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Feeder Link Precoding for Future Broadcasting
Services: Architecture and Performance

Alessandro Guidotti, Member, IEEE, Claudio Sacchi, Senior Member, IEEE,
and Alessandro Vanelli-Coralli, Senior Member, IEEE

Abstract—S5G systems are becoming a reality and the evolution
towards Beyond 5G (B5G) and 6G systems is already being
defined, also to cope with the ever increasing capacity demanded
by on-ground users. This will pose challenging requirements on
the feeder link of future satellite systems, which risks to become
a bottleneck for the overall system performance. In this paper,
we propose a novel architecture of linear precoding for the
feeder link of a broadcast satellite system operating with full
frequency reuse to significantly enhance the achievable capacity.
The architecture has been simulated and tested in a challenging
multi-frequency scenario, where Ku, Ka, Q/V, and W band have
been considered for transmission. The numerical performance
analysis and the open issues related to the practical realisation
of the proposed architecture are also thoroughly discussed.

Index Terms—Architecture, Communication system perfor-
mance, Atmospheric propagation, MIMO systems, Broadcasting

I. INTRODUCTION

Etwork analyses foresee that by 2023 there will be 5.3

billions Internet users and almost 30 billions devices, [1].
Among these, video devices are expected to have a multiplier
effect on the traffic demand. For instance, an Internet-enabled
TV set will generate as much traffic as that of an entire
household today; taking into account that ~ 900 millions
TV sets with 4K capabilities are expected by 2023 and that
Ultra High Definition (UHD) Virtual Reality (VR) is likely to
become one of the most requested services, it is clear that the
current feeder link resources and structure cannot satisfy the
requested aggregate traffic anymore, thus risking to become
the system bottleneck.

In terms of satellite broadcasting systems, legacy networks
rely on a star topology with point-to-multipoint links, in
which, [2], [3]: i) a transmitting hub station, equipped with
a rather large antenna, is the central transmitting node and
it offers Direct To Home (DTH) services through a single
feeder link; and ii) the User Terminals (UTs) are typically
receive-only stations, with a limited antenna size so as to limit
their cost, served through a large single wide-area user beam
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providing regional coverage (e.g., Europe). The network hub
is located either at the broadcaster’s facilities, and thus it is
operated by the broadcaster itself, or in some other location,
at which it is often managed by the satellite network operator.
The potential exploitation of EHF bands in such traditional
broadcast networks was preliminarily discussed in [4], where
it was correctly pointed out by the authors that: i) on the
feeder link, EHF bands might be used, as long as proper site
diversity is achieved by means of multiple GWs in order to
contrast the large propagation impairments; and ii) on the user
link, atmospheric phenomena would be too disruptive due to
the lack of transmit diversity techniques, thus leading to the
possible need for a backup user beam connection at lower
frequencies. In this context, it is worth highlighting that the
use of a single wide beam on the user link might not be
sufficient for future broadcasting services, due both to the
large bandwidth requirements to provide Ultra-High Definition
TV (UHDTV) or 8K UHDTYV services to the general public
and to the increasing need for on-demand dedicated content,
to be provided by means of unicast or multicast connections
to the users’ set-top boxes. In the framework of multi-beam
coverage on the user link, the deployment of multiple GWs
is beneficial not only to implement site diversity, but also to
actually manage the multi-beam user coverage, with each GW
managing the traffic of a different subset of beams.

Based on the above observations and on the successful de-
ployment of High Throughput Satellite (HTS) systems, further
evolving into Very HTS (VHTS), more advanced architectures
and transmission techniques can be envisaged so as to fully
benefit from the potential of the EHF bandwidth. In this
paper, we focus on broadcasting services provided through
a HTS/VHTS Geostationary Earth Orbit (GEO) satellite with
multi-beam coverage on both the feeder and user links. Aiming
at the full exploitation of the large feeder bandwidth in EHF,
and in order to cope with the larger capacity requirements
that future broadcasting services will pose on the system, full
frequency reuse is implemented on the feeder link. Notably,
due to the antenna radiation pattern sidelobes, proper inter-
ference management techniques are required in order to cope
with adjacent beam interference. These can be implemented
at the receiver side (the satellite, in our scenario), as Multi-
User Detection (MUD) [5], or at the transmitter (the GW5s),
as precoding. We focus on the implementation of precoding
techniques at the GWs, so as to avoid any increase in the pay-
load complexity, which would also lead to an increased cost in
terms of manufacturing and launch into orbit. Since the GWs
are geographically separated so as to guarantee site diversity,
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they can be considered as distributed antennas that implement
the precoding weights computed by a central network entity.
In this context, we thoroughly define the system architecture
in terms of the ground segment and required functional and
signalling information to actually implement precoding with
distributed GW antennas and then extensively discuss on
the advantages and disadvantages that such approach can
bring into the considered system in terms of average spectral
efficiency and overall system capacity.

A. Literature review

The State-of-the-Art (SoA) framework of the present paper
is comprehensive of three main topics: future HTS systems,
precoding techniques applied to multi-beam satellites, and
multicast precoding techniques.

The recent literature dealing with HTSs is rich of contribu-
tions targeted at increasing the system capacity in the presence
of atmospheric impairments and other link non-idealities. In
the paper from Roumeliotis et.al., [6], a dynamic capacity
allocation scheme based on matching theory is proposed,
which provides a low complexity optimum allocation based
on capacity loss metric of paired user beams and gateways.
A work related to [6] is [7], where a theoretically optimum
capacity allocation scheme based on Monge arrays is dis-
cussed targeted at optimising system capacity losses and rate
matching performance metrics. Another very recent work,
[8], investigates the impact of distortions involved by on-
board transponder filters and high-power amplifiers on the
HTS performance. A method based on digital pre-distortion
is proposed in [8] in order to counteract these typologies
of distortions and improve the overall link performance. The
integration of HTS with 5G systems is considered in [9]; in
this paper, the HTS is regarded as a master node capable of
providing efficient and transparent backhaul to the disperse
broadband network segments typical of 5G.

As far as the exploitation of EHF bands is concerned,
some contributions presented in the literature address the
assessment of broadband transmission solutions in terms of
link performance and achievable raw capacity, [10], [11].
Other studies are focused on the design of waveforms capable
at providing resilience against the typical impairments of the
EHF Radio-Frequency (RF) environment, [12]-[14], where the
performance is usually limited by non-linear distortions and
phase noise. In [15], the authors focus on the application of
Adaptive Coding and Modulation (ACM) for EHF satellite
communications, by optimising the DVB-S2 thresholds and
including rain fading and the non-linearities of the on-board
amplifiers. The authors of [16] discuss on the exploitation of
the EHF large bandwidths for HDTV broadcasting services,
again following the DVB-S2 specifications and also including
phase noise. In [4], the authors report a detailed survey of
the opportunities and challenges of EHF transmissions for
broadcasting services, also providing a detailed theoretical
evaluation of the achievable capacity compared to Ku/Ka
bands. In addition to the above manuscripts, the literature
on EHF also presents many pioneering feasibility studies,
as those in [17] and [18], reporting the DAVID and WAVE

experiments, respectively. In [19], [20], the authors report
some of the results achieved by more recent EHF experiments,
like, e.g., the ALPHASAT measurement campaign in Q/V-
band. Following such a trend, in [21], the authors address the
exploitation of Q/V bands with gateway diversity on the feeder
link, showing the significant gains that can be obtained with
proper ground segment configurations and switching schemes.

