. Here, the following discussion first concentrates on the case 𝜈 ′ = 𝜈 i.e., the matrix that represents the channel used to perform
spatial multiplexing in the 𝜈-th link. In practice, the transmission of the data symbols is done blockwise. With the DVB-S second generation (DVB-S2) standard, a
block transmission requires for example a maximum of a few milliseconds which is
well below the coherence time of the tropospheric impairments as discussed in Section 2.2.2. Therefore, it can be assumed to be a block-fading channel i.e., that the
channel coefficients remain constant during the transmission of a block [123]. If 𝐼B is
the index set of symbols belonging to the same block, and 𝑡B is the time instant at
which the reception of this block starts, the desired received symbols in the 𝜈-th link
are determined as:
⎤
⎡
⎤
⎡
𝜈
𝜈
𝑥 (𝜉)
𝑤1 (𝜉)
⎦ = H𝜈𝜈 (𝑡B ) · ⎣ 1 ⎦ = H𝜈𝜈 (𝑡B ) · x𝜈 (𝜉) ,
w𝜈 (𝜉) = ⎣
𝑥𝜈2 (𝜉)
𝑤2𝜈 (𝜉)

𝜉 ∈ 𝐼B

(2.35)

In Chapter 3, the design of the sequences of transmit symbols {𝑥𝜈1 (𝜉)}𝜉∈𝐼B and
{𝑥𝜈2 (𝜉)}𝜉∈𝐼B will require the knowledge of the channel matrix H𝜈𝜈 (𝑡B ) at the transmitter. The accurate prediction of the CSI is addressed in the following section.

2.3.2

Channel State Prediction

Different strategies such as a looping back of an uplink signal from the satellite to
the gateway or the exploitation of a modulated beacon can be envisioned to estimate
the CSI. Meanwhile, the objective of this section is not to discuss the design of a
specific CSI acquisition scheme. This aspect is addressed in more detail in Chapter 3.
Here, the impact of a delay Δ𝑡 between the estimation of the MIMO channel at a
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time instant 𝑡CSI and its exploitation for the design of blocks of symbols received by
the satellite at time instant 𝑡B = 𝑡CSI + Δ𝑡 is discussed. Because of the propagation
delays between the gateway antennas and the satellite, which reach a little bit more
than 100 ms, such a latency cannot be avoided. Scintillation, which is the weather
impairment that varies the fastest, can be reasonably assumed constant over a period
of a few hundreds of milliseconds. As a consequence, the accuracy of the estimated
weather impairments will not be strongly degraded due to channel aging provided that
the refreshment rate of the CSI is sufficient. On the contrary, the movement of the
satellite in its station-keeping box entails a non-negligible modification of the phase
relationships between the LOS channel coefficients i.e., the coefficients depending on
the path length geometry. To analyze the impact of this phenomenon, the results
from Section 2.2.1 are used. Under the assumption that the time delay Δ𝑡 does not
exceed a few hundreds of milliseconds, the time-varying tropospheric impairments
𝜈
i.e., the attenuation 𝛼𝑛𝜈 (𝑡) and the phase shift 𝜙𝜈𝑛 (𝑡) = −2𝜋𝑓c 𝛽R,𝑛
(𝑡) in (2.30), do

not change significantly. In this case, the following relation can be established:
⎡
⎤
𝑗𝛿𝜅𝜈 (𝑡CSI ;Δ𝑡)
𝑒
0
𝜈
⎦ ,
H𝜈𝜈 (𝑡B = 𝑡CSI + Δ𝑡) = 𝑒𝑗𝜅2 (𝑡CSI ;Δ𝑡) · H𝜈𝜈 (𝑡CSI ) · ⎣
0
1

(2.36)

Δ𝑟𝜈 (𝑡CSI ; Δ𝑡)
vT (𝑡CSI ) · Δq𝜈 · Δ𝑡
= 2𝜋𝑓c · S
.
𝑐0
𝑐0

(2.37)

with
𝛿𝜅𝜈 (𝑡CSI ; Δ𝑡) = 2𝜋𝑓c ·

The phase shift 𝜅𝜈2 (𝑡CSI ; Δ𝑡) depends on the path length variation from the second
gateway antenna to the satellite. It is common to all channel entries and does not
modify the structure of the MIMO channel matrix. Thus, it does not contribute
to the aging of the CSI. On the contrary, the non-zero differential phase rotation
𝛿𝜅𝜈 (𝑡CSI ; Δ𝑡) leads to a CSI mismatch. As shown in (2.37), it is expressed as a
function of the different path length variation that has been introduced in (2.16). Its
value is proportional to Δ𝑡.
The impact of the satellite motion in the radial, tangential and orthogonal di45

rections on 𝛿𝜅𝜈 (𝑡CSI ; Δ𝑡) can be investigated by resorting to the decomposition of
the differential path length variation from (2.18). In Fig. 2-12, the result of such an
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Figure 2-12: Differential phase rotation as a function of the delay Δ𝑡 for a gateway
array positioned in Mandra (Greece) with 𝑑E = 40 km, 𝑓c = 50 GHz and velocity
components 𝑉r (𝑡CSI ) = 𝑉t (𝑡CSI ) = 𝑉o (𝑡CSI ) = 1 m/s
analysis is shown at 𝑓c = 50 GHz again for a gateway array in Mandra (Greece) and
a satellite at 9∘ E. The velocity components of the satellite have all been set to 1 m/s.
When 𝛿E = 0∘ , only the tangential motion of the satellite significantly contributes to
the differential phase rotation. This is in accordance with the fact that the differential
path length variation is maximum when the satellite moves in a direction parallel to
the gateway array as explained in Section 2.2.1. After 300 ms, a difference of 0.32 rad
is for example observed. The radial and the orthogonal motions have a negligible
impact for 𝛿E = 0∘ . On the contrary, with 𝛿E = 35∘ , the orthogonal motion of the
satellite also plays a substantial role in the aging of the CSI. A motion of the satellite
in the north-south direction is, in this case, not quasi-orthogonal to the gateway array
orientation, and the resulting phase shift cannot be ignored anymore.
To put it in a nutshell, even though a differential phase rotation of the MIMO
channel coefficients is unavoidable, its predictable behavior over time enables to over46

come its impact on the CSI outdating. The MIMO channel for blocks of symbols
that will be received at a time instant 𝑡B can indeed be determined from a channel
estimation performed a few hundreds of milliseconds earlier at 𝑡CSI = 𝑡B − Δ𝑡. To
this end, the following procedure should be applied:
1. Estimation of the MIMO channel H𝜈𝜈 (𝑡CSI ) at time instant 𝑡CSI
2. Determination of the differential phase rotation 𝛿𝜅𝜈 (𝑡CSI ; Δ𝑡) entailed by the
motion of the satellite during the delay Δ𝑡
3. Phase rotation of the first column of H𝜈𝜈 (𝑡CSI ) with 𝛿𝜅𝜈 (𝑡CSI ; Δ𝑡)
According to (2.36), the corrected channel state corresponds to the effective MIMO
channel at 𝑡B = 𝑡CSI + Δ𝑡 up to a phase shift common to all entries. For the MIMO
processing strategies introduced in Chapter 3, it will be implicitly assumed that this
phase corrected CSI is used.
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Chapter 3
Transmission Strategies
MIMO processing strategies are required to enable the spatial multiplexing of different
data streams in a MIMO feeder link. In this chapter, the model used to represent a
data transmission over a noisy channel with ground and on-board digital processing is
first provided. The presented transmission chain model is exploited to design digital
processing schemes. Here, a ground-limited and a joint ground/on-board processing
approach are considered. The performance of a MIMO-based feeder link architecture
is then analyzed in terms of uplink CINR. It is especially emphasized that a MIMO
feeder link can be reliably exploited for a large range of gateway antennas separations
and orbital slots. The role of on-board MIMO processing in improving the link
robustness against strong tropospheric attenuations, particularly in the Q/V-band, is
also discussed.

3.1

Transmission Chain Model

For the sake of notational simplicity, the continuous-time index 𝑡 used in Chapter 2 is
omitted in the following. Similarly, the discrete-time index 𝜉 for the symbol sequences
is discarded. A V/HTS system with a ground segment composed of 𝑁 MIMO feeder
links is here considered. In the 𝜈-th MIMO feeder link, a vector of data symbols
s𝜈 = [𝑠𝜈1 , . . . , 𝑠𝜈𝐾 ]T ∈ C𝐾×1 must be transmitted at a specific time instant. Spatial
multiplexing in 𝐿 = 𝐾/2 non-interfering frequency channels will be used for this
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Figure 3-1: Transmission chain of a MIMO feeder link
[︁
]︁
[︁
]︁
′
purpose. The symbols in s𝜈 are such that E s𝜈 (s𝜈 )H = I𝐾 and E s𝜈 (s𝜈 )H = 0𝐾 ,
𝜈 ′ ̸= 𝜈. As illustrated by the block diagram of the transmission chain in Fig. 3-1, the
vector s𝜈 is first pre-processed in the central processing unit of the gateway array with
the help of a precoding matrix B𝜈 ∈ C𝐾×𝐾 . It must be designed under the constraint
that the transmit power per gateway antenna in a given frequency channel should not
exceed a threshold value. The ground stations are indeed equipped with high power
amplifiers (HPAs) whose specification do not allow to overstep a certain transmit
power. Moreover, power flux density threshold limits are imposed by regulatory
authorities to avoid undesirable interference to other networks operating in the same
frequency band. To formulate the per-antenna and per-carrier power constraint, the
following partitioning of the precoder is considered:
⎤

⎡
B𝜈1

⎥
⎢
⎢ . ⎥
⎥
⎢
B𝜈 = ⎢ .. ⎥ .
⎥
⎢
⎦
⎣
𝜈
B𝐿

(3.1)

The matrix B𝜈𝑙 ∈ C2×𝐾 is the part of the precoding matrix which maps the content of
the vector s𝜈 to the inputs of the MIMO channel at carrier frequency 𝑓c,𝑙 . Denoting
𝜈
𝑃u,𝑙
the maximum EIRP per antenna in the 𝑙-th channel, the condition that must be

fulfilled is given by:
[︁

B𝜈𝑙

(B𝜈𝑙 )H

]︁
𝑛,𝑛

𝜈
≤ 𝑃u,𝑙
,
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𝑛 = 1, 2 .

(3.2)

After the precoding operation, the symbols are distributed to the gateway anten∈ C2×2 is the MIMO channel
nas for their transmission in the feeder link. If H𝜈𝜈
𝑙
in the 𝑙-th uplink frequency channel, the link including the 𝐿 frequency channels is
represented by the following block diagonal structure:
𝜈𝜈
H̄𝜈𝜈 = diag {H𝜈𝜈
1 , . . . , H𝐿 } .

(3.3)

The vector of symbols received at the satellite then writes as:
⎡

⎤

𝑦𝜈
⎢ 1⎥

𝑁

∑︁
′
′
′
⎢ . ⎥
y = ⎢ .. ⎥ = H̄𝜈𝜈 B𝜈 s𝜈 +
H̄𝜈𝜈 B𝜈 s𝜈 + 𝜂 𝜈T = H̄𝜈𝜈 B𝜈 s𝜈 + 𝜂 𝜈I + 𝜂 𝜈T .
⎣ ⎦
𝜈 ′ =1
𝜈
𝜈 ′ ̸=𝜈
𝑦𝐾
𝜈

(3.4)

′

The matrix H̄𝜈𝜈 for 𝜈 ′ ̸= 𝜈 has the same structure as H̄𝜈𝜈 in (3.3) with the difference that it models the interference experienced in the considered link 𝜈 from the
𝜈 ′ -th MIMO feeder link. In Section 3.3.1, it will be shown through numerical simulations that the interference term in (3.4) can be assumed to be spatially white. As
a consequence, its autocorrelation matrix R𝜂𝜈I ∈ C𝐾×𝐾 is diagonal. The diagonal
entries associated to the 𝑙-th frequency channel are equal to the interference power
𝜈
𝑃I,𝑙
. The vector 𝜂 𝜈T ∈ C𝐾×1 represents the thermal noise from the satellite payload.