With respect to precoding-based Satellite Communication
systems (SatCom), the literature is quite extensive thanks to
the last years of research exploiting the successful implemen-
tation in terrestrial systems, [22], but mainly addressing its
implementation on the user forward link. Initial implemen-
tations of precoding to satellite systems were based on the
extension of Multi-User Multiple Input Multiple Output (MU-
MIMO) approaches, which already showed good performance
in terrestrial communications, moving to Zero-Forcing (ZF)
and Minimum Mean Square Error (MMSE) algorithms, [23];
the throughput gains on both the Forward Link (FL) and
the Return Link (RL) of the considered multi-beam satellite
system can be as large as 80%. A valuable survey on MIMO
techniques implemented over satellite channels is provided
in [24], where the authors discuss both fixed and mobile
satellite systems and identify the major impairments related
to the channel, paving the way for future research activities.
The main technical challenges when moving precoding to a
SatCom context are discussed in [25], in particular the impact
of partial Channel State Information (CSI) at the transmitter
side; in this work, the authors propose a novel precoding
scheme to increase the system sum-rate and availability. The
implementation of precoding to systems based on the DVB-
S2X standard was also discussed in the context of several
European Space Agency (ESA) R&D activities in [26]; more
specifically, practical challenges arising when implementing
precoding in HTS systems were discussed, as framing issues,
non-ideal (i.e., outdated) phase estimates, imperfect channel
estimation, and multiple gateways. Still related to practical
impairments for precoding in DVB-S2X, extensive analyses
have been provided in [27]; in addition, in [28]- [29], a thor-
ough review of precoding techniques for multi-beam systems
is provided. In addition, optimisations for the precoding design
with linear and non-linear power constraints are proposed. In
[30], the non-linear Tomlinson-Harashima precoding (THP)
is proposed, which is based on modulo operations over the
symbols constellation by taking into account the beam gain
as well. The performance of linear beamforming in terms
of the fulfilment of specific traffic demands is discussed in
[31], where the authors proposed to include generic linear
constraints in the transmit covariance matrix, obtaining gains
with respect to traditional frequency reuse approaches as large
as 170%. In [32], the authors discuss on-board precoding
solutions for multiple gateway systems, proposing solutions
to mitigate inter-beam and inter-FL interference. In [33], the
authors consider a Licensed Shared Access (LSA) system in
which both satellite and terrestrial wireless service providers
share a given frequency band and focus on the precoding
scheme restricting the received power of the satellite UTs to
be under a certain threshold. The authors of [34] optimise the
precoded system at the receiver side in terms of Signal-to-
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Noise Ratio (SNR), whilst guaranteeing the system fairness
and allowing a control over the power transmitted by each
antenna, in particular reducing the power peaks. In [35], the
focus is on precoding applied to a hot-spot cell configuration
encompassing a random user distribution in the service area. In
[36], the authors introduce the concept of beam-free systems
and investigate the advantages obtained when the scheduling
algorithm is able to freely group users independently of their
beam location. The authors of [37] focus on the performance
of precoded multi-beam systems when also taking into account
the interference on the feeder link, one of the few works taking
into account this relevant aspect.

During the last years, a significant effort has been produced

in multicast precoding techniques. Preliminary works focused
on regularised channel inversion in which the users are served
as a single user with an equivalent channel matrix equal to
the average of the single channel matrices, [38]; in this work,
the users are grouped based on their geographical locations. In
[39], the authors propose a pragmatic approach in which the
linear precoding and ground-based beamforming are jointly
computed at the GW. The authors in [40] compute the precod-
ing matrix by means of a block singular value decomposition
(SVD). Some preliminary considerations on the challenges re-
lated to the optimal users’ grouping when multicast precoding
is considered are provided in [41]- [29]. The work in [42] is
focused on robust multi-group multicast precoding for frame-
based systems with outdated CSI; a low complexity precoder
is proposed based on semi-definite relaxation and Gaussian
randomisation techniques, with the numerical results showing
a substantial performance improvement.
In the above context, some of the authors of this paper
proposed a thorough analysis of users grouping in multicast
precoding by modelling it as a clustering problem, [43]; in
addition, novel clustering algorithms, both for variable and
fixed cluster sizes, are proposed showing significant perfor-
mance improvements (between 180% and 200%). In addition,
the authors also proposed a geographical scheduling algorithm
for unicast and multicast precoding, based on serving, in a
specific time frame, only users that belong to the same zone
within the corresponding reference beam, [44]; this algorithm
showed good performance gains with respect to random user
selection, i.e., no scheduling at all. Finally, in [45], the same
authors thoroughly assessed unicast precoding for broadband
satellite systems in the context of variable beam size, i.e., on-
ground multi-beam coverage overlap, highlighting interesting
tradeoffs between the radiation pattern value at beam edge and
the achievable spectral efficiency.

In the context of precoding implemented on the feeder
link, the authors of [46]- [47] extensively discuss the on-
board and on-ground processing aspects for MIMO feeder
links in Q/V-bands; in order to enhance the performance on the
feeder link, these works focus on the proper spacing between
two transmitting antennas to be properly placed at each GW,
showing the benefits in terms of Carrier-to-Interference plus
Noise-Ratio (CINR) and outage probability. In addition, details
on the on-board architecture are reported, providing a valuable
insight on this topic.

B. Paper contribution and organisation

In this paper, we move from both the well-known imple-
mentation of precoding algorithms for the forward link in
unicast and multicast systems discussed in [23]- [45] and the
analysis of feeder link diversity with multiple antennas per
gateway in [46]- [47] by considering each gateway as a single
antenna of a distributed MIMO system to which precoding
is implemented, thanks to a central entity taking care of the
network management and operations. In particular, the paper
main contributions are the following:

« We propose a system architecture, focusing in particular
on the ground control segment, detailing the operations
to be performed to implement precoding on the feeder
link, independently from the considered frequency band.
Aspects related to the signalling information required to
operate this system are also discussed.

« We provide an extensive discussion on the system per-
formance based on numerical simulations in which the
feeder link is operated in Ku, Ka, Q/V, and W bands.
Such assessment provides a valuable insight on the impact
of the operating frequency and, in particular, on whether
precoding is actually beneficial with respect to a more
traditional diversity scheme.

« We show that, unlike typical precoding implementations
on the user access link, the normalisation approach pro-
viding the best performance (i.e., the largest capacity) is
not the Sum Power Constraint (SPC), but the Per Antenna
Constraint (PAC).

e« We discuss the main technical challenges, in particular
related to the Channel State Information (CSI) to be
provided at the transmitter side and on EHF atmospheric
impairments, and provide some potential solutions to be
addressed in future works.

The remainder of this paper is organised as follows: in
Section II we detail the system architecture and the required
signalling in order to implement precoding on the feeder
link by means of a distributed set of transmitting antennas,
one per gateway; in Section III, we describe the system
model for linear precoding, focusing on Zero Forcing (ZF)
and Minimum Mean Square Error (MMSE) approaches with
different normalisations, and also provide a detailed discussion
on the atmospheric impairments, one of the most critical
challenges in EHF; in Section IV, we report the numerical
assessment in terms of average spectral efficiency and overall
system capacity when the feeder link is operated in Ku,
Ka, Q/V, and W bands; Section V reports a discussion on
the technical challenges for the proposed system and some
potential solutions; finally, Section VI concludes this work.

C. Notation

Throughout this paper, and if not otherwise specified, the
following notation is used: bold face lower case and bold face
upper case characters denote column vectors and matrices,
respectively. ()T denotes the matrix transposition operator.
()" denotes the matrix conjugate transposition operator. [
denotes the nearest integer function. a;. and a.; denote the
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Fig. 1. Proposed system architecture for precoded EHF feeder links.

i-th row and the i-th column of matrix A, respectively. Zz is
the phase of the complex number z.

II. SYSTEM ARCHITECTURE

Referring to Fig. 1, we consider a HTS/VHTS GEO satellite
with multi-beam coverage on both the feeder and the user
links. As for the latter, it is worth mentioning that it can
be implemented in Ka or Ku band, in order to exploit the
available set-top boxes and antennas at the users’ locations;
moreover, aiming at increasing the overall capacity also on the
user link, in particular for on-demand content, full frequency
reuse schemes can be implemented as well. Since the paper
is focused on the feeder link, aspects related to the user
link will not be further discussed. As previously mentioned,
in order to fully exploit the large feeder bandwidth in EHF
and to cope with the large capacity requirements of future
broadcasting services, full frequency reuse is implemented
on the feeder link. To deal with the potentially large co-
channel interference introduced in the system, linear precoding
techniques are implemented at the GW side. To this aim, we
assume that: i) each GW acts as a distributed antenna of a
MIMO system; ii) multiple receiving antennas are co-located
on-board the satellite; and iii) each beam on the feeder link is
centered at the corresponding GW location.

Notably, precoding algorithms are based on the knowledge
at the transmitter side of the CSI. While the detailed descrip-
tion of the precoding techniques and the related challenges
is provided in Sections III and V, it is worth highlighting
that, for the system at hand, this means that: i) the channel
vector between each GW antenna and all of the on-board
antennas shall be known at the on-ground control segment;
and ii) a central entity in the control segment is in charge
of the computation of the precoding matrix. Based on these
observations, the following architecture is proposed:

N Nt(GW) GWs are deployed in the ground segment.
Among these, during a given transmission period,
N,gGW) < Nt(GW) are actually active, while the remain-
ing N{EW) = Nt(GW) — NS are spare GWs so as to

exploit site diversity techniques. In this context, the Smart

Gateway Diversity (SGD) concept discussed in [48], [49]

Center

can be exploited; in particular, in case of a GW malfunc-

tioning or a deep atmospheric fade event on a specific

link, the traffic provided by that GW can be re-routed. To
this aim, two approaches have been proposed: i) the entire
traffic of the GW is re-routed through a spare one, while
the other GWs do not modify their operating behaviour;

. . ) (GW) (GW)

or ii) all GWs are transmitting, i.e., Ng =N, s
but using less than their totally available carriers, so
that when a deep fade event occurs on a link, the other
Nt(GW) — 1 GWs can take a portion of the traffic to be
provided to the satellite. In the following, we assume
that one of these two SGD approaches is implemented
only when a malfunctioning occurs at one of the active
GWs. In fact, as extensively discussed and substantiated
in Section IV, the implementation of linear precoding
techniques on the feeder link completely allows, with a
sufficiently good estimation of the channel conditions, to
deal with the detrimental impact of atmospheric events.
This leads to an advantage not only in the overall system
capacity compared to non-precoded solutions, but also
to a less complex and reduced overhead in the ground
segment when site diversity techniques are considered.

o The GEO satellite in the space segment is equipped
with multi-beam antennas, which can be implemented by
means of a Phased Antenna Array (PAA), a Direct Radiat-
ing Array (DRA), or an Array Fed Reflector (AFR), with
a number of feeds defined by both the payload complexity
and the maximum number of beams to be generated, [49].
The specific implementation is outside the scope of this
paper and it will not be further discussed. In addition
to the multi-beam antenna, the payload is also equipped
with a Beamforming Network (BFN) in order to flexibly
re-define the multi-beam coverage in order to direct the
required NéGW) beams towards the active NéGW) GWs.

e« The GWs are organised in a star network topology and
they are managed by a Network Control Center (NCC).
The NCC is the network element in charge of managing
the distributed linear precoding algorithm and re-routing
the traffic through the GWs that are currently active.
To this aim, it shall provide the following functions:
i) storage of the CSI vector for each active GW; ii)
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computation of the precoding matrix based on the cur-
rent NSGW) active GWs; iii) transmission of either the
precoded user signals or the user signals together with
the current precoding coefficients to the active GWs,
depending on where in the ground control segment the
signals are precoded; iv) transmission to the satellite of
the list of currently active N(SGW) GWs; and v) overall
system synchronisation. The synchronisation among the
transmitting GWs is a critical aspect. In fact, the perfor-
mance of precoding is strictly related to the orthogonality
among the precoding matrix columns, which defines
the interfering scenario at each receiving antenna (as
detailed in Section III). Thus, if two or more GWs are
transmitting precoded signals that are not aligned due
to a synchronisation mismatch, the performance of the
precoded system will be deeply impacted. In the context
of network synchronisation, many widely accepted proto-
cols allow to properly track the network timing. Among
these, two of the most common are the Network Time
Protocol (NTP) and the Precision Time Protocol (PTP).
In NTP, by exploiting a certain number of timekeeping
servers in the network (organised in layers, with layer O
corresponding to atomic clocks or other high-precision
clocks), UTC information is provided as a response
to individual requests by the network nodes; it uses a
standardised User Datagram Protocol (UDP) with 64 bits
and it allows to achieve a precision in the order of the
picosecond. PTP, which is defined in the IEEE 1588
standard, [50], is a more advanced solution providing a
finer precision compared to NTP; in particular, it is not
based on the clients’ requests, but it sends data that can be
used to synchronise the network. The detailed assessment
of the ground segment synchronisation is not the focus
of this work and will not be further discussed.

There are several aspects worth to be highlighted in the above
defined architecture. First of all, since the on-ground Nt(GW)
GWs are at fixed and known locations, the beamforming
coefficients to electronically steer the beams towards the active
GWs can be pre-computed and stored on-board. The BFN
will then be updated based on the list of active GWs to
be provided by the NCC signalling information. This type
of signalling is to be provided by the NCC together with
a system clock reference, so as to allow the BFN to apply
the correct beamforming coefficients, i.e., to steer the beams
towards the correct GWs for the current transmission interval;
however, it is worth to mention that the list of active GWs
is to be sent only when there is a modification of such
elements, which might be not too often, depending on the
atmospheric conditions. In addition, by implementing linear
precoding techniques on the feeder link, the need to re-
route the traffic towards a different GW might be limited to
scenarios in which an active GW is malfunctioning, rather
than due to atmospheric fading. In fact, as shown below in
the system performance, with a sufficiently good quality of
the CSI estimates, the precoding algorithm can take care of
compensating the atmospheric impairments.

In the above network architecture there are relevant techni-

cal challenges to be tackled in order to implement the precod-
ing techniques described in the following section, in particular
related to operating in EHF and to the computation of the CSI
and their signalling to the NCC. These challenges and the
possible solutions are extensively discussed in Section V.

III. HTS SYSTEM MODEL

For the considered GEO HTS system, we assume that the
GWs are properly interconnected through the NCC with a
star topology, as discussed above. In addition, if not other-
wise specified, the following assumptions hold throughout the
paper: i) the ground segment is ideal, i.e., no information loss
or differential delay arises in the signals exchanged among
the GWs and/or the NCC; ii) linear precoding is implemented
on the feeder link; iii) each GW in the ground segment acts
as a single antenna of a distributed antenna system; and iv)
the transparent satellite payload is equipped with a multi-beam
antenna with a BFN that allows to generate NéGW) equivalent
receiving antennas, each pointing to its reference on-ground
active GW, based on the list of active GWs provided by the
NCC. In the following, for the sake of clarity, we denote by N
both the number of receiving antennas and the simultaneously
active on-ground GWs, i.e., N = NC(LGW).

Focusing on the generic i-th receiving antenna, with ¢ =
1,...,N, let us denote by h; . = (h;1,...,h;n) the vector
of complex channel coefficients between the i-th receiving
antenna and the N on-ground transmitting GWs; the single
channel vector element is given by:

(TX) (9(TX)\ ~(RX) [ g(RX)
o™ () 6™ (1)
4T7r vV Laddg,,- Latmg,i diq)

where: 1) GgTX) (ﬁ;ﬁx)) is the transmitting antenna gain as a
function of the angle between the g-th GW antenna boresight
and the ¢-th on-board antenna direction; ii) G ERX) gﬁ;ﬁx)> is
the receiving antenna gain as a function of the angle between
the g-th GW direction and the ¢-th on-board antenna boresight;
iii) dl(-g ) is the slant range between the g-th on-ground GW and
the ¢-th on-board antenna; iv) Lgqq, , models the additional
system losses; V) Lgim,, models the atmospheric losses,
discussed in Section III-B; vi) e_J%dEQ) models the phase
offset due to the different slant range between the g-th GW
and the i-th on-board antenna; and vii) ¢; ~ U[0,27) is
a random phase-offset at the receiving antenna equipment.
In the following, we assume that the on-board antennas
are co-located and that the GWs have no implementation
differences, thus, Vi = 1,...,N: i) 19;77;)() = ﬁgTX); ii)
d¥ = d9; i) Loga,, = Leaa» Y9 = 1,...,N; and iv)
Latm,; = Latm,- It is worth to be mentioned that atmospheric
events might also introduce a spurious phase shift between
the transmitting and receiving antennas. In the considered
system architecture, the receiving antennas can be assumed
to be co-located and, thus, the phase shift introduced by the
atmospheric events is only dependent on the transmitter index,
as the atmospheric loss Lgtm,. In [46], the phase shift is
modelled as a uniformly distributed random variable between

hm =
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0 and 27. Thus, we can assume that the phase shift due to
the atmospheric fading is already included in the phase offset
@4, which is a uniformly distributed r.v. between 0 and 27
as well. Based on this assumjption, the overall channel matrix