It contains realizations of zero-mean circularly symmetric complex Gaussian random
variables, and its autocorrelation matrix is the diagonal matrix R𝜂𝜈T ∈ C𝐾×𝐾 . The
diagonal entries of R𝜂𝜈T associated to the thermal noise contributions for the 𝑙-th
𝜈
carrier frequency are equal and given by 𝑃T,𝑙
.

Finally, if a digital transparent payload is considered, the received symbols from
y𝜈 can be post-processed in the satellite. This on-board processing is represented
by the matrix W𝜈 ∈ C𝐾×𝐾 such that the symbols obtained at the output of the
processor are given by:
⎡

⎤

𝑧𝜈
⎢ 1⎥

⎢ . ⎥
z𝜈 = ⎢ .. ⎥ = (W𝜈 )H y𝜈 .
⎣ ⎦
𝜈
𝑧𝐾
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(3.5)

Here, the objective will be to null the spatial interference between the different data streams transmitted through the MIMO feeder link. Therefore, the preprocessing and the post-processing will be designed under a zero-forcing (ZF) constraint. According to the strategy adopted in the downlink and the payload architecture, further digital processing may be applied to z𝜈 but this is out of the scope of
this work. However, we recall that the design of a V/HTS system using the MIMO
LOS concept both in its feeder links and its user links is for example possible [84].

3.2

Signal Processing

In the following, the design of the processing performed in the gateway antenna arrays
and in the satellite payload is discussed. Since the considered strategies require the
knowledge of the CSI, a possible CSI acquisition scheme is first shortly reviewed.
Both a ground-limited processing and a joint ground/on-board processing approach
based on the ZF criterion are then introduced to ensure a reliable transmission of the
data symbols.

3.2.1

Channel State Information

In the 𝜈-th feeder link, the matrix H̄𝜈𝜈 has to be estimated i.e., the amplitude and
the phase of the channel coefficients have to be determined. As already emphasized in
Chapter 2, the differential phase rotation of the coefficients due to the motion of the
satellite must also be evaluated to avoid the use of outdated CSI1 . Similar challenges
are encountered in the context of ground-based beamforming for multibeam satellites
[124] or coherent uplink arraying [89]. In such scenarios, an accurate calibration of
the uplink frequency channels is indeed needed. Even though CSI will be exploited
differently in the proposed MIMO feeder link architecture, existing channel sounding
strategies can be applied to the estimation of the matrix H̄𝜈𝜈 . A solution consists
for example in the transmission within the uplink frequency spectrum of calibration
1

It has to be noted that, in the case where the signal processing is done jointly on several frequency
channels, the differential phase shift between the frequency channels should be compensated as well.
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signals from the satellite. Different types of waveforms can be used for this purpose
(e.g., pseudo-noise sequences, single tone carriers in the guard bands, ...) [125]. In the
proof-of-concept of MIMO LOS for satellite communications of [52], constant amplitude zero autocorrelation (CAZAC) sequences and a best linear unbiased estimator
(BLUE) have been used to determine the channel state with a minimum estimation
error variance. The capacity obtained with the measured MIMO channel was perfectly complying with the results predicted by theory. The interested reader is also
referred to the research works that have especially been conducted in the last years
by NASA to enable coherent uplink arraying with a real-time estimation and compensation of atmospheric impairments [89]. First tests with commercial off-the-shelf
(COTS) equipment have proved the ability of such systems to reach close-to-optimum
performance. An abstract view of a potential CSI acquisition scheme for the proposed

Satellite tracking

Satellite position

Calibration signal +
meteorological data

Atmospheric
impairments
Measured parameters

Precoding matrix Bν
Estimation
of MIMO
feeder link
channel H̄νν

On-board processing
matrix Wν

High rate
telecommand link

On-board digital
processor

Central processing unit of the gateway array
Required for both ground-limited and joint ground/on-board processing
Required only for joint ground/on-board processing

Figure 3-2: CSI acquisition scheme for MIMO feeder links

MIMO feeder link system is shown in Fig. 3-2. After the estimation of the MIMO
channel H̄𝜈𝜈 , the precoding and on-board processing matrices B𝜈 and W𝜈 can both be
computed in the central processing unit of the gateway antenna array. The on-board
processing matrix is then transferred to the satellite through a high-speed payload
configuration link. Future V/HTS systems will support telecommand connections
with low latency requirements to control in quasi real-time the digital payload [126].
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3.2.2

Ground-Limited Processing

With a ground-limited solution, the on-board processing matrix is set to the identity
matrix, and only the precoder B𝜈 is optimized. Based on the block-diagonal structure
of the MIMO feeder link channel matrix, the ZF condition that must be fulfilled is
formulated as [127]:
{︁√︀
}︁
√︀ 𝜈
𝜈
H̄ B = diag
𝜇1 · I2 , . . . , 𝜇𝐿 · I2 ,
𝜈𝜈

𝜈

(3.6)

where 𝜇𝜈𝑙 , 1 ≤ 𝑙 ≤ 𝐿, are non-negative numbers. This constraint guarantees that the
two parallel MIMO subchannels that are available for each uplink carrier frequency
have equal amplitude gains. The precoder B𝜈 satisfying (3.6) is given by:
B𝜈 = diag

{︁√︀
}︁
√︀ 𝜈
,+
𝜈𝜈 ,+
𝜇𝜈1 · H𝜈𝜈
𝜇
·
H
,
.
.
.
,
.
1
𝐿
𝐿

(3.7)

,+
𝜈
The matrix H𝜈𝜈
stands for the inverse of H𝜈𝜈
𝑙
𝑙 , and the coefficients 𝜇𝑙 are determined

to satisfy the power constraint in (3.2) as an equality for at least one of the gateway
antenna. They are thus obtained as:
𝜇𝜈𝑙

𝜈
𝑃u,𝑙
[︁
=
(︀ 𝜈𝜈 ,+ )︀H ]︁
,+
max H𝜈𝜈
·
H𝑙
𝑙
𝑛

.

(3.8)

𝑛,𝑛

The effective uplink CINR for the 𝑘-th data sequence follows as:
𝜌𝜈u,𝑘

=

𝜇𝜈⌈ 𝑘 ⌉
2

𝜈
𝑃I,⌈
𝑘
⌉
2

𝜈
+ 𝑃T,⌈
𝑘
⌉

.

(3.9)

2

Since the data sequences are not guaranteed to experience the same effective uplink
CINR, the performance will be characterized in the simulation results with the help
of the minimum CINR among all data streams 𝜌𝜈u = min 𝜌𝜈u,𝑘 .
𝑘

With ground-limited processing, the power allocation in the gateways is influenced
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by the tropospheric attenuations. It can indeed be shown that:
[︁

B𝜈𝑙 (B𝜈𝑙 )H

]︁

{︃(︂
= min

𝑛,𝑛

𝛼1𝜈
𝛼2𝜈

)︂2(−1)𝑛

}︃
,1

𝜈
· 𝑃u,𝑙
.

(3.10)

As detailed in Chapter 2, the variables 𝛼1𝜈 and 𝛼2𝜈 are the amplitude attenuations due
to the troposphere for the first and the second gateway antenna, respectively. The
result from (3.10) is demonstrated in Appendix A. It implies that, if the gateway
antenna 1 (or 2) experiences better weather conditions than the gateway antenna 2
(︁ 𝜈 )︁2
(︁ 𝜈 )︁2
𝛼
𝛼
(or 1) i.e., 𝛼1𝜈 > 𝛼2𝜈 (or 𝛼2𝜈 > 𝛼1𝜈 ), it uses only 𝛼2𝜈 · 100% (or 𝛼1𝜈 · 100%) of its
1

2

available power. The gateway with the worse attenuation, on the other hand, fully
exploits its available power. A direct consequence of this power allocation is that, if
𝜌˜𝜈u,𝑘 is the effective CINR in clear-sky conditions, the following relation is fulfilled:
{︀
}︀
𝜌𝜈u,𝑘 = min (𝛼1𝜈 )2 , (𝛼2𝜈 )2 · 𝜌˜𝜈u,𝑘 .

(3.11)

In other words, the effective CINR degradation is equal to the maximum of the
tropospheric attenuations experienced by the gateway antennas. The impact of this
CINR reduction on the outage probability of a feeder link using the ground-limited
processing strategy will be analyzed in Chapter 4.

3.2.3

Joint Ground/On-Board Processing

An improved robustness against weather attenuations can be expected if a postprocessing of the signals is performed on-board the satellite. For this purpose, the
precoder B𝜈 and the on-board processing matrix W𝜈 are jointly optimized using
a Max-Min CINR fairness strategy under a ZF constraint i.e., (W𝜈 )H H̄𝜈𝜈 B𝜈 = I𝐿 .
With this constraint, the effective uplink CINR for the 𝑘-th data sequence is expressed
as:
[︁
(︀
)︀ ]︁+
𝜌𝜈u,𝑘 = (w𝑘𝜈 )H R𝜂𝜈I + R𝜂𝜈T w𝑘𝜈
,
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(3.12)

where w𝑘𝜈 is the 𝑘-th column of W𝜈 . The optimization problem to be solved is then
formulated as:
max
B𝜈 , W𝜈

min 𝜌𝜈u,𝑘
𝑘

{︀ 𝜈
}︀
𝜈
B𝜈 (B𝜈 )H ≤ diag 𝑃u,1
I2 , . . . , 𝑃u,𝐿
I2 = P𝜈

s.t.

(3.13)

(W𝜈 )H H̄𝜈𝜈 B𝜈 = I𝐿 .
The power constraint in (3.13) enables to limit the diagonal elements of B𝜈 (B𝜈 )H as
expected from the condition in (3.2). The diagonal matrix P𝜈 is one solution from
an infinite set of matrices that can be used to upper bound B𝜈 (B𝜈 )H [128].
The optimization of B𝜈 and W𝜈 according to (3.13) can be done using convex
optimization tools [129]. Two block diagonal matrices V𝜈 ∈ C𝐾×𝐾 and Γ𝜈 ∈ R𝐾×𝐾
are defined to formulate a closed-form solution. These matrices are expressed as:
Γ𝜈 = diag {Γ𝜈1 , . . . , Γ𝜈𝐿 } ,

V𝜈 = diag {V1𝜈 , . . . , V𝐿𝜈 } ,

(3.14)

with V𝑙𝜈 ∈ C2×2 and Γ𝜈𝑙 ∈ R2×2 , 1 ≤ 𝑙 ≤ 𝐿, the matrices of eigenvectors and

H
𝜈𝜈
eigenvalues of (H𝜈𝜈
𝑙 ) H𝑙 such that:

H
𝜈𝜈
(H𝜈𝜈
𝑙 ) H𝑙

⎤
⎡
𝜈
0
𝛾
𝑙,1
⎦ (V𝑙𝜈 )H .
= V𝑙𝜈 Γ𝜈𝑙 (V𝑙𝜈 )H = V𝑙𝜈 ⎣
𝜈
0 𝛾𝑙,2

(3.15)

𝜈
𝜈
The eigenvalues 𝛾𝑙,1
and 𝛾𝑙,2
correspond to the gains of the MIMO eigenmodes at

frequency 𝑓c,𝑙 . When no rain attenuation impairs the signals, an antenna arrangement
𝜈
𝜈
allowing a maximization of the data rate in H𝜈𝜈
𝑙 is such that 𝛾𝑙,1 = 𝛾𝑙,2 [38]. Relying

on the definition of the matrix V𝜈 , an optimal solution to (3.13) is given by:
1

B𝜈 = P𝜈 , 2 V𝜈 Ω ,

(︀
)︀+
(W𝜈 )H = H̄𝜈𝜈 B𝜈
,

(3.16)

where Ω ∈ C𝐾×𝐾 is the unitary discrete Fourier transform (DFT) matrix, and the
1

diagonal matrix P𝜈 , 2 contains the square roots of the entries of P𝜈 . The mathematical
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reasoning used to obtain the solutions in (3.16) is provided in Appendix B.1. It has
to be noted that B𝜈 (B𝜈 )H = P𝜈 which implies that, contrary to the ground-limited
processing approach, the maximum available power is always exploited.
Introducing the optimal solution from (3.16) in the cost function of (3.13), it
appears that the effective uplink CINR is equal for all data streams and writes as:

𝜌𝜈u,𝑘

{︃ 𝐿
)︃}︃+
(︃
𝜈
𝜈
∑︁ 𝑃T,𝑙
+ 𝑃I,𝑙
1
1
=𝐾·
·
+ 𝜈
.
𝜈
𝜈
𝑃
𝛾
𝛾
u,𝑙
𝑙,1
𝑙,2
𝑙=1

(3.17)

It can also be expressed as a function of the CINR in clear-sky conditions 𝜌˜𝜈u as follows:
𝜌𝜈u,𝑘

{︀
}︀
(𝛼1𝜈 𝛼2𝜈 )2
· 𝜌˜𝜈u ≥ min (𝛼1𝜈 )2 , (𝛼2𝜈 )2 · 𝜌˜𝜈u .
=2· 𝜈 2
𝜈 2
(𝛼1 ) + (𝛼2 )

(3.18)

This result is demonstrated in Appendix B.2. It shows that the effective uplink
CINR loss is always lower or equal than the maximum of the weather attenuations
experienced by the gateway antennas.

3.3

System Analysis

A system analysis is now conducted to emphasize the fundamental trade-offs required
for an effective design of MIMO feeder links. First, the interference is analyzed in
order to validate the model from Section 3. The antenna arrangement that can be
accepted in a practical system and the impact of tropospheric attenuations on the
achievable uplink CINR are then discussed.

3.3.1

Interference

In this section, the spatial correlation of the interference and the carrier to interference ratio (CIR) are analyzed based on the transmission chain model introduced in
Section 3.1. Results will be provided for a satellite at 9∘ E and gateways installed in
Europe. The deployment scenario is the same as the one that was shown in Fig. 2-1c in
Chapter 2. For the sake of convenience, this illustration is displayed again in Fig. 3-3.
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A total of 15 MIMO feeder links is considered, and the parameters 𝑑S = 3 m, 𝛿E = 0∘
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Figure 3-3: Deployment of the feeder links in Europe
and 𝑑E = 40 km are used for all the links. It will be shown in Section 3.3.2 that this
is an antenna arrangement that provides a close to maximum effective CINR for a
Q/V-band link. The diameter of the receive antennas is set to Δa = 1.4 m, and their
edge taper equals 𝑇e = 12 dB. The transmit power per frequency channel is equal for
𝜈
all gateway antennas in the system i.e., 𝑃u,𝑙
= 𝑃u,𝑙 , 1 ≤ 𝜈 ≤ 𝑁 . Clear-sky conditions

are assumed at all sites, and simulations have been run for links with ground-limited
processing (Ground-P) and with joint ground/on-board processing (Joint-P). A scenario with 30 SISO feeder links and identical antenna characteristics is also considered
to enable a CIR comparison between MIMO feeder links and the state-of-the-art. As
already explained in Chapter 2, two gateway antennas per site are activated for the
MIMO links whereas only one antenna per site is used in the case of SISO links.
The autocorrelation matrix R𝜂𝜈I of the interference term from (3.4) is first analyzed
for each MIMO feeder link to confirm the assumption made in Section 3.1 that it is
a diagonal matrix. For this purpose, we observe that this matrix writes in its general
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form as:
R𝜂𝜈I =

𝑁
∑︁

′
′ (︀
′ )︀H (︀
′ )︀H
H̄𝜈𝜈 B𝜈 B𝜈
H̄𝜈𝜈
.

(3.19)

𝜈 ′ =1
𝜈 ′ ̸=𝜈
′

Obviously, R𝜂𝜈I has at least a block diagonal structure. The matrix H̄𝜈𝜈 is indeed
′ (︀
′ )︀H
block diagonal whereas B𝜈 B𝜈
is block diagonal with ground-limited processing or
simply diagonal with joint ground/on-board processing. Relying on this observation,
R𝜂𝜈I can be expressed as:
{︀
}︀
R𝜂𝜈I = diag R𝜈I,1 , . . . , R𝜈I,𝐿 ,

(3.20)

with R𝜈I,𝑙 the 2 × 2 spatial correlation matrix of the interference signals in the 𝑙-th
frequency channel of the 𝜈-th feeder link. The level of spatial correlation can be
characterized with the eigenvalue spread of R𝜈I,𝑙 . If 𝜆𝜈𝑙,1 and 𝜆𝜈𝑙,2 are the eigenvalues of
R𝜈I,𝑙 with 𝜆𝜈𝑙,1 ≥ 𝜆𝜈𝑙,2 , the eigenvalue spread is defined as:
𝜒𝜈𝑙 =

𝜆𝜈𝑙,1
.
𝜆𝜈𝑙,2

(3.21)

A small 𝜒𝜈𝑙 corresponds to a limited spatial correlation. On the other hand, a large 𝜒𝜈𝑙
means that most of the interference power is concentrated on one eigendirection or,
equivalently, that spatial correlation is important [130]. In Fig. 3-4, the distribution
of the eigenvalue spreads in the considered Western Europe scenario is shown at
the frequencies 𝑓c = 43 GHz and 𝑓c = 50 GHz. It can be seen that, in all cases,
half of the MIMO feeder links have an interference autocorrelation matrix whose
eigenvalue spread is lower than 1.2 whereas the maximum value remains below 2.2.
As a consequence, the approximation of always modeling the interference term in
(3.4) as spatially white is accurate.

The CIR in the MIMO feeder links is now investigated and compared to a stateof-the-art SISO solution. The CIR (𝐶/𝐼)𝜈𝑙 in the 𝜈-th MIMO feeder link at the 𝑙-th
carrier frequency is defined as the ratio of the sum carrier to the sum interference
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Figure 3-4: Percentage of links where the eigenvalue spread of the interference autocorrelation matrix exceeds a given value for Δa = 1.4 m and 𝑇e = 12 dB
power such that:

‖H𝜈𝜈 B𝜈 ‖2
(𝐶/𝐼)𝜈𝑙 = ∑︀𝑁 ⃦𝑙 𝑙 ′ F ′ ⃦2 .
⃦ 𝜈𝜈 𝜈 ⃦
𝜈 ′ =1 H𝑙 B𝑙
F

(3.22)

𝜈 ′ ̸=𝜈

In Fig. 3-5, the CIR distribution is shown for MIMO and SISO links, and nonnegligible gains are observed with the proposed MIMO solution. Part of these gains
are the consequence of the higher carrier power received in a MIMO feeder link due
to the use of two gateway antennas. Moreover, better angular separations reduce the
risk that the highest sidelobes or even the edge of the main lobe of a given link capture
interference from a neighboring link. As a consequence, the interference power density
in some SISO links can be significantly higher than in the case of MIMO links. This
drawback is particularly obvious in Fig. 3-5a when comparing the lowest CIRs for the
MIMO- and the SISO-based architectures. It should be noted that, in the specific
scenario considered here, the deployment area for the SISO feeder links is larger than
for the MIMO links. A few SISO deployment sites were indeed placed in remote
locations (e.g. sites in Canary and Madeira Islands) to avoid a dramatic reduction of
the CIR for some links. If the deployment region remains constrained to continental
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Europe, the problem of beam isolation between the SISO links becomes critical. The
superiority of MIMO feeder links is thus noticeable in this case.
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Figure 3-5: Percentage of links where the CIR exceeds a given value for Δa = 1.4 m
and 𝑇e = 12 dB

3.3.2

Antenna Arrangement and Weather

The influence of the antennas location, the satellite position and the weather attenuations on the effective uplink CINRs of MIMO links are now scrutinized. A scenario
where both gateway antennas have clear-sky conditions i.e., 𝐴1 = 𝐴2 = 0 dB, as well
as a scenario where the first gateway antenna experiences a strong rain attenuation
of 10 dB i.e., 𝐴1 = 10 dB and 𝐴2 = 0 dB, will be considered. A comparison with a
state-of-the-art SISO feeder link will also be provided2 . The parameters considered
for the system dimensioning are summarized in Table 3.1. The same EIRP is used
in each frequency channel. The miscellaneous losses for the MIMO links are 0.5 dB
higher than for SISO links to account for their higher receive depointing loss. In the
2

For the benchmark SISO link, only the clear-sky CINR will be displayed in the figures since, in
the case of a rain event, the resulting CINR is trivially obtained by subtracting the rain attenuation
from the clear-sky CINR.
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Table 3.1: Dimensioning of the feeder links
SISO
Frequency band
Bandwidth per carrier
EIRP per antenna and carrier
(with back-off)
Miscellaneous losses
(depointing, etc...)
Rx antenna diameter
Rx antenna efficiency
Rx antenna separation
Noise temperature
Interference power density

MIMO

Ka (27.5-30 GHz)
Q/V (42.5-43.5 & 47.2-50.2 GHz)
250 MHz
72.4 dBW
0.5 dB

1 dB
1.4 m
60 %

−

3m
600 K
−142.59 dBW/MHz

following results, this depointing loss is assumed to be constant for all the considered
inter-antenna distances. We recall that, according to the results that were provided
in Fig. 2-10, a penalty of 0.5 dB is a rather pessimistic assumption. Moreover, MIMO
links are here not advantaged in terms of inter-link interference, and the same interference power density is assumed in both configurations. Unless otherwise mentioned,
the satellite is again positioned at 9∘ E.
In Fig. 3-6a and Fig. 3-6b, the results for a Q/V-band system are shown as a
function of the antenna separation 𝑑E for two different locations (Luxembourg and
Madrid). With 𝛿E = 0∘ , the maximum effective uplink CINR is reached for an antenna
separation around 40 km. According to the analytical solution provided in [38], the
optimal spacing for the carrier frequencies 𝑓c,1 = 42.625 GHz and 𝑓c,𝐿 = 50.075 GHz
and an antenna array located in Luxembourg equal 45 km and 38.2 km, respectively.
It is hence obvious that a separation of 40 km offers a good compromise to obtain close
to optimum MIMO links in all the frequency channels available in the Q/V-band. This
nearly optimum separation is quasi-identical for all geographical positions in Europe.
Moreover, a deviation of ±12.5 km can be accepted without entailing losses larger
than 1.5 dB with ground-limited processing. When one of the antenna experiences
a stronger rain fade than the other, the performance of ground-limited processing
is more significantly affected than the joint ground/on-board processing scheme. A
difference of 2.7 dB is observed between the two strategies for 𝐴1 = 10 dB if 𝛿E = 0∘
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Figure 3-6: Effective uplink CINR as a function of 𝑑E for 𝐴2 = 0 dB and a satellite
at 9∘ E