H= [(hl,:)T, cees (hNy:)T] can be factorised as follows:
H=¢® QDA )
where: i) ¢ = VGITX)GEX) /\/L 44 (47/N) is a constant

equal for all GWs and receiving antennas; ii) ® is the N x N
diagonal matrix of random phase-offset, i.e., [®],, = e™7¥%;
iii) € is a N x N matrix containing the radiation pattern

values of the transmitting and receiving antennas, i.e., [Q] 9i =

QTX) (ﬁgTX)) QRX) (ﬁﬁx)>, with Q(TX) and QEX)

being the radiation pattern models for the transmitting and
receiving antennas, respectively; iii) we assume that the on-
board antennas are co-located and that, apart from the depoint-
ing loss discussed below, they are ideally pointed towards the
satellite, thus Q(TX) 195,”)) —1,Yg =1,...,N; iv) D
is a NV x N diagonal matrix containing the terms related to
the slant range, i.e., [D]g,g — o5 d? /d(g); and v) A is the
N x N diagonal matrix containing the atmospheric losses, i.e.,
[A}g’g =1/+/Latm,-

With respect to the radiation pattern, we consider a Bessel
antenna model at the GWs and on-board the satellite, [S51]:

P+ )A-T) (.
@+Uﬂ—ﬂ+T(2u *

+ 2p+1p' JP+1 (U) T )

Q(u) =

3)

ST

where p and T, with T[dB] = —10log (1 — T')*, are the field
decay and aperture edge taper parameters, respectively, and:

d,
A

in which d,, is the equivalent antenna diameter and ¢ the off-
axis angle with respect to the antenna boresight at which the
pattern is computed.

Assuming a full frequency reuse scheme on the feeder link
and no precoding algorithms at the GWs, the signal received
at the generic i-th on-board antenna can be written as follows:

yi =/ PhOs 4 2

N
= /Phisi + \/EZ hijsj + zi ©®)
j=1
J#i
where z; is a complex circularly-symmetric Gaussian random
variable with zero-mean and variance equal to the system
equivalent noise power, P, is the transmission power, and s
is the N x 1 vector of complex transmitted symbols with
unit-variance; the second formulation of eq. (5) highlights
the intended and interfering components. The corresponding
Signal-to-Interference plus Noise-Ratio (SINR) is given by:

_ Pt|h1i,i|2
Py + Py ) j=1hi;
i

u=u ()=

sin (9) @)

pi 2 ©)

where P, is the system equivalent noise power. From the
above SINR equation, the rate achieved at the ¢-th on-board
antenna, which corresponds to the rate achieved on the link
with the i-th GW, can be evaluated by either the Shannon for-
mula or from the adopted Modulation and Coding (ModCod).

A. Precoding algorithms

In order to cope with the potentially large co-channel
interference due to the full frequency reuse approach, linear
precoding is implemented by taking advantage of the intercon-
nection of the on-ground GWs, which act as distributed MIMO
antennas. Let us denote by W the N x N complex precoding
matrix, built based on the CSI vectors available in the ground
segment. Notably, the generic (g,%)-th element represents the
weight of the signal sent from the g-th GW to the i-th on-board
antenna; thus: i) the g-th row in the precoding matrix defines
how the IV transmitted symbols are combined at the g-th GW;
and ii) the ¢-th column defines how the symbols intended for
the ¢-th on-board antenna are linearly combined across the
N transmitting GWs. When precoding is implemented, the
received signal in eq. (5) becomes:

N
yi = VPR Ow s + VP Y hOw s 4z (D)
j=1
i
With respect to the specific linear precoding algorithm, we
consider the following ones:

o Zero Forcing (ZF) precoding: notably, the baseline imple-
mentation of the ZF algorithm is based on the inversion of
the channel matrix H. However, even though the channel
matrix is square, it may be rank-deficient and, thus, not
invertible. To circumvent this issue, we focus on the
following implementation of ZF:

Wy = (ﬁHﬁ)TﬁH (8)

where H # H is the estimated channel matrix exploited
at the ground segment to compute the precoding matrix
and t denotes the Moore-Penrose pseudo-inverse matrix.
e Minimum Mean Square Error (MMSE): this is a regu-
larised version of the ZF precoding algorithm, aimed at
circumventing any issue that might arise from the ill-
conditioning of the H H matrix in eq. (8). In this case:

—~ ~ o~ -1
Wiyvmse = (HHH + diag (Oé) IN) HY 9)

where o is a vector of regularisation factors, for which
the optimal value is P,,/P;, [52].

It shall be noticed that, both with ZF and MMSE, the pre-
coding matrix is to be properly normalised in order to take
into account specific power constraints. When considering
precoding on the user access link, the normalisation strategy
to be adopted is defined by the power limitations of the on-
board amplifiers; in particular, the constraints are to avoid
operations in the non-linear regime in the on-board High
Power Amplifiers (HPAs) and to ensure that the overall avail-
able transmission power is not exceeded. In the considered
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feeder link scenario, the normalisation is still critical mainly
for two reasons: i) the transmission power per GW shall
be limited so as to ensure that the limitations defined by
the radio regulations on the Earth-to-Space directions are
not exceeded; and ii) the power flux density received at the
on-board antennas shall not exceed a limit defined by the
manufacturer of the receiving equipment. In typical SatCom
systems implementing precoding, the normalisation strategy
providing the best performance is the Sum Power Constraint
(SPC), in which an upper bound is imposed on the total power
emitted by the NV GWs as follows:

w

W = (10)

tr (WWH )
This normalisation ensures that the total power emitted by the
N GWs combined is N- P, and, being a scalar factor applied to
the entire precoding matrix, it also guarantees that the orthogo-
nality among the precoding matrix columns is not modified (as
discussed above, the relationships among the precoding matrix
columns defines the interference scenario). However, in order
to cope with the radio regulations and the on-board receiving
equipment characteristics, this solution might be ineffective,
since no bound is provided on a per-GW basis. Thus, the
emitted power might exceed the power limitations defined
at national, regional, or global level or the received power
flux density might be too large for the deployed satellite.
Consequently, we can consider the following normalisation
strategies for the precoding matrix:

¢ Per Antenna Constraint (PAC), in which the upper bound

is imposed at each antenna, i.e., GW:

1 .. 1 1 —

W= s (e ) W00

It shall be noticed that, while the maximum emission

level is now guaranteed at each GW, the orthogonality

among the precoding matrix columns is disrupted due to

the normalisation performed on each row independently
from the others.

o Maximum Power Constraint (MPC), in which the aim is

to preserve the orthogonality among the precoding matrix

columns while not exceeding the emissions at GW level:

w
W:

(12)
Nmax; || w;.. ||*
In this case, it can be easily noticed that the approach
is sub-optimal, since only one GW will transmit at
maximum power as per radio regulations, while the
remaining N —1 GWs will potentially use a much lower
transmission power.
In Section IV-B, we will provide a detailed comparison among
the three normalisation approaches. In particular, SPC is
considered as a benchmark solution, while PAC and MPC are
taken into account as approaches that are actually feasible.
Interestingly, we will show that SPC is not the best option
in the considered scenario. These aspects will be thoroughly
discussed in Section IV.