and 𝑑E = 40 km. This observation is in accordance with the CINR losses predicted by
(3.11) and (3.18). Similar conclusions can be drawn for 𝛿E = 30∘ except that, in this
case, the optimal separation reaches 46 km. The optimal distance actually increases
with 𝛿E and tends to infinity as 𝛿E tends to 90∘ [42]. For the Q/V-band system,
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an orientation of up to 𝛿E = 35∘ can be allowed for an optimal antenna separation
lower or equal to 50 km. A reduction of this optimal distance can be obtained by
using a larger satellite antenna separation (e.g. 𝑑S = 4 m instead of 3 m). However,
this choice reduces the range of antenna distances for which the CINR degradation
remains limited. Moreover, a smaller Earth antenna separation would entail a higher
correlation between the rain fades at the gateway antennas. It will be emphasized
in Chapter 4 that this stronger correlation impacts the system availability. Finally,
since an operation of feeder links in both the Q/V- and the Ka-bands can sometimes
be considered, results in the case of an exploitation of the system in the Ka-band is
also provided in Fig. 3-6c and Fig. 3-6d. It comes out that, due to the lower carrier
frequencies used, the optimal antenna separation for a Ka-band system is higher than
for the Q/V-band system. Meanwhile, an exploitation in both frequency bands is
principally possible since a region of antenna separations where a satisfactory CINR
is observed in the Q/V- and the Ka-bands can be identified. In the case 𝛿E = 0∘ , a
separation around 50 km would for example be desired.
To put it in a nutshell, the results from Fig. 3-6 have shown that, for a given satellite orbital position, an antenna arrangement can be found to achieve a high effective
uplink CINR with spatial multiplexing. The stability of the system performance for
a large range of antenna separations and array orientations offers enough degrees of
freedom for a satellite operator to deploy its ground stations as illustrated in Fig. 3-7.
In this later figure, the eligible deployment areas for a second gateway antenna given
that the first one is located in Luxembourg at 49.82∘ N 5.78∘ E are shown both for a
Q/V-band and a Ka-band system. The distance between the two gateway antennas
is constrained to a maximum of 60 km to avoid a too large receive depointing loss.
Moreover, the CINR reduction due to an imperfect antenna positioning has been constrained to a maximum of 1.5 dB with ground-limited processing. For the Q/V-band
system, two areas of 25 km in width and around 100 km in height can for example be
identified on the map. It has also to be noted that part of these areas are eligible for
an exploitation of the system in both the Ka- and the Q/V-band. These subareas are
8.9 km wide and reach a maximum of 80.3 km in height.
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Figure 3-7: Possible locations for a second gateway antenna up to 60 km from a first
antenna at 49.82∘ N 5.78∘ E and given that the CINR loss due to an imperfect antenna
positioning should not exceed 1.5 dB with ground-limited processing
In practice, operators deploy ground facilities that deliver data to satellites on
different orbital positions to maximize their return on investment. As a consequence,
cost effective MIMO feeder links are only feasible if this can be ensured. To address
this question, the effective uplink CINR of a Q/V-band system is shown in Fig. 3-8
as a function of the satellite orbital position for a gateway antenna array located
in Luxembourg, 𝛿E = 0∘ , 𝑑E = 40 km and 𝐴2 = 0 dB. Here, the effective uplink
CINR for the joint ground/on-board processing approach does not vary by more than
0.7 dB for a satellite longitude between 27∘ W and 39∘ E. A similar behavior would
be obtained for other gateway locations in Europe. In a practical system design,
the antenna arrangement on Earth should thus be optimized for the satellite position
with subsatellite point at the center of the gateway antenna array. In this way, MIMO
feeder links can be exploited for a large range of orbital positions if a standardized
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Figure 3-8: Effective uplink CINR of a Q/V-band system as a function of the satellite
orbital position for a gateway array in Luxembourg, 𝛿E = 0∘ , 𝑑E = 40 km, 𝐴2 = 0 dB
separation is used for the satellite receive antennas (3 m in our system design but up
to 10 m are feasible today).

3.4

Summary and Future Works

MIMO transmission strategies with ground-limited and joint ground/on-board processing have been presented in this chapter. An interference analysis has shown that,
with the considered transmission schemes, the interference between MIMO feeder
links can reasonably be assumed spatially uncorrelated. Moreover, using the uplink CINR as a performance criterion, it has been enlightened that the inter-antenna
distance and the array orientation of a feeder link can deviate from the optimal parameters without entailing strong degradations. Relying on this robustness against
an imperfect antenna arrangement, it is even possible to design a MIMO feeder link
operating in both the Ka- and the Q/V-band. Lastly, the presented results have also
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shed light on the fact that the ground equipment of a MIMO feeder link can serve
satellites on different orbital slots.
The research works reported in this chapter pave the way for further investigations
on the following aspects:
CSI acquisition scheme: Possible strategies for the estimation of a MIMO feeder
link channel (e.g., downlink beacon or loopback signal from uplink) should be
thoroughly studied. In particular, the time and frequency resources required
by the different approaches to obtain an accurate CSI should be assessed. Not
only the tropospheric impairments but also the hardware imperfections (e.g.,
oscillators) must be taken into account for this analysis. To limit the aging
effects, some tropospheric impairments could be predicted using weather data
(e.g., fade slope).
Imperfect CSI: The efficiency of the MIMO processing strategies must be analyzed
in the case where only an imperfect channel estimation is available. If necessary,
more advanced schemes could be designed to limit the performance losses due
to an inexact CSI. This study should be conducted in parallel with the design
of the CSI acquisition scheme to find the optimal trade-off between the update
rate and the accuracy of the CSI.
Finally, it has to be noted that, even though the transmit strategies considered in
this chapter focused solely on the uplink, the preliminary evaluation of an end-toend design relying on MIMO feeder links and a MU-MIMO downlink has also been
provided in [84]. This paves the way for further research efforts on MIMO relaying
schemes for V/HTS systems.
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Chapter 4
Advanced Smart Diversity
Rain attenuation in the Ka- and in the Q/V-bands can reach more than 10 dB such
that smart diversity strategies are required to ensure a sufficient availability. Other
attenuation effects from clouds and gases remain, on the other hand, limited to a maximum of a few decibels and can be compensated by conventional uplink power control
schemes. In this chapter, a rain attenuation prediction model is first introduced to
enable an outage analysis of MIMO feeder links. An advanced smart diversity approach is also introduced to cope with heavy rain events at a system level. Numerical
results emphasize the ability of a MIMO-based feeder link architecture to surpass
SISO links in terms of availability.

4.1

Rain Attenuation Statistics

Under the assumption that all sources of tropospheric attenuation except rain are
compensated by a control of the uplink power, only rainfalls can impact the CINR
in a given feeder link. Therefore, the outage analysis performed in this chapter will
resort to a prediction model of rain attenuation. Statistics for an average year are here
considered. Accurate closed-form expressions can be obtained under the assumption
that the long-term distribution of rain attenuation is log-normal. The probability
that the rain attenuation 𝐴𝜈𝑛 at the 𝑛-th gateway antenna in the 𝜈-th feeder link
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exceeds a certain non-zero threshold 𝑎𝑛 is defined as:
P {𝐴𝜈𝑛 ≥ 𝑎𝑛 } = P𝑛 {Rain} · P {𝐴𝜈𝑛 ≥ 𝑎𝑛 | Rain} ,

(4.1)

where P𝑛 {Rain} is the probability that it rains at the location of the considered
antenna. It is obtained from the recommendation ITU-R P.837-7 [131]. Moreover,
the conditional probability P {𝐴𝜈𝑛 ≥ 𝑎𝑛 | Rain} represents the likelihood that 𝐴𝜈𝑛 ≥ 𝑎𝑛
if a rain event occurs. Following the recommendation ITU-R P.618-13 [96], it is
determined as:
P {𝐴𝜈𝑛

(︂
≥ 𝑎𝑛 | Rain} = Q

with
1
Q (𝑥) = √
2𝜋

log (𝑎𝑛 ) − 𝜇log(𝐴𝜈𝑛 )
𝜎log(𝐴𝜈𝑛 )

∫︁+∞ 2
𝑡
𝑒− 2 𝑑𝑡 .

)︂
(4.2)

(4.3)

𝑥

The variables 𝜇log(𝐴𝜈𝑛 ) and 𝜎log(𝐴𝜈𝑛 ) are the mean and the variance of the random variable log (𝐴𝜈𝑛 ), respectively. They are determined by performing a log-normal fit to
the rain attenuation distribution. This distribution is obtained from the knowledge
of the long-term rainfall rate statistics, the carrier frequency and the elevation angle
of the antenna. Rainfall rate statistics from the map provided in [131] or from local
measurements can be used. For the sake of illustration, the annual exceedance probability of rain attenuation for an antenna located in different European cities and
pointing to a satellite at 9∘ E is shown in Fig. 4-1. Circular polarized waves and a
carrier frequency of 50 GHz were assumed in this example. Obviously, the rain attenuation statistics can significantly vary according to the site selected for the antenna
deployment. For example, a feeder link has a lower probability to experience strong
rain fades if its ground equipment is installed in the region of Madrid rather than in
Palma. This result sheds light on another advantage of MIMO feeder links. Instead
of deploying spatially separated SISO feeder links in regions where rain attenuation
statistics might not be favorable, gateway antennas can be clustered in sites where
the probability of a deep rain fade is reduced. In the latter example, the choice would
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be to install two antennas next to Madrid rather than one antenna in Madrid and
one antenna in Palma.
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Figure 4-1: Annual exceedance probability of rain attenuation for an antenna in
different European cities and pointing to a satellite at 9∘ E
An outage analysis of MIMO feeder links also requires the knowledge of the annual
joint probability P {𝐴𝜈1 ≥ 𝑎1 , 𝐴𝜈2 ≥ 𝑎2 } which is given by:
P {𝐴𝜈1 ≥ 𝑎1 , 𝐴𝜈2 ≥ 𝑎2 } = . . .
⎧
⎨ P {𝐴𝜈𝑛 ≥ 𝑎𝑛 }
⎩P

1&2

if 𝑎𝑛 ≥ 0, 𝑎𝑛′ ̸=𝑛 = 0

{Rain} · P {𝐴𝜈1 ≥ 𝑎1 , 𝐴𝜈2 ≥ 𝑎2 | Rain 1&2} if 𝑎1 ≥ 0, 𝑎2 ≥ 0.

(4.4)

P1&2 {Rain} is the joint probability that rain events occur on the paths of both
transmit antennas. Moreover, P {𝐴𝜈1 ≥ 𝑎1 , 𝐴𝜈2 ≥ 𝑎2 | Rain 1&2} is the conditional
joint probability that 𝐴𝜈1 ≥ 𝑎1 and 𝐴𝜈2 ≥ 𝑎2 if it is raining at both antenna locations.
Following the recommendation ITU-R P.1815-1 [132], P1&2 {Rain} is determined as:
{︃ (︃
)︃}︃
∫︁+∞ ∫︁+∞
𝑟12 + 𝑟22 − 2𝑐𝜈R 𝑟1 𝑟2
{︀
}︀
·
exp −
𝑑𝑟1 𝑑𝑟2 , (4.5)
P1&2 {Rain} = √︁
2 1 − (𝑐𝜈R )2
2𝜋 1 − (𝑐𝜈R )2 𝑅1 𝑅2
1
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with 𝑅𝑛 = Q−1 {P𝑛 {Rain}}. The parameter 𝑐𝜈R is the correlation of the rain events
in the 𝜈-th feeder link and is obtained as:
{︃ (︂
)︂2 }︃
{︂ 𝜈 }︂
𝜈
𝑑
𝑑
E
.
𝑐𝜈R = 0.7 · exp − E + 0.3 · exp −
60
700

(4.6)

The distance 𝑑𝜈E is in km. On the other hand, P {𝐴𝜈1 ≥ 𝑎1 , 𝐴𝜈2 ≥ 𝑎2 | Rain 1&2} writes
as:
P {𝐴𝜈1 ≥ 𝑎1 , 𝐴𝜈2 ≥ 𝑎2 | Rain 1&2} = . . .
{︃ (︃
)︃}︃
∫︁+∞ ∫︁+∞
1
𝑢21 + 𝑢22 − 2𝑐𝜈A 𝑢1 𝑢2
√︁
{︀
}︀
·
exp −
𝑑𝑢1 𝑑𝑢2 , (4.7)
𝜈 2
2
1
−
(𝑐
)
𝜈 2
A
2𝜋 1 − (𝑐A ) 𝑈1 𝑈2
where
𝑈𝑛 =

log(𝑎𝑛 ) − 𝜇log(𝐴𝜈𝑛 )
.
𝜎log(𝐴𝜈𝑛 )

(4.8)

The correlation 𝑐𝜈A of the rain attenuations when both antennas experience a rain
event is given by:
𝑑𝜈
𝑐𝜈A = 0.94 · exp − E
30
{︂

}︂

{︃ (︂
)︂2 }︃
𝑑𝜈E
+ 0.06 · exp −
.
500

(4.9)

The value 𝑑𝜈E is again in km. The correlation values are shown in Fig. 4-2. It can be
seen that, in a MIMO feeder link, the rain events are significantly correlated since,
for antennas separated by up to 50 km, 𝑐R is greater than 0.6. In other words, the
probability that it rains in the transmission path of a gateway antenna is relatively
high if the other antenna, which is distant by a few tens of kilometers, also experiences
a rain fading. Meanwhile, the correlation 𝑐A of the rain attenuation values decreases
more steeply than 𝑐R . It is only equal to 0.24 for an inter-antenna distance of 50 km.
As a matter of fact, even though the probability that it simultaneously rains at
both antennas is not negligible, the risk that the rain attenuations are equally strong
remains limited. This is the reason why important diversity gains can be achieved with
state-of-the-art single-site diversity schemes [80]. Meanwhile, single-site diversity is
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Figure 4-2: Correlation coefficients 𝑐R and 𝑐A as a function of the inter-antenna
distance 𝑑E
not cost-efficient since it only considers the activation of one of the antennas whereas
the other stays idle. The redundant hardware is thus unused for most of the time.
With the proposed MIMO feeder links, the antennas deployed in a given site can both
be activated to enable spatial multiplexing. A diversity mode can also be used in
case the rain attenuation for one of the gateway antennas is too strong to guarantee a
sufficiently high effective CINR for spatially multiplexed data streams. This degraded
operation mode is discussed in the following section.

4.2

Diversity Mode

A MIMO feeder link can be operated in a diversity mode when the effective uplink
CINR with the spatial multiplexing mode becomes too low for a reliable transmission.
Only the antenna with the smallest rain attenuation remains in this case operational,
and a single data stream per frequency channel, instead of 2 with the MIMO approach, is transmitted. Obviously, no on-ground signal processing is required with
this mode. On the other hand, on-board digital processing can be used to coherently
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combine the signals received by the satellite antennas and, hence, achieve a diversity
gain1 . Whereas the MIMO channel for a given carrier frequency was modeled in
Chapters 2 and 3 with a 2 × 2 matrix, a column vector is now sufficient to represent
the propagation channel between the active gateway antenna and the two satellite
reflectors. If the feeder link of index 𝜈 uses the diversity mode, its channel at time
instant 𝑡 and for carrier frequency 𝑓c can be modeled in the equivalent baseband as:
⎤
⎡ 2𝜋𝑓c 𝜈
⎤
𝜈 (𝑡)
𝑗 𝑐 {𝑟2𝑛 (𝑡)−𝑟1𝑛
}
0
(𝑡)
𝑒
⎦ = 𝛼𝑛𝜈 (𝑡) · 𝐺𝑛 (𝑡) · ⎣
⎣
⎦ .
h𝜈𝜈
𝑛 (𝑡) =
𝜈𝜈
ℎ2𝑛 (𝑡)
1
⎡

ℎ𝜈𝜈
1𝑛

(4.10)

The index 𝑛 is the index of the active gateway antenna in the considered link. The last
term of (4.10) was obtained after some trivial manipulations using the expression of
the channel coefficients provided in (2.30). In particular, 𝐺𝑛 (𝑡) takes the tropospheric
phase impairments, the antenna gains and the path loss2 into account. It also includes
the phase shift induced by the LOS signal propagation towards the second satellite
𝜈
𝜈
antenna. We recall that 𝑟1𝑛
(𝑡) and 𝑟2𝑛
(𝑡) are the distances from the ground station

to the first and the second satellite antenna, respectively. Even though the satellite
moves in its station-keeping box, an analysis of the slant path geometry shows that the
𝜈
𝜈
(𝑡) remains constant over time. This property is a consequence
(𝑡) − 𝑟2𝑛
difference 𝑟1𝑛

of the large distance between the gateway antenna and the satellite. Based on this
characteristic, the uplink channel is finally expressed as:
⎡
⎤
𝑗Δ𝜙
𝑒
𝜈
⎣
⎦ ,
h𝜈𝜈
𝑛 (𝑡) = 𝛼𝑛 (𝑡) · 𝐺𝑛 (𝑡) ·
1

(4.11)

where the time-invariant phase shift Δ𝜙 can be determined from the slant path geometry assuming that the satellite is exactly at its desired orbital location. It clearly
appears from (4.11) that a coherent combining of the received signals can be realized
1

Diversity combining is not feasible with state-of-the-art SISO feeder links. As explained in
Chapter 2, the same number of receive RF chains (feeds, low noise amplifiers, etc...) are required
for MIMO-based and SISO-based architectures. However, with SISO links, each chain is dedicated
to a different feeder link whereas MIMO links have one RF chain per reflector. These two chains
can here be used as diversity branches.
2
The approximation 4𝜋𝑓c𝑐𝑟0𝜈 (𝑡) ≈ 4𝜋𝑓c𝑐𝑟0𝜈 (𝑡) has been used.
1𝑛

2𝑛
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in the on-board processor by first carrying out a phase correction of the first diversity
branch with 𝑒−𝑗Δ𝜙 . To illustrate this, let’s 𝑠𝜈𝑛 be a symbol to be transmitted with an
EIRP of 𝑃u𝜈 in the considered feeder link. Omitting the time indices for the sake of
notational simplicity, the symbols received by the satellite antennas are given by3 :
𝜈
𝜈
𝜈
y𝜈 = h𝜈𝜈
𝑛 · 𝑠𝑛 + 𝜂 I + 𝜂 I .

(4.12)

Similarly to (3.4), 𝜂 𝜈I ∈ C2×1 and 𝜂 𝜈T ∈ C2×1 represent the interference from adjacent
feeder links and the thermal noise. Again, these impairments are spatially uncorrelated. The diagonal elements of their autocorrelation matrices are equal to 𝑃I𝜈 and
𝑃T𝜈 , respectively. In the on-board processor, diversity combining is performed such
that the following symbol is obtained:
𝑧 𝜈 = (w𝜈 )H y𝜈 = 2 · 𝛼𝑛𝜈 · 𝐺𝑛 · 𝑠𝜈𝑛 + (w𝜈 )H 𝜂 𝜈I + (w𝜈 )H 𝜂 𝜈I ,
[︀
with w𝜈 = 𝑒𝑗Δ𝜙

(4.13)

]︀T
1 . As a consequence, the effective uplink CINR with the diversity

mode writes as:
𝜌𝜈u = 2 · (𝛼𝑛𝜈 )2 · |𝐺𝑛 |2 ·

𝑃u𝜈
= (𝛼𝑛𝜈 )2 · 𝜌˜𝜈u .
𝑃I𝜈 + 𝑃T𝜈

(4.14)

The constant 𝜌˜𝜈u is the uplink CINR achieved if the active antenna experiences clearsky conditions.

4.3

Link-Level Outage Analysis

With the knowledge of the rain attenuation statistics, the outage probability of a
single MIMO feeder link i.e., the probability that the effective uplink CINR is below
a given threshold, can be determined. The outage probability is actually different
according to the transmission scheme used to operate the link. As a consequence, an
3

Contrary to the MIMO approach, the performance of the diversity mode will not be influenced
by the frequency-dependent phase relationships between the LOS channel coefficients. Thus, given
a fixed link budget, its performance can be analyzed for an arbitrary carrier frequency 𝑓c .
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expression for the outage probability of the spatial multiplexing modes with groundlimited processing and joint ground/on-board processing introduced in Chapter 3 as
well as the diversity mode from Section 4.2 are provided in the following. In the
numerical results, these outage probabilities are compared to the outage probability
of a state-of-the-art SISO link.

4.3.1

Outage Probabilities

If 𝜌o is the outage CINR, the outage probability in the 𝜈-th link P {𝜌𝜈u ≤ 𝜌o } is
obtained from the definition, for each of the considered scheme, of the effective uplink
CINR 𝜌𝜈u as a function of the clear-sky uplink CINR 𝜌˜𝜈u and the rain fading values
𝛼1𝜈 and 𝛼2𝜈 . For spatial multiplexing with ground-limited processing (Ground-P) and
joint ground/on-board processing (Joint-P), these expressions were provided in (3.11)
and (3.18), respectively. Moreover, the result for the diversity mode is given in (4.14)
in the previous section.
Multiplexing Mode - Ground-P
With ground-limited processing, the CINR loss due to rain is equal to the maximum
of the attenuation values experienced by the gateway antennas. In this case, the
outage probability is expressed as:
P {𝜌𝜈u ≤ 𝜌o } = P {𝐴𝜈1 ≥ 𝐴𝜈lb } + P {𝐴𝜈2 ≥ 𝐴𝜈lb } − P {𝐴𝜈1 ≥ 𝐴𝜈lb , 𝐴𝜈2 ≥ 𝐴𝜈lb } ,
with

𝐴𝜈lb

= min

{︁

𝐴
− 10

𝐴 | 10

·

𝜌˜𝜈u

(4.15)

}︁
≤ 𝜌o . The expression of P {𝜌𝜈u ≤ 𝜌o } takes into

account the fact that the events 𝐴𝜈1 ≥ 𝐴𝜈lb and 𝐴𝜈2 ≥ 𝐴𝜈lb are not mutually exclusive
events due to the correlation existing between the rain attenuations at the first and
at the second gateway antenna.
Multiplexing Mode - Joint-P
The determination of the outage probability for the joint processing approach is
more complex than in the case of ground-limited processing. In fact, as observed in
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(3.18), the CINR loss is not simply equal to the maximum of the rain attenuations
anymore. Here, the outage region has to be defined in a more general way as 𝒜𝜈o =
}︀
{︀ 𝜈 𝜈
(𝐴1 , 𝐴2 ) ∈ R2≥0 | 𝜌𝜈u ≤ 𝜌o . Based on the fact that, if 𝐴𝜈2 (or 𝐴𝜈1 ) is fixed, an increase
of 𝐴𝜈1 (or 𝐴𝜈2 ) leads to a reduction of the CINR, the outage probability computes as:
P {𝜌𝜈u

}︂
+∞ [︂ {︂
∑︁
𝜁
𝜈
𝜈
𝜈
𝜈
≤ 𝜌o } = lim
P 𝐴1 ≥ 𝐴lb,𝑞 , 𝐴2 ≥ 𝐴2,𝑞 −
𝜁→0
2
𝑞=1
}︂]︂
{︂
𝜁
𝜈
𝜈
𝜈
𝜈
, (4.16)
− P 𝐴1 ≥ 𝐴lb,𝑞 , 𝐴2 ≥ 𝐴2,𝑞 +
2

{︀
(︀
)︀
}︀
with 𝐴𝜈2,𝑞 = (𝑞 − 1) · 𝜁 and 𝐴𝜈lb,𝑞 = min 𝐴𝜈1 | 𝐴𝜈1 , 𝐴𝜈2,𝑞 ∈ 𝒜𝜈o . The method, which
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Figure 4-3: Stepwise approximation of the outage probability for the joint ground/onboard processing approach

is illustrated in Fig. 4-3, is inspired by the stepwise approximation of a desired joint
probability distribution described in the recommendation ITU-R P.1815-1 [132]. A
satisfying accuracy is obtained with a sufficiently small step size 𝜁. In this work, a
step size of 0.01 dB is used.
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Diversity Mode
Finally, the outage probability of the diversity mode is obviously the probability that
the rain attenuations at both gateway locations are too high to guarantee an effective
CINR higher than the outage CINR 𝜌o . As a consequence, P {𝜌𝜈u ≤ 𝜌o } is in this case
given by:
P {𝜌𝜈u ≤ 𝜌o } = P {𝐴𝜈1 ≥ 𝐴𝜈lb , 𝐴𝜈2 ≥ 𝐴𝜈lb } ,

(4.17)

{︁
}︁
𝐴
with 𝐴𝜈lb = min 𝐴 | 10− 10 · 𝜌˜𝜈u ≤ 𝜌o .

4.3.2

Numerical Results

The outage probability of a Q/V-band MIMO link whose ground equipment is in
Luxembourg and points to a satellite at 9∘ E are determined for all the possible operating modes. Rain attenuation statistics for circularly polarized waves at a carrier
frequency of 50 GHz are considered. This latter frequency belongs to the upper frequencies of the Q/V-band where rain attenuation can be the most severe. The link
budget is the same as the one used in Chapter 3 to analyze the effective uplink CINR
as a function of the antenna arrangement in MIMO feeder links. It was provided in
Table 3.1. If the antennas are optimally separated, the clear-sky uplink CINR reaches
a maximum of 26 dB with spatial multiplexing. The same clear-sky CINR is reached
with the diversity mode. Even though one of the antenna is deactivated, maximum
ratio combining in the satellite brings a 3 dB diversity gain. On the other hand, the
link budget from Table 3.1 leads to a clear-sky CINR of 23.5 dB for a state-of-the-art
SISO link.
The results of the link-level outage analysis are shown in Fig. 4-4. Different
antenna separations 𝑑E have been used to observe their impact on the outage probability. The joint ground/on-board MIMO processing strategy guarantees a superior
availability than a SISO approach. Even with an antenna separation of 30 km, a
CINR improvement of 1 dB is observed at a target availability of 99 %. Two factors
contribute to the availability gain with joint ground/on-board processing:
1. The use of two gateway antennas per link leads to an increase of the receive
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Figure 4-4: Link outage probability as a function of the outage CINR for a gateway
array in Luxembourg with 𝛿E = 0∘ and a satellite at 9∘ E
carrier power.
2. In case of a heavy rainfall at one of the gateway antennas, the effective CINR loss
is lower than the rain attenuation experienced by this antenna. This property
was shown in (3.18).
On the contrary, the ground-limited processing approach does not provide an availability gain compared to a SISO link. This degraded performance is a consequence
of the ineffective use of the available transmit power in case of a rain event. As
already shown in (3.11), the effective CINR loss with ground-limited processing is
always equal to the maximum of the rain attenuations. To limit the power consumption in the satellite payload, ground-limited processing should be used when the
gateway antennas experience clear-sky or a moderate amount of rain attenuation.
In the scenario under study, the ground-limited processing guarantees for example a
CINR higher than 20 dB as long as the rain attenuations do not exceed 5.9 dB when
𝑑E = 40 km or 5 dB when 𝑑E = 50 km. If the weather conditions become too adverse,
the spatial multiplexing mode then switches to the joint ground/on-board processing
scheme as long as the guaranteed CINR is not below the outage CINR. Concerning
the diversity mode, the results from Fig. 4-4 confirm the superior robustness of the
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approach at the expense of a division of the supported downlink channels by two. As
expected, the outage probability is lower for increased antenna separations due to the
improved decorrelation of the rain events.