25

15¢ ]
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05 8
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Fig. 2. Attenuation due to gaseous absorption in Cork (solid line) and Athens
(dashed line) as a function of the probability of event p.

B. Atmospheric events

Notably, the attenuation due to atmospheric phenomena is
non negligible in broadly used bands like Ku or Ka; in EHF,
i.e., the Q/V and W bands that we consider along Ka and Ku,
their impact can be overwhelming. In this paper, we refer to the
procedures reported in ITU-R P. 618, [53], which provides the
propagation parameters and models that are needed to design
both Earth-to-Space and Space-to-Earth links. In general, the
sources of propagation loss that shall be considered include:
gaseous absorption, cloud and fog attenuation, rain attenua-
tion, scintillations, focusing and defocusing, the decrease in
antenna gain due to wave-front incoherence, and attenuation
due to sand and dust storms. However, as per ITU-R P. 618,
when considering elevation angles above 10°, a more than
reasonable assumption on the feeder links of a broadcasting
system, only gaseous absorption, rain and cloud attenuation,
and, possibly, scintillations will be relevant. In the following, if
not otherwise specified, we focus on the attenuation introduced
by gas, cloud, and rain, neglecting the impact of scintillations
since they are limited with respect to the other terms. The
overall attenuation due to atmospheric events on the link
between the g-th GW and the satellite is thus computed as:

Lat'mg (p) = Lgasg (p) + Lcloudg (p) + L'r'uing (p) (13)

where p is the probability of the atmospheric event.

1) Gaseous absorption: This phenomenon is mainly de-
pending on the frequency, elevation angle, altitude above
the sea level, and water vapour density. The procedure to
compute it is reported in ITU-R P.676, [54], in which two
approximate methods and a complete one to estimate this
type of absorption is provided, for frequencies up to 350 and
1000 GHz, respectively. Referring to the latter, the procedure
is based on: i) approximating the atmosphere as a sequence of
N, exponentially increasing layers; ii) computing the specific
attenuation %(g as) (p) in dB/km and the slant path length agg as)
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Fig. 3. Cloud attenuation in Cork (solid line) and Athens (dashed line) as a
function of the probability of event p.

for each layer; and iii) obtaining the gaseous absorption as:

N;
Lgas (p) = Z agzgas)%(fas) (p) (14)
n=1

In the absence of local data providing temperature, dry air
pressure, and water vapour partial pressure profiles as a func-
tion of the height, specifications ITU-R P.835, [55], and P.836,
[56], can be used to obtain, respectively, the parameters of the
reference standard atmospheres and the water vapour density;
please note that the latter term introduces the dependency on
the probability of the atmospheric event. In order to have an
idea of the impact of this term as a function of the carrier
frequency, Fig. 2 shows Lgqs (p) in Ku, Ka, Q/V, and W bands
for two of the GW locations considered in this work. It can
be noticed that, in general, the values are limited; however, a
non negligible relative variability is evident in terms of both
the location and, more specifically, the operating frequency.

2) Cloud attenuation: The attenuation introduced by clouds
and fog consisting of small droplets, smaller than 0.01 cm, is
computed by means of the Rayleigh approximation, which is
valid up to 200 GHz. For slant paths, it can be computed as
reported in ITU-R P.840, [57]:

Lyea (p) Ki (fe, T = 273.15)
sine

Lcloud (p) = (15)

where L,..q (p) is the total columnar content of liquid water
reduced to the temperature of 273.15 K as a function of the
probability p, K] is the cloud liquid water specific attenuation
coefficient, f. is the carrier frequency, and ¢ is the elevation
angle at the desired location. Fig. 3 shows the attenuation due
to clouds and fog in two GW locations; some observations
are worth being made: i) the absolute values of the cloud
attenuation are significantly larger compared to the gaseous
absorption, going up to 20 dB; ii) the relative variability due
to the location is significant, with even 12 dB difference in
W-band (in Ku-band, this effect is more limited and below 1
dB); and iii) the impact of larger probabilities is much more

60°N |-
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50°N -

40°N -

I
20°E
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I I L
10°E 30°E 40°E

Fig. 4. Rainfall rate exceeded for 0.01% of the year, i.e., p = 104, as per
ITU-R P. 837 version 7, [58].

Rain attenuation Lrain(p) [dB]
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102 107
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Fig. 5. Attenuation due to rain in Cork (solid line) and Athens (dashed line)
as a function of the probability of event p.

significant than with gaseous absorption, significantly reducing
the propagation loss at 10~!, in particular for larger operating
frequencies. In addition, based on the prediction model in ITU-
R P.840, also a significant variability in terms of the month
that is being considered arises for L..q (p) (for instance, its
value can even double when moving from January to June in
some locations); this aspect shall be properly considered at the
network entity in charge of dealing with atmospheric events, so
as to avoid any power mismatch, which could lead to service
unavailability (under-estimation) or to wasting transmission
power (over-estimation).

3) Rain attenuation: The attenuation due to rain is com-
puted as the product between the specific attenuation, ("™,
and the effective path length of the wave inside the perturba-
tion, a.:
=7 (p) a

Lrain (p) (16)
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Fig. 6. Atmospheric attenuation due to gas, cloud, and rain in Cork (solid
line) and Athens (dashed line) as a function of the probability of event p.

The temporal statistic, which leads to the dependency of the
specific attenuation on p, is given by the cumulative probability
distribution denoting the percentage of the year during which a
specific value of the rainfall rate, I, in mm/h, is exceeded. The
model to compute both the specific attenuation and the slant
path length is reported in ITU-R P.618. It is worth mentioning
that this model is valid for frequencies up to 55 GHz. Due
to the lack of other models or measurement campaigns, we
will refer to this recommendation also for W-band; however,
it shall be taken into account that the numerical values might
be different in real scenarios, although not substantially. These
aspects are clearly detailed in Section V.

The procedure to compute the terms in eq. (16) can be
summarised as follows:

1) the rain height at the considered location, h,qn, iS
obtained from ITU-R P.839, [59], which also requires the
Earth station height above the mean sea level. This value
can be obtained from ITU-R P.1511, [60], in case it is
not available;

2) the horizontal projection of the slant path length is com-
puted (the reference geometry and the related equations
are reported in [53, Section 2.2.1.1]);

3) the rainfall rate with p = 10™%, Ry 1 exceeded for 0.01%
of the year, is obtained from ITU-R P.837!, [58]. A map
reporting the values of Ry g1 in mm/h are shown in Fig. 4;

4) the specific attenuation (") is computed for p = 10~*
as per ITU-R P.838, [61];

5) a set of correcting factors are applied to the horizontal
and vertical slant path lengths allowing to compute the
effective path length. Since these correcting factors are
related to the probability p, this slant path is valid for
p=10"%

6) the rain attenuation is computed as in (16) for p = 1074,
In case different probabilities are to be taken into account,

't is worth highlighting that the current recommendation is version 7 and
significant adjustments have been introduced with respect to the previous,
motivated by the over-estimation of the rainfall rates in version 6.

HELSINKI ® Active
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RAMBOUILLET
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Fig. 7. Locations of the G, = 9 active and Gs = 3 spare GWs in the
considered system.

the correcting factors are provided in [53, eq. (10)].

Fig. 5 shows L4y, (p) in Ku, Ka, Q/V, and W bands; it
is worth mentioning that the model in ITU-R P.618 for the
rain attenuation is valid for probabilities between 0.001% and
5%. The behaviour is similar to that observed for the cloud
attenuation: i) the absolute values of rain attenuation are large,
in this case also for Ka and Ku band; ii) the relative variability
due to the location is more limited with respect to the cloud
attenuation, but still not negligible; and iii) for increasing
probabilities of the event, lower attenuations are obtained.