4.4

Robust Link Design

Based on the fact that the proposed architecture can be used for spatial multiplexing
or diversity purposes, a MIMO feeder link is seen as a set of two virtual transmitters
supporting 𝐾/2 data sequences each. The principle and the outage probability of
these transmitters can be defined as follows:
Virtual transmitter 1: It guarantees the transmission of 𝐾/2 data streams if the
spatial multiplexing mode is not in outage. As soon as spatial multiplexing is not
feasible anymore, this transmitter is in outage. As mentioned in Section 4.3.2,
a solution to maximize the link availability while limiting power consumption
in the satellite is to resort to the joint ground/on-board processing approach
only if ground-limited processing is not able to guarantee a sufficient CINR
anymore. For the 𝜈-th MIMO feeder link, the outage probability 𝑝𝜈o,1 of its
virtual transmitter 1 corresponds in this case to the outage probability of the
joint ground/on-board processing which was defined in (4.16).
Virtual transmitter 2: The 𝐾/2 streams allocated to this transmitter are supported by the spatial multiplexing mode if no outage is encountered. In this
case, virtual transmitters 1 and 2 share the 𝐾 parallel channels available in the
uplink. As soon as spatial multiplexing is not operational anymore, the streams
are transferred to the diversity mode. Hence, in the 𝜈-th MIMO feeder link, the
outage probability 𝑝𝜈o,2 of the virtual transmitter 2 is the probability defined in
(4.17) that the diversity mode is in outage.
A graphical description of the resource allocation to virtual transmitters 1 and 2 is
provided in Fig. 4-5.
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Figure 4-5: Resource allocation in a MIMO feeder link

4.5

System-Level Outage Analysis

The sufficient availability of a V/HTS system relying on feeder links in higher frequency bands can only be ensured if a smart diversity strategy is used at a system
level. As a matter of fact, the extension of the well-known concepts of 𝑁 + 𝑃 and
𝑁 + 0 diversity developed for state-of-the-art SISO feeder links [15] are extended in
this section to a MIMO-based architecture. First, a closed-form expression for the
probability that a certain number of virtual transmitters in the system are in outage
is determined. This result is then exploited to conduct an outage analysis of the
proposed smart diversity strategies for MIMO feeder links.

4.5.1

Theoretical Background

Let’s 𝑄𝜈 be a discrete random variable with sample space {0, 1, 2} that models the
number of virtual transmitters in outage in the 𝜈-th element of a set of 𝑁 MIMO
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feeder links. The separation between the feeder links is large enough4 (hundreds
of kilometers) to assume that their rain events and, hence, the random variables
𝑄1 , . . . , 𝑄𝑁 are statistically independent. The total number of virtual transmitters
∑︀𝑁
in outage in the system is defined as 𝑄 =
𝜈=1 𝑄𝜈 . Here, the objective of the
system outage analysis is first to determine P {𝑄 = 𝑞; 𝑁 } i.e., the probability that 𝑞
virtual transmitters within 𝑁 MIMO links are in outage. The distribution of 𝑄 is the
convolution * of the distributions of the independent random variables 𝑄𝜈 such that:
[︀

]︀ [︀
]︀
P {𝑄 = 0; 𝑁 } P {𝑄 = 1; 𝑁 } . . . P {𝑄 = 2𝑁 ; 𝑁 } = P {𝑄1 = 0} . . . P {𝑄1 = 2}
[︀
]︀
[︀
]︀
* P {𝑄2 = 0} . . . P {𝑄2 = 2} * . . . * P {𝑄𝑁 = 0} . . . P {𝑄𝑁 = 2} ,
(4.18)

with

[︀

P {𝑄 = 0; 𝑁 } . . . P {𝑄 = 2𝑁 ; 𝑁 }

]︀

and

[︀

P {𝑄𝜈 = 0} . . . P {𝑄𝜈 = 2}

]︀

the

distribution vectors of 𝑄 and 𝑄𝜈 , respectively. Since the diversity mode cannot be in
outage if the spatial multiplexing mode is not, it is easily established that 𝑄𝜈 = 0 if
the virtual transmitter 1 of feeder link 𝜈 is not in outage. On the other hand, 𝑄𝜈 = 2
if its virtual transmitter 2 is in outage. Hence, the following relations are fulfilled:
P {𝑄𝜈 = 0} = 1 − 𝑝𝜈o,1 ,

P {𝑄𝜈 = 1} = 𝑝𝜈o,1 − 𝑝𝜈o,2 ,

P {𝑄𝜈 = 2} = 𝑝𝜈o,2 .

The probability of 𝑄𝜈 = 1 was obtained using the property that

∑︀2

𝑞=0

(4.19)

P {𝑄𝜈 = 𝑞} = 1.

Relying on (4.18) and (4.19), the method from [133] is extended to obtain a closedform expression for the probability density function (PDF) of the Poisson-multinomial
distribution followed by the random variable 𝑄. It is given by:
2𝑁
∑︀

P {𝑄 = 𝑞; 𝑁 } =

𝑝=0

𝑒

2𝜋𝑝𝑞
−𝑗 2𝑁
+1

𝑁 {︁(︀
)︀
(︀ 𝜈
)︀ −𝑗 2𝜋𝑝 }︁
∏︀
4𝜋𝑝
−𝑗 2𝑁
𝜈
𝜈
𝜈
+1
1 − 𝑝o,1 + 𝑝o,2 · 𝑒
+ 𝑝o,1 − 𝑝o,2 · 𝑒 2𝑁 +1

𝜈=1

2𝑁 + 1

.

(4.20)

4

What is meant here is the separation between the sites of different links and not between the
antennas within a single link.

82

This result is demonstrated in Appendix C. The knowledge of P {𝑄 = 𝑞; 𝑁 } can now
be used to analyze the performance of the extension of the 𝑁 + 0 and 𝑁 + 𝑃 smart
diversity strategies to the MIMO-based architecture.

4.5.2

𝑁 + 0 Diversity

Instead of supporting the data traffic for a given downlink channel with a single
virtual transmitter, the uplink channel resources of several links are shared in time.
The principle of the approach is similar to the satellite switched time division multiple
access (SS-TDMA) scheme [134]. A symbol sequence intended for a downlink channel
is decomposed into time slices which are allocated to slots within the time division
multiple access (TDMA) frames of several virtual transmitters. It is assumed that the
rain attenuations remain constant during the duration of a TDMA frame. Here, time
slices of equal duration are considered. However, more advanced resource allocation
strategies can be used to maximize the system throughput according to the traffic
demands in the downlink channels [15]. For each MIMO feeder link whose part of the
traffic is allocated to, one time slice is assigned to its virtual transmitter 1 and another
to its virtual transmitter 2. If a cluster of 𝑁 MIMO links is considered, time slices are
thus spread between a total of 2𝑁 virtual transmitters. Since no redundant resources
are available, part of the traffic is lost if an outage occurs for a virtual transmitter.
The principle of this 𝑁 + 0 smart diversity is illustrated in Fig. 4-6 for a cluster of
𝑁 = 2 MIMO feeder links. The symbol sequences for 2𝑁 = 4 downlink channels are
equally spread between 4 virtual transmitters. In the considered example, the virtual
transmitter 1 of one of the links is in outage because a gateway antenna experiences
a heavy rain fade. Hence, the spatial multiplexing mode cannot be used anymore in
this latter link. One fourth of the data traffic supported by the cluster is in this case
lost. The second virtual transmitter of the degraded link would be in outage if its
other antenna also suffers from a heavy rain fade.
To characterize the performance of the 𝑁 + 0 smart diversity approach with a
cluster of 𝑁 MIMO feeder links, the cumulative distributive function (CDF) of the
normalized throughput 𝑇¯ = 1 − 𝑄/ (2𝑁 ) is determined. 𝑇¯ is equal to 1 if none of
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Figure 4-6: Principle of 𝑁 + 0 smart diversity
the transmitters is in outage, and it is equal to 0 if all transmitters are in outage. Its
CDF computes as:
2𝑁
{︁
∑︁
𝑞 }︁
¯
P 𝑇 ≤1−
= P {𝑄 ≥ 𝑞; 𝑁 } =
P {𝑄 = 𝑞 ′ ; 𝑁 } .
2𝑁
𝑞 ′ =𝑞

4.5.3

(4.21)

𝑁 + 𝑃 Diversity

With the 𝑁 + 𝑃 smart diversity strategy, 𝑁 active MIMO feeder links and 𝑃 < 𝑁
redundant links are deployed. Contrary to the 𝑁 + 0 approach, a data sequence is
now supported by a single virtual transmitter in the system. If an outage occurs, the
virtual transmitter of a redundant MIMO link is switched on to take over the data
traffic. A system outage is encountered only if at least 2𝑃 + 1 virtual transmitters are
in outage. In Fig. 4-7, the 𝑁 + 𝑃 smart diversity strategy is illustrated for a scenario
with 𝑁 = 2 and 𝑃 = 1. Due to heavy rainfalls, the first virtual transmitters of two of
the links are in outage. As a consequence, their data streams have been reallocated
to the two virtual transmitters of the redundant link in the system. Here, a data
stream would be lost if a further gateway antenna in the system experiences a heavy
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Figure 4-7: Principle of 𝑁 + 𝑃 smart diversity
An availability analysis of the 𝑁 +𝑃 scheme is done by considering the probability
that a given data stream experiences an outage. It is given by:
𝑃o𝑁 +𝑃

2𝑁
∑︁
𝑞
=
· P {𝑄 = 𝑞 + 2𝑃 ; 𝑁 + 𝑃 } .
2𝑁
𝑞=1

(4.22)

Each term of the sum from (4.22) corresponds to the joint probability that 𝑞 + 2𝑃
transmitters are in outage and that a specific data stream is assigned to one of these
transmitters.