To conclude the analysis on the significance of the at-
mospheric phenomena, Fig. 6 shows the overall atmospheric
attenuation in the two considered locations as per eq. (13). It
can be noticed that, as expected, in W-band the attenuation
due to the atmospheric phenomena is significantly larger with
respect to lower frequency bands. For instance, with p = 1073
in Cork, L4, ~ 50 dB in W-band, while in Q/V-band this
value is approximately 26 dB, i.e., almost one half; when we
compare it to the Ka and Ku bands, we obtain attenuation
values that are approximately 33 and 45 dB lower, respectively.

IV. PERFORMANCE ASSESSMENT

In this section, we assess the numerical performance by
means of Monte Carlo simulations on the feeder link with
and without precoding. Both the ZF and MMSE algorithms
are considered and the normalisation approach is selected so
as to guarantee a maximum emitted power per GW, i.e., we
focus on PAC and MPC normalisations. In the following, we
consider NV =9 active GWs and on-board receiving antennas,
each with boresight direction towards the corresponding on-
ground GW; the GWs’ locations are provided in Fig. 7

A. Assumptions and parameters

The system design has been performed based on the param-
eters reported in Table I and on the considerations discussed
below. It is assumed that both the GWs and the on-board
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TABLE I
SYSTEM DESIGN PARAMETERS.

’ Parameter ‘ w ‘ Qv ‘ Ka ‘ Ku ‘ units ‘
| Carrier frequency | 83.50 | 47.00 [ 28.75 [ 17.00 | GHz |
antenna
diameter (GW) 3 m

efficiency (GW) 0.6 0.6 0.7 0.7
max. gain (GW) 66.16 61.17 57.57 53.00 dBi
diameter (sat) 1 1 1.5 1.5 m
efficiency (sat) 0.6 0.6 0.7 0.7
max. gain (sat) 56.62 51.63 51.55 46.98 dBi
additional losses
depointing angle 0.1 deg
depointing loss (GW) 8.88 2.38 0.86 0.29 dB
depointing loss (sat) 0.80 0.25 0.21 0.07 dB
feeder loss (sat) 0.5 dB
receiver
antenna temp. (sat) 290 K
feeder temp. (sat) 3 K
noise figure (sat) 3.0 ‘ 3.0 ‘ 2.5 ‘ 1.8 dB
receiver temp. (sat) 288.62 | 288.62 225.7 148.9 K
noise temp. 547.41 | 547.41 | 484.49 | 407.72 K
link budget
Target ModCod 32-APSK 5/6
Carrier bandwidth 60 MHz
Target 3 14.28 dB
Spectral efficiency 4.12 bit/s/Hz
roll-off 0.1
Target 5 13.48 dB
Target f% 91.26 dBHz
% 27.93 23.49 23.98 20.31 dBK~1!
Target EIRP 100.89 | 81.32 63.50 55.44 dB
Required P{°") 43.61 | 22553 | 745 | 340 | dBW

antennas are modelled as Bessel antennas, [51], with p = 2
and T = 0.9; the radiation patterns of the on-board antennas
are shown in Fig. 8. For the on-ground antennas, we assumed
a fixed large antenna diameter so as to properly exploit the
higher gains needed to compensate the large path loss and
atmospheric attenuations; the antennas on-board the satellite
are smaller in W and Q/V bands: the reduction in the diameter
is compensated by the large directivity at high operating
frequencies, as evident from Fig. 8, thus allowing to reduce
the payload mass and cost.

In terms of additional losses, we consider the depointing
loss and the feeder loss. With respect to the depointing loss,
considering a 0.1° depointing, it can be noticed that in W-
band the loss at the transmitter side is significantly larger
compared to the other bands. This is motivated by the large
directivity that the 3 meter antenna has at 83.5 GHz. At the
satellite, the loss in W-band is still clearly larger than at
lower frequencies, but the value is significantly lower due to
the smaller antenna diameters. With respect to this type of
additional loss, it is also worth mentioning that we assume
the depointing loss to be affecting only the intended signal;

this is motivated by focusing on a worst case scenario, in
which the intended signal is further reduced with respect to
the interfering ones, and by observing that the computation
of the depointing loss for antennas that are not aiming at the
considered GW can be non-trivial, requiring some complex
geometrical considerations. Since neglecting the effect of the
depointing loss on the interfering links leads to a worst case
assessment, we opted for this solution.

Finally, in order to define the required transmission power,
a link budget computation has been performed based on the
above defined parameters and assuming: i) a probability of
atmospheric event p = 1073, which corresponds to a service
availability of 99.9% of the year; and ii) 32-APSK 5/6 as
target ModCod selected from the DVB-S2X standard, [62]. In
particular, the required Carrier-to-Noise spectral density-Ratio,
C/Ny, is obtained as:

C C
FO — N+1O loglo Bcarrier -

E,

N01+()é

+ 10 1Oglo Bcarrier

a7
where « is the roll-off factor, B.gyrier = 60 MHz the carrier
bandwidth required by two 8K channels, and F; /Ny the target
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Fig. 8. Antenna radiation pattern of the on-board antennas based on the
parameters in Table I and the model in eq. (3), with p =2 and 7' = 0.9.

energy per symbol to noise spectral density ratio to achieve
the target ModCod. From this, the required transmission power
per GW is obtained as:

P{") = BIRP — G 4 L{T0
C

_C ()
Ny

dep

(18)

G
+L - T—lOlogmm—G(TX)+L

where: i) G(TX) is the antenna gain at the GW; ii) Lg;( ) is the

depointing loss at the GW; iii) L = Lty + Ly, is the overall
path loss, with L¢, being the free space loss, at p = 1073;
iv) G = GEBEX) — Lgf;( ) is the equivalent satellite antenna
gain, with Lgff ) being the depointing loss at the on-board
antenna; v) 71" is the equivalent noise temperature; and vi) & is
the Boltzmann constant. It is worth highlighting that Pt(GW)
represents the transmission power per GW when precoding is
not yet taken into account. Based on the detailed discussion
on the normalisation approaches for precoding, we then have
one of the following scenarios: i) when SPC is the selected
normalisation, the transmission power of a given GW can be
above or below Pt(GW), but still the total power transmitted
by all GWs is always equal to [V - Pt(GW), as per eq. (10); ii)
when PAC is considered, the power transmitted by each GW
will be exactly Pt(GW), as per eq. (11); iii) with MPC, see
eq. (12), one GW will transmit exactly at Pt(GW), while all of
the others will emit lower power levels.

Notably, one of the most critical challenges related to
precoding is the availability of precise CSI information at the
transmitter side. Since we are focusing on the performance of
precoding in the presence of atmospheric events, and given the
non-trivial tracking of the exact value of attenuation introduced
by these, we consider that the CSI estimates available at the
ground-segment are not ideal. In addition to this aspect, it
shall also be highlighted that, even with an ideal estimation
and tracking of the channel state, the CSI vectors that are
exploited in the ground segment to compute the precoding

matrix are typically outdated due to the large propagation
delay. In fact, even assuming a GW at the Sub Satellite Point
and not taking into account any processing time, the delay in
obtaining the CSI estimates is 120 ms. In this time interval, the
channel condition might vary leading to outdated CSI vectors
at the GWs; however, it is also worth highlighting that we
are considering a GEO HTS that is communicating with fixed
on-round GWs and, thus, a limited variation of the channel
conditions can be expected. To model all sources of errors on
the CSI, we can assume that the channel matrix exploited in
eq. (8) or eq. (9) to compute the precoding matrix is given by:

H=H+E (19)
where E is a complex N x N matrix of CSI errors, in which
the generic (i, g)-th element e; ;, = |e; 4| €779 is a random
variable with the following amplitude and phase statistics: 1)
lei g ~ ./\/(O7 |hig|*02), in which o2 is the Cramer-Rao
Bound (CRB) of the Data Aided (DA) amplitude estimation;
and ii) Ze; g ~ N (0,02), with o2 being the CRB of the DA
phase estimation. The fact that the variance on the amplitude
of the error coefficient is scaled by the amplitude of the actual
channel coefficient is motivated by observing that the CRB
provides a normalised variance of the estimation error. As
for the CRB, we can assume a Data Aided (DA) estimation
strategy; in this case, the values depend on the SNR at which
the estimation has been performed, which is considered a
simulation parameter in the following, [63], [64]:

, 11
%= 1 SNR

0
, 1 (20)
%~ 20, SNR

where ¢ is the length of the data field used in DA estimation.
It shall be noticed that other solutions are also available to
obtain reliable estimates of the channel conditions on the
feeder link. As extensively discussed in [65], channel sounding
techniques can be based on the transmission of calibration
signals from the satellite in the uplink band; such signals
can be beacons of different types, as pseudo-noise sequences,
single tone carriers, etc. In the following, we assume a DA
estimation with ;3 = 36 symbols as in DVB-S2X because
this is the most adopted standard for satellite communications.
When other values of ¢y or other technical solutions, as the
beacon signal, are considered, different expressions will define
the CRB for the amplitude and phase estimates of the CSI.
In this context, it shall be noticed that the exact equation
providing the CRB with which the CSI errors are computed
does not affect the generality of the numerical results and
related observations reported below.

B. Numerical results

Let us denote by p; ,, (p, SN R) the SINR received in the n-
th Monte Carlo iteration at the i-th on-board antenna, which,
based on the considered system model, corresponds to the
signal sent from the i-th GW; this is a function of both the
probability of the atmospheric event, p, and the SNR at which
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Fig. 9. Average feeder link capacity with PAC (circle), SPC (diamond), and MPC (asterisk) with MMSE precoding as a function of the pilot estimation SNR.
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Fig. 10. Percentage of power allocated per GW with SPC, PAC, and MPC in W-band (left) and Ka-band (right), p = 103 (99.9% availability).

the CSI estimates are obtained, SINR. From this, we can
obtain the corresponding spectral efficiency as:

where f(-) represents the function providing the spectral
efficiency as a function of the received SINR for DVB-S2X
ModCods. Clearly, the Shannon formula or other standards
with different spectral efficiency and threshold values can be
adopted, without affecting the generality of our analysis. The
first Key Performance Indicator (KPI) that we discuss is the
average spectral efficiency on the feeder link as a function of
(p, SNR), obtained by averaging over all GWs and Monte
Carlo iterations:

ﬁ(p7 SNR) = Ei,n {ni,n (p7 SNR)}

The average spectral efficiency is evaluated with and with-
out precoding; in the latter case, both the ZF and MMSE
approaches are considered with MPC and PAC normalisations.

2n

(22)

1) Precoding normalisations: The first analysis that we
report is the comparison between the three different normalisa-
tion methods detailed in Section III, i.e., SPC, PAC, and MPC.
Figure 9 shows the overall capacity on the feeder link based
on the bandwidth allocations, with guard bands, in Table IV
with the three normalisations, p = 1072 (left), i.e., 99.9%
availability, and p = 5- 1073 (right), i.e., 99.5% availability. It
can be noticed that the performance with SPC is significantly
worse than PAC at low atmospheric event probabilities, while
for increasing values of the probability the performance tend to
be the same with a sufficiently good SNR for pilot estimation.
This behaviour needed a detailed analysis, since SPC is usually
the best option in user link precoding. To this aim, we can
analyse the power allocations with PAC, SPC, and MPC,
shown in Figure 10 for W and Ka bands, respectively. With
SPC (and MPC, which is identical in the percentage of power
allocated to the transmitters, but not in the total amount of
power), the precoder tries to give a much larger fraction of
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and PAC (right) normalisation, p = 10~3 (99.9% availability).

TABLE II
RADIATION PATTERN VALUES AT THE ON-BOARD ANTENNAS FOR EACH GW: W-BAND.
Cork | Rambouillet | Turin | Ljubljana | Berlin | Scanzano | Helsinki | Athens | Budapest

Cork 0,00 -57,36 -50,92 -61,51 -59,47 -57,90 -86,00 -62,60 -57,39
Rambouillet | -57,36 0,00 -61,87 -55,04 -51,79 -58,86 -55,63 -74,77 -57,17
Turin -50,92 -61,87 0,00 -46,30 -48,44 -54,17 -53,24 -54,44 -53,66
Ljubljana -61,51 -55,04 -46,30 0,00 -47,11 -49,63 -50,06 -51,62 -42,58
Berlin -59,47 -51,79 -48,44 -47,11 0,00 -72,70 -75,51 -56,09 -45,65
Scanzano -57,90 -58,86 -54,17 -49,63 -72,70 0,00 -54,75 -49,27 -48,93
Helsinki -86,00 -55,63 -53,24 -50,06 -75,51 -54,75 0,00 -68,44 -49,79
Athens -62,60 -74,77 -54,44 -51,62 -56,09 -49,27 -68,44 0,00 -86,54

Budapest -57,39 -57,17 -53,66 -42,58 -45,65 -48,93 -49,79 -86,54 0,00

power to signals which are sent on links experiencing deeper
atmospheric fades. In more typical implementations, in fact,
the off-axis angles at which the receiver sees the different
transmitting antennas are smaller, giving to the precoder more

flexibility in allocating the power so as to truly exploit the
reception of signals of similar power levels from multiple
antennas. In this case, the off-axis angles are larger and,
consequently, the precoder tries to overcome this limitation by
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Fig. 14. Average spectral efficiency with MMSE (circle), ZF (star), and without precoding (square) as a function of the pilot estimation SNR with MPC (left)

and PAC (right) normalisation, p = 10~2 (99% availability).

behaving similarly to a water-filling algorithm. The resulting
SINR levels at the receiving antennas (each directed towards
a specific GW) are shown in Figure 11. Comparing SPC and
PAC, we can notice that the SINR levels for the GWs in
which the deepest fades are experienced have similar values:
the SPC is usually slightly larger by 2 — 3 dB at most, but
it is actually capable of overcoming the atmospheric events.
However, this results in a significant penalisation for signals
that experience lower attenuations: in fact, the total amount of
transmission power is fixed and, in order to compensate the
largest fades, SPC deeply penalises other signals. This is not
happening with PAC because the same transmission power is
allocated to all signals. As a consequence, while for the GWs is
bad atmospheric conditions the performance are close between
SPC and PAC, for the other GWs the PAC normalisation
results in a significantly larger SINR, i.e., capacity. On the
other hand, this also introduces a fairness issue in the system,

which shall in any case be taken into account. It is worth
highlighting that this effect is evident on the feeder link
scenario considered in this work because, as we highlighted
above, the amount of power received at a specific on-board
antenna that arrives from the other transmitting antennas is
limited. Thus, this effect is particularly evident in W and
Q/V bands. The above analysis was performed with ideal
CSI estimates. When non ideal CSI estimates are considered,
the gap between PAC and SPC is more significant at low
estimation SNRs. This can be motivated by observing that
PAC a priori disrupts the orthogonality among the precoding
matrix columns while ensuring that all signals are transmitted
at the same power level. On the other hand, SPC does not
modify the orthogonality. Consequently, the impact of non-
ideal CSI is more relevant with SPC because the errors on the
channel matrix used to compute the precoding matrix actually
lead to significantly mismatched power allocations. On the
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TABLE III
RADIATION PATTERN VALUES AT THE ON-BOARD ANTENNAS FOR EACH GW: KU-BAND.
Cork Rambouillet | Turin | Ljubljana | Berlin | Scanzano | Helsinki | Athens | Budapest

Cork 0,00 -14,26 -37,66 -56,17 -47,44 -45,60 -46,97 -48,05 -54,79
Rambouillet | -14,26 0,00 -8,15 -34,73 -38,55 -45,93 -50,47 -64,21 -45,95
Turin -37,66 -8,15 0,00 -11,09 -15,83 -21,75 -44,85 -52,36 -39,75
Ljubljana -56,17 -34,73 -11,09 0,00 -5,39 -15,43 -37,17 -36,12 -4,13
Berlin -47,44 -38,55 -15,83 -5,39 0,00 -34,81 -23,46 -44,94 -10,56
Scanzano -45,60 -45,93 -21,75 -15,43 -34,81 0,00 -53,75 -36,05 -37,72
Helsinki -46,97 -50,47 -44.85 -37,17 -23,46 -53,75 0,00 -45,70 -20,48
Athens -48,05 -64,21 -52,36 -36,12 -44,94 -36,05 -45,70 0,00 -47,41
Budapest -54,79 -45,95 -39,75 -4,13 -10,56 -37,72 -20,48 -47.41 0,00

other hand, PAC introduces a sort of controlled orthogonality
loss, thus reducing the impact that wrong CSI vectors have on
the precoding performance. In the following, we thus focus on
PAC and MPC so as to: i) consider normalisations that upper-
bound the transmission power per antenna, so as to satisfy any
constraint in terms of radio regulations or received power flux
density at the on-board antennas; and ii) show the performance
with the best and worst performing approach, providing the
actual bound for precoding on the feeder link.