4.5.4

Numerical Results

Similarly to the results presented in Section 4.3.2 for the link-level outage analysis, a
Q/V-band system is considered. A satellite positioned at 9∘ E and rain attenuation
statistics for circularly polarized waves at a carrier frequency of 50 GHz are used.
The system-level outage analysis is here performed under the assumption that all
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links in a given system have identical outage probabilities. For the MIMO links, this
means that 𝑝𝜈o,1 = 𝑝o,1 and 𝑝𝜈o,2 = 𝑝o,2 , 1 ≤ 𝜈 ≤ 𝑁 . These outage probabilities are
computed for different antenna separations of an array positioned in Luxembourg with
𝛿E = 0∘ . We note that, as shown in Fig. 3-6 in Chapter 3, the influence of the antenna
separation on the effective uplink CINR is quasi-identical wherever the antenna array
is positioned in Europe. Moreover, rain attenuation statistics in Luxembourg are a
good approximation of long-term European weather conditions [16]. Thus, outage
probabilities determined for an antenna array in Luxembourg are representative of
MIMO links deployed in Europe. The system availabilities for the benchmark SISObased system are determined as in [15]. To bring additional insights into the benefits of
MIMO feeder links, the availability of the state-of-the-art system is not only evaluated
with the rain attenuation statistics of Luxembourg. Since SISO feeder links require a
higher number of gateway sites, some gateway antennas might have to be installed in
regions where strong rain fades have a significantly higher probability. In such a case,
the system performance is impacted. To take this aspect into account, the SISObased architecture is also analyzed under the assumption that the rain attenuation
statistics are those observed in the city of Turin (Italy). According to the annual
exceedance probabilities from Fig. 4-1, strong rain fades indeed occur more frequently
in Turin than in Luxembourg. Results determined with these less favorable weather
conditions will be labeled SISO - Unfavorable weather. Lastly, the link budgets for
the MIMO and the SISO feeder links are identical to those from Table 3.1. We recall
that the clear-sky effective uplink CINR can reach in this case a maximum of 26 dB
for a MIMO feeder link with optimally separated antennas. On the other hand, the
clear-sky uplink CINR for a SISO link is only 23.5 dB.
In Fig. 4-8, the CDF of the normalized throughput with the 𝑁 + 0 diversity and
an outage CINR 𝜌o = 20 dB is presented for clusters of 4 and 10 gateway antennas.
It corresponds to 𝑁MIMO = 2 and 𝑁MIMO = 5 MIMO feeder links, respectively. The
MIMO-based solution offers in almost all cases a higher or at least an equivalent
normalized throughput than a SISO solution. For example, in a SISO-based system
with 𝑁SISO = 4 and the rain statistics of Luxembourg, the throughput is lower or
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Figure 4-8: Cumulative distribution function of the normalized throughput with 𝑁 +0
smart diversity for 𝛿E = 0∘ and 𝜌o = 20 dB
equal to 75 % of its maximum during 11.8 % of an average year. On the other hand,
this situation occurs only during 4.7 % of the time in a MIMO-based system with
𝑁MIMO = 2 and 𝑑E = 30 km. Slightly better availabilities are achieved with higher
antenna separations of 𝑑E = 40 km or 𝑑E = 50 km due to a better decorrelation of the
rain events at the gateway antennas.
In Fig. 4-9, the system outage probability for the 𝑁 +𝑃 smart diversity is shown for
architectures composed of 𝑁MIMO = 15 MIMO feeder links and 𝑁SISO = 30 SISO links.
Results with 2 and 4 redundant transmit antennas are displayed. This corresponds
to 𝑃MIMO = 1, 𝑃SISO = 2 and 𝑃MIMO = 2, 𝑃SISO = 4, respectively. For a target
system availability of 99.99 %, the MIMO-based system with 2 redundant links and
𝑑E = 40 km guarantees an effective uplink CINR of at least 22 dB. On the other hand,
the considered benchmark SISO systems only ensure minimum CINR values of 19.7 dB
and 19.1 dB. This corresponds to CINR differences of 2.3 dB and 2.9 dB, respectively.
With 𝑃MIMO = 1 and 𝑃SISO = 2, MIMO links bring a CINR gain of 4.3 dB compared
to SISO links with unfavorable weather at the same target availability of 99.99 %.
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Figure 4-9: System outage probability as a function of the outage CINR with 𝑁 + 𝑃
smart diversity for 𝛿E = 0∘
To strengthen the previous results, link and system level availabilities in an average
year are provided in Table 4.1 for different values of the outage CINR 𝜌o . The
Table 4.1: Link and system level annual availabilities in % for different outage CINRs
(Rain attenuation statistics of Luxembourg - MIMO with 𝑑E = 40 km and 𝛿E = 0∘ )
Link-level analysis
SISO
ρo = 20 dB
ρo = 18 dB
ρo = 16 dB

96.920 %
98.104 %
98.810 %

System-level analysis with N + P approach

MIMO
Spatial multiplexing Diversity mode
98.016 %
99.727 %
98.749 %
99.870 %
99.177 %
99.935 %

SISO - NSISO = 30
PSISO = 2 PSISO = 4
99.686 %
99.986 %
99.914 %
99.998 %
99.977 % > 99.999 %

MIMO - NMIMO = 15
PMIMO = 1 PMIMO = 2
99.949 %
99.999 %
99.985 %
> 99.999 %
99.995 %
> 99.999 %

parameters 𝑑E = 40 km and 𝛿E = 0∘ are assumed for the MIMO links. Moreover, only
the values obtained with the rain attenuation statistics of Luxembourg i.e., with the
same weather conditions than for the MIMO-based system, are shown for the SISO
configuration. Even though the MIMO feeder links are here not advantaged in terms
of rain attenuation statistics, it clearly appears, as already observed in Fig. 4-4 and
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Fig. 4-9, that a significant improvement of the link and system level availabilities is
obtained with the proposed concept.

4.6

Summary and Future Works

Strategies to ensure a high system availability with MIMO feeder links have been
presented. First, a diversity mode that supports only half of the data traffic when
a heavy rain attenuation occurs at one of the gateway antennas of a link has been
introduced. A link-level outage analysis has then been conducted for both the spatial
multiplexing and the diversity modes to assess their robustness. The advantage of a
joint ground/on-board processing strategy to maximize the availability of the spatial
multiplexing mode has especially been emphasized. Relying on the results of the linklevel outage analysis, advanced smart diversity strategies that extend the 𝑁 + 0 and
𝑁 +𝑃 diversity concepts to MIMO-based feeder link architectures have been designed.
These strategies share the resources of different MIMO feeder links to maximize the
system availability. Numerical results have demonstrated the significant availability
gains that can be obtained with MIMO feeder links compared to the state-of-the art.
Future research works on smart diversity for MIMO feeder links should concentrate
on the design of switching algorithms for the 𝑁 +𝑃 approach. The system-level outage
analysis of the 𝑁 + 𝑃 smart diversity scheme has been done under the hypothesis of
a perfect traffic switching from a link in outage to a redundant link. However, in a
practical system, gateway handover mechanisms supervised from a network control
center are required to manage the data traffic. An accurate prediction of link outages
is here of paramount importance to reroute the traffic before an outage occurs and,
hence, avoid the loss of data. Some studies have already investigated this challenging
network management problem for state-of-the-art SISO links [13], [135]. However,
these solutions cannot be directly applied to MIMO-based feeder links. In particular,
strategies able to predict the outage of a given MIMO link based on the knowledge
of the rain fade slopes experienced by its ground antennas must be developed.
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Chapter 5
Conclusion
5.1

Summary

Communication networks of fifth generation (5G) and beyond will retain a significant
role to satellite systems. Major technological advancements have indeed made satellites able to support services that could not be procured in a cost-effective manner
by terrestrial alternatives. This includes among others the delivery of broadband
services in planes, ships and regions without fiber optic broadband access as well as
the distribution of data contents to the network edges. Such services can be provided by geostationary V/HTS systems that use hundreds of narrow spot beams to
reuse the frequency resources in the user links and, thus, maximize the sum throughput. With the Ka-band (20/30 GHz), an aggregate user link bandwidth of several
hundreds of GHz is reached. The design of the feeder links, that provide the data
from the gateway earth stations to the satellite, becomes in that case an extremely
challenging engineering problem since a tremendous amount of bandwidth must be
supported. In current systems, it is necessary to have a large number of spatially
separated feeder beams that fully reuse the uplink frequency resources in the Q/Vband (40/50 GHz). With state-of-the-art solutions, this requires to conceive a ground
segment with tens of stations separated by several hundreds of kilometers. Hence,
the search for gateway deployment sites and the design of the backbone network are
significantly complicated. In addition to geographical and political constraints, re91

strictions in the selection of the gateway locations apply due to radio regulations. The
Q/V-band is not an exclusive band and necessitates coordination with other services
such as fixed service. Weather impairments, especially rain attenuation, represent
also an important issue due to their impact on the system availability. Thus far,
the use of higher frequency bands (W-band or optical bands) with a larger available
bandwidth has been proposed in the literature as a solution to reduce the number
of gateway sites. However, this comes at the cost of a degraded performance during
unfavorable weather. An innovative solution based on the MIMO LOS technology has
been proposed in this doctoral thesis to facilitate the search for gateway sites while
improving at the same time the system robustness against rain fades. The considered
approach, which increases the supported data traffic without changing the frequency
band used, is called MIMO feeder links. The research works have focused on the
system requirements and the signal processing needed for a reliable operation of such
links.
Chapter 1 gave an overview of the development of satellite communications over
the last decades and underlined the importance of upcoming V/HTS systems. A
thorough literature review on the MIMO LOS concept, which is a major building
block of the proposed feeder link solution, has also been carried out. Moreover, the
basic design rules for the optimization of the antenna positions in a MIMO LOS
satellite system have been recalled. Chapter 1 is concluded by an enumeration of the
original contributions of this work and the associated publications.
The architecture of MIMO feeder links have been thoroughly described at the beginning of Chapter 2. Contrary to current solutions, two time- and phase-synchronized
antennas separated by a few tens of kilometers are activated in each link. Using two
satellite antennas within a few meters distance and with identical beam coverages,
spatial multiplexing can then be exploited to double the throughput per feeder link.
Instead of deploying 𝑈 antennas hundreds of kilometers away from each other to reach
a given target sum throughput, the ground segment now consists of 𝑈/2 2-element
antenna arrays. Even though the total number of ground antennas is not decreased
with this novel architecture, the required number of gateway sites is, on the other
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hand, halved.
The second part of Chapter 2 has been focused on the channel modeling of the
obtained MIMO feeder links. The considered effects included the depointing loss of
the receive antennas, the tropospheric impairments and the impact of the satellite
movement in its station-keeping box. It has been emphasized how this latter phenomena must be accurately predicted and corrected to avoid the use of an outdated
MIMO channel information. The importance of a time-alignment to compensate for
the different propagation delays has also been discussed.
In Chapter 3, an equivalent baseband model of the transmission chain for MIMO
feeder links has been introduced. This model includes especially pre- and post-processing matrices that represent a linear combination of the transmit and receive signals
in the central processing unit of the gateway and the satellite on-board processor,
respectively. These matrices have been optimized to completely cancel the spatial
interference between the data streams. Since CSI is required for this purpose, a candidate architecture for the CSI acquisition has been first discussed. Two different
spatial interference cancellation strategies based on the ZF criterion have been introduced for the computation of the processing matrices: a ground-limited and a joint
ground/on-board processing approach. Whereas interference cancellation is entirely
supported by the pre-processing matrix with the first scheme, the second one relies
on a distributed processing between the gateway and the satellite. The superiority
of joint ground/on-board processing in the case where the weather conditions at the
gateway antennas differ significantly has been highlighted. The results have also illustrated that a separation mismatch of more than ±10 km between the ground antennas
can be accepted for both approaches without entailing a strong CINR loss.
Finally, to improve the link availability in the case of strong rain fades, an innovative smart gateway solution based on the specific architecture of MIMO feeder
links has been developed in Chapter 4. The proposed scheme enables to exploit a
MIMO feeder link either in a spatial multiplexing mode with one of the interference
cancellation strategy introduced in Chapter 3 or in a diversity mode supporting only
half of the data traffic when the weather conditions become too adverse. This unique
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feature of MIMO feeder links has been exploited to improve the 𝑁 + 0 and 𝑁 + 𝑃
smart diversity strategies and guarantees a significantly higher system availability
than state-of-the-art solutions.
To summarize, the theoretical framework of a completely novel MIMO-based architecture for the feeder links of next-generation V/HTS systems has been developed
in this doctoral work. The channel modeling, the MIMO signal processing and the
required diversity strategies have been addressed. Moreover, the fundamental design
trade-offs and the expected performance gains have been thoroughly discussed.

5.2

Future perspectives

Whereas this work has enabled to formulate the technology concept for MIMO feeder
links, which corresponds to a technology readiness level (TRL) 2 according to NASA
and ESA, specific aspects related to practical deployment considerations should be
addressed. The following topics must in particular be considered to reach higher
TRLs and favor the transfer of the technology in next-generation systems:
Low-cost time- and phase synchronization: The advent of widely-spaced antenna arrays with strict synchronization requirements for applications ranging
from radio science to power efficient deep space communication has led to the
development of novel time- and frequency distribution schemes with reduced
costs. The ability of such approaches to fulfill the synchronization requirements
of MIMO feeder links in terms of maximum tolerable phase drift and time-delay
compensation errors must be carefully assessed. If necessary, modifications to
cope with the particularities of the considered application must be undertaken
to further reduce the technology costs and/or improve its accuracy.
On-board processing capabilities: As emphasized in this thesis, the use of an
advanced on-board processor is necessary to get full benefit of MIMO feeder
links. Future research and development studies must hence focus on the detailed
specification of such a processor.
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CSI acquisition schemes: Since an accurate CSI is necessary to enable the spatial interference cancellation, the design of the CSI acquisition will play a key
role in the system reliability. Further research efforts will help finding the best
compromise between the costs of the equipment required to conduct the channel estimation (radiometers, beacon receivers, etc.) and the achieved precision.
Another important issue are the design requirements for a high-speed configuration link to regularly update the on-board processor according to the CSI
changes.
Transport-layer issues: Whereas this work has mainly concentrated on the physical layer aspects, the transport layer must also be optimized to enable an
efficient use of the network resources. In this context, the management of the
traffic flows in the ground network must be appropriately designed to avoid
congestion and packet losses. This is especially important when packets have to
be re-routed due to a gateway outage. These transport-layer issues, which have
been addressed in the literature for state-of-the-art smart gateway solutions,
must be adapted to MIMO-based feeder link architectures.
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Appendix A
Per-Antenna Transmit Power with
Ground-Limited Processing
𝜈
The entries of H𝜈𝜈
𝑙 and those of the ZF precoder B𝑙 fulfill the following condition:

𝜈
𝜈𝜈 𝜈
ℎ𝜈𝜈
𝑚1 𝑏1ℎ = −ℎ𝑚2 𝑏2ℎ , 𝑚, ℎ ∈ {1, 2} , 𝑚 ̸= ℎ .

(A.1)

𝜈
This relation ensures that the anti-diagonal elements of H𝜈𝜈
𝑙 B𝑙 are equal to 0. Re-

sorting to the model from (2.30), it implies that:
|𝑏𝜈1ℎ | =

𝛼2𝜈
· |𝑏𝜈2ℎ | .
𝛼1𝜈

(A.2)

Here, the fact that the path losses for each transmit-receive antenna pair in a given
MIMO feeder link are quasi-identical has been used. A relation between the diagonal
elements of the matrix B𝜈𝑙 (B𝜈𝑙 )H can then be formulated as:
[︁

B𝜈𝑙

(B𝜈𝑙 )H

(︂

]︁
1,1

=

𝛼2𝜈
𝛼1𝜈

)︂2 [︁
]︁
· B𝜈𝑙 (B𝜈𝑙 )H

2,2

.

(A.3)

Since B𝜈𝑙 is normalized to guarantee that at least one of the gateway antennas uses
𝜈
the maximum transmit power 𝑃u,𝑙
, (3.10) is finally obtained.
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Appendix B
Joint Ground/On-Board
Processing

B.1

Optimization

Under the ZF constraint, the mean squared error (MSE) for the 𝑘-th data stream is
given by:
[︀
]︀
(︀
)︀
1
MSE𝜈𝑘 = E |𝑧𝑘𝜈 − 𝑠𝜈𝑘 |2 = (w𝑘𝜈 )H R𝜂𝜈I + R𝜂𝜈T w𝑘𝜈 = 𝜈 .
𝜌u,𝑘

(B.1)

The optimization problem from (3.13) is thus equivalent to the following one:
min
B , W𝜈
𝜈

s.t.

max MSE𝜈𝑘
𝑘

}︀
{︀ 𝜈
𝜈
B𝜈 (B𝜈 )H ≤ diag 𝑃u,1
I2 , . . . , 𝑃u,𝐿
I2 = P𝜈

(B.2)

(W𝜈 )H H̄𝜈𝜈 B𝜈 = I𝐿 .
As seen in (B.1), the 𝑘-th column of W𝜈 only influences the MSE of the 𝑘-th stream.
Therefore, assuming in a first step that the precoder B𝜈 is fixed, each w𝑘𝜈 can be
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optimized separately as the solution of:
min
MSE𝜈𝑘
𝜈
w𝑘
s.t.

(B.3)

(w𝑘𝜈 )H H̄𝜈𝜈 B𝜈 = eH
𝑘 ,

where e𝑘 is a column vector with only zeros except for its 𝑘-th entry which is equal
to one. To this end, the Lagrangian function 𝐿 (w𝑘𝜈 ) is defined as:
𝐿 (w𝑘𝜈 )

=

(w𝑘𝜈 )H

}︁
(︀
)︀ 𝜈 {︁ 𝜈 H 𝜈𝜈 𝜈
H
R𝜂𝜈I + R𝜂𝜈T w𝑘 − (w𝑘 ) H̄ B − e𝑘 𝜆 .

(B.4)

The vector 𝜆 is the vector of Lagrangian multipliers. Taking the derivative of (B.4)
with respect to (w𝑘𝜈 )H and setting it to zero, the following expression is obtained:
(︀
)︀+
w𝑘𝜈 = R𝜂𝜈I + R𝜂𝜈T H̄𝜈𝜈 B𝜈 𝜆 .

(B.5)

Introducing this result in the ZF constraint of (B.3), it comes out that the vector of
Lagrangian multipliers is given by:
[︁
]︁+
(︀
)︀H (︀
)︀+
𝜆 = (B𝜈 )H H̄𝜈𝜈
R𝜂𝜈I + R𝜂𝜈T H̄𝜈𝜈 B𝜈 e𝑘 .

(B.6)

Using (B.5) and (B.6), it finally becomes obvious that:
(︀ 𝜈𝜈 𝜈 )︀+
(w𝑘𝜈 )H = eH
.
𝑘 H̄ B

(B.7)

The optimal precoder B𝜈 can now be determined. Based on the expression from
(B.7), the MSE for the 𝑘-th data stream in (B.1) can be reformulated as a function
of B𝜈 such that the optimization problem in (B.2) is equivalent to:
min
B𝜈
s.t.

[︁
(︀ 𝜈𝜈 )︀H (︀
)︀+ 𝜈𝜈 𝜈 ]︁+
𝜈 H
𝜈
𝜈
e𝑘
max eH
(B
)
H̄
R
+
R
H̄ B
𝜂I
𝜂T
𝑘
𝑘

𝜈

𝜈 H

B (B ) ≤ diag

{︀

𝜈
𝜈
𝑃u,1
I2 , . . . , 𝑃u,𝐿
I2
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}︀

𝜈

=P .

(B.8)

As shown in Appendix D of [129], the objective function 𝑞0 (𝑓1 , . . . , 𝑓𝐾 ) = max 𝑓𝑘
𝑘

is a Schur-convex function. In this case, a direct application of the result from [128]
leads to:
1

B𝜈 = P 𝜈 , 2 V 𝜈 Ω .

B.2

(B.9)

Effective CINR

Relying on the model from (2.30) and (3.15), the two following relations can be
established:
{︁
}︁
{︀
}︀
H
𝜈𝜈
𝜈
𝜈
tr (H𝜈𝜈
)
H
= 𝛾𝑙,1
+ 𝛾𝑙,2
= 2𝐶𝑙 · (𝛼1𝜈 )2 + (𝛼2𝜈 )2 ,
𝑙
𝑙
{︁
}︁
H
𝜈𝜈
𝜈 𝜈
det (H𝜈𝜈
)
H
= 𝛾𝑙,1
𝛾𝑙,2 = 4𝐶𝑙2 · (𝛼1𝜈 𝛼2𝜈 )2 (1 − 𝐷𝑙 ) ,
𝑙
𝑙

(B.10)
(B.11)

where 𝐶𝑙 is a constant depending on the free-space loss and the antenna gains in
the 𝑙-th frequency channel. On the other hand, 𝐷𝑙 ∈ [0, 1] depends on the phase
relationships between the MIMO channel coefficients. The fact that, for a given
carrier frequency, the free-space path losses are quasi-identical has been used to obtain
(B.10) and (B.11). Including these expressions in (3.17), the effective uplink CINR
can then be rewritten as:
𝜌𝜈u,𝑘

(𝛼1𝜈 𝛼2𝜈 )2
·𝐾 ·
=2· 𝜈 2
(𝛼1 ) + (𝛼2𝜈 )2

{︃ 𝐿
𝜈
𝜈
∑︁ 𝑃T,𝑙
+ 𝑃I,𝑙
𝑙=1

𝜈
𝑃u,𝑙

1
·
𝐶𝑙 (1 − 𝐷𝑙 )

}︃+
.

(B.12)

Defining 𝜌˜𝜈u as the CINR in clear-sky conditions, i.e. when 𝛼1𝜈 = 𝛼2𝜈 = 1, the result
from (3.18) becomes obvious.
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Appendix C
Poisson-Multinomial Distribution
Following a reasoning similar to [133], a polynomial representation of (4.18) is considered. With the notations introduced in (4.19), it is given by:
P {𝑄 = 0; 𝑁 } + P {𝑄 = 1; 𝑁 } 𝑧 + . . . + P {𝑄 = 2𝑁 ; 𝑁 } 𝑧 2𝑁 =
𝑁
∏︁
{︀
(︀
)︀
}︀
1 − 𝑝𝜈o,1 + 𝑝𝜈o,1 − 𝑝𝜈o,2 𝑧 + 𝑝𝜈o,2 𝑧 2 . (C.1)
𝜈=1

This relation can be exploited to determine a closed-form expression of P {𝑄 = 𝑞; 𝑁 }
as a function of 𝑝𝜈o,1 , 𝑝𝜈o,2 with 1 ≤ 𝜈 ≤ 𝑁 . To this end, a method of polynomial
interpolation based on the inversion of a Vandermonde matrix is used. It requires the
evaluation of the product on the right-hand side of (C.1) for 2𝑁 + 1 different values
𝑧0 , . . . , 𝑧2𝑁 of 𝑧. This operation can be represented in a matrix form as:
⎡
⎤⎡
⎤
2
𝑁
1 𝑧0 𝑧0 · · · 𝑧0
P {𝑄 = 0; 𝑁 }
⎢
⎥⎢
⎥
⎢
⎥
⎢
⎥
2
𝑁
⎢1 𝑧1 𝑧1 · · · 𝑧1 ⎥ ⎢ P {𝑄 = 1; 𝑁 } ⎥
⎢
⎥⎢
⎥=
⎢
⎥⎢
⎥
..
..
⎢
⎥
⎢
⎥
.
.
⎣
⎦⎣
⎦
2
2𝑁
1 𝑧2𝑁 𝑧2𝑁 · · · 𝑧2𝑁
P {𝑄 = 2𝑁 ; 𝑁 }
⎡ ∏︀
(︀ 𝜈
)︀
}︀ ⎤
𝑁 {︀
𝜈
𝜈
𝜈
2
1
−
𝑝
+
𝑝
−
𝑝
𝑧
+
𝑝
𝑧
0
o,1
o,1
o,2
o,2 0
𝜈=1
⎢
(︀ 𝜈
)︀
}︀ ⎥
⎢ ∏︀𝑁 {︀
⎥
𝜈
𝜈
𝜈
2
⎢
⎥
𝜈=1 1 − 𝑝o,1 + 𝑝o,1 − 𝑝o,2 𝑧1 + 𝑝o,2 𝑧1
⎢
⎥ . (C.2)
⎢
⎥
..
⎢
⎥
.
⎣∏︀
⎦
{︀
(︀
)︀
}︀
𝑁
𝜈
𝜈
𝜈
𝜈
2
1
−
𝑝
+
𝑝
−
𝑝
𝑧
+
𝑝
𝑧
2𝑁
o,1
o,1
o,2
o,2 2𝑁
𝜈=1
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Obviously, expressions for P {𝑄 = 𝑞; 𝑁 }, 1 ≤ 𝑞 ≤ 2𝑁 , can be obtained if the Vandermonde matrix on the left-hand side of (C.2) is invertible. This property is guaranteed
√
2𝜋𝑝
when 𝑧𝑝 = 𝑒𝑗 2𝑁 +1 / 2𝑁 + 1, 0 ≤ 𝑝 ≤ 2𝑁 . In this case, the considered Vandermonde
matrix is indeed a unitary DFT matrix. Multiplying both sides of (C.2) on the left
by the inverse DFT matrix, the result from (4.20) is finally obtained.
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