2) Upper-bounded power per antenna: Based on the above
considerations, in the following we only consider PAC and
MPC normalisations, since they guarantee that the transmis-
sion power per GW is upper-bounded. Figures from 12 to
14 show the average spectral efficiency in eq. (22) with
probability of atmospheric event equal to 102 (0.1%), 5-10~3
(0.5%), and 10~2 (1%), i.e., the service availability is equal
to 99.9%, 99.5%, and 99%; the SNR at which the channel
coefficients are estimated ranges from —50 to 50 dB, so as
to have a clear insight of the impact of this parameter. First
focusing on the precoding algorithms and normalisations, the
following general trends can be identified:

« MMSE precoding is always performing at least as good
as ZF, as expected from well-known results in the context
of MIMO systems and algorithms. More specifically,
they provide the same performance in the majority of
scenarios, with the only exception being the spectral
efficiency in Ku-band and, in a significantly more limited
way, in Ka-band, with MMSE being much better;

« the PAC normalisation is always outperforming MPC. As
discussed above, MPC is motivated by the intention to
keep unaltered the orthogonalities in the precoding matrix
columns, which directly define the ability to maximise the
intended signal and limit the interfering ones as evident
from eq. (7). However, this normalisation significantly
limits the intended signal power, i.e., the SNR, because
only one GW will be allowed to transmit at full power,
in particular the GW with index g = arg max; || W, . 12
the remaining N — 1 GWs can transmit at, eventually
much, lower power levels. Thus, although with PAC the
orthogonality among the precoding matrix columns is
disrupted, there is a significantly more impacting ben-
efit in always transmitting at maximum power. This is
particularly evident in Ku-band, in which MPC does not

achieve the rates obtained without precoding;

o in terms of the non ideality of the CSI, independently
from the considered operating frequency, we can notice
that the precoded performance reaches its maximum with
SN R in the order of 15—20 dB. More specifically, when
SNR > 20 dB, an asymptotic value is always achieved;
the only exception to this behaviour can be noticed in
W-band, as discussed below.

Focusing on the impact of precoding as a function of the
operating frequency, some very useful and interesting trends
can be observed in addition to those above; in particular, by
observing Figure 15, in which the relative gain of the precoded
system compared to the non-precoded one with full frequency
reuse is shown, the following trends can be highlighted:

« in Ku-band, when MMSE precoding with PAC is consid-
ered, the benefit is evident; in particular, the relative gain
with respect to the non precoded system is in the order
of 30%, when the asymptotic optimum of MMSE-PAC
is achieved. With MMSE-MPC, as already mentioned the
power normalisation is negatively impacting the perfor-
mance and a performance loss is experienced;

« in Ka and Q/V bands, the benefit introduced by precoding
becomes less evident, but still present. In particular, in the
former case the relative gain is included between 6% and
11%, while in the latter it is between 3.6% and 6.5% with
MMSE-PAC, while for MMSE-MPC a limited asymp-
totic gain is achieved with larger probabilities of the
atmospheric event, i.e., when more transmission power is
allocated compared to that required by the atmospheric
event: this is in line with the previous considerations on
the SNR loss with this precoding solution;

« in W-band, no benefit is introduced by precoding, since
when the asymptotic maximum value is achieved for
MMSE-PAC, the same rate as in the non-precoded system
is achieved. The motivation for this, perhaps non intuitive,
behaviour can be found in the antenna radiation pattern.
This aspect can be already seen in Fig. 8, showing the
antenna radiation pattern as a function of the frequency.

With respect to the latter aspect, Tables II and III report the
radiation pattern values of the on-board antennas towards each
on-ground GW, for W and Ku bands, respectively; on each
row, we thus have the radiation pattern values towards each
GW of an on-board antenna aiming at the GW of that row
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Fig. 15. Relative gain obtained with precoding compared to the non-precoded system with MMSE precoding, MPC (left) and PAC (right) normalisations, as
a function of the atmospheric event probability: p = 10~3 (circle), p = 5 - 10~3 (star), and p = 102 (diamond).

TABLE IV
SYSTEM CAPACITY EVALUATION.

Parameter ‘ w ‘ Q/vV ‘ Ka ‘ Ku ‘ units ‘
Feeder link bandwidth 10 10 3 1.9 | GHz

Carriers per GW 160 | 160 | 48 30

(diagonal element). It can be noticed that GWs that in Ku-
band can actually benefit from the cooperative transmission
achieved with precoding (for instance, Rambouillet and Turin
or Budapest and Ljubljana, with radiation patterns in the
order of —8 and —4 dB, respectively), are significantly more
separated in W-band (—61 and —42 dB). Based on these
observations, it can be concluded that, when the on-ground
GWs are sufficiently geographically separated, the benefit in
implementing interference cancellation techniques decreases
with increasing operating frequencies at the point that, in
W-band, no benefit is obtained. This discussion, although
substantiated by means of a specific geographical distribution
of the GWs and system-level assumptions, is general. Thus,
in W-band the significantly directive radiation patterns already
provide sufficient interference rejection to operate with a full
frequency reuse scheme; in case further enhanced capacities
might be needed, more complex and advanced solutions en-
compassing multiple antennas per GW, with proper spatial
separation, can be implemented, as proposed in [46]- [47].

To conclude the numerical assessment of the proposed
system, in figures from 16 to 18 we provide the overall
capacity on the feeder link based on the bandwidth allocations
in Table 1V, in which proper guard bands have been included
as well. We are now focusing on MMSE-PAC compared to the
non precoded system, since it has been shown to be the best
solution. Clearly, the general trends are the same as in the
average spectral efficiency discussed above, since the curve
for each band is multiplied by the number of carriers per
GW. However, when observing the behaviour for a varying
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Fig. 16. Average feeder link capacity with MMSE-PAC (circle) and without
precoding (square) as a function of the pilot estimation SNR, p = 1073
(99.9% availability).

operating frequency, we can notice that the advantage in
exploiting EHF allocations becomes significant:

e Ku-band systems with MMSE-PAC precoding can
achieve an overall feeder link capacity of 6.18, 6.72, and
6.74 Gbps for a service availability of 99.9%, 99.5%,
and 99%, respectively. When moving to Q/V-band, the
achievable capacity becomes 42.48, 56.65, and 56.65
Gbps in the same cases, yielding a relative gain of
587.4%, 743.0%, and 742.7%, respectively. In W-band,
it can be noticed that the only different gain is obtained
with a 99.9% availability, since the maximum achievable
capacity is 41.1 Gbps (in all of the other cases, the same
asymptotic value is obtained for W and Q/V bands),
providing a relative gain in the order of 565%;

« when considering Ka-band systems, the achievable ca-
pacity is 12.98, 16.99, and 16.99 Gbps for a service
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Fig. 17. Average feeder link capacity with MMSE-PAC (circle) and without
precoding (square) as a function of the pilot estimation SNR, p = 5 - 1073
(99.5% availability).

availability of 99.9%, 99.5%, and 99%, respectively. This
leads to the following corresponding relative gains in
EHF: i) in Q/V-band, we have a 227.3%, 233.4%, and
233.4% improvement; ii) in W-band, the gain is in the
order of 216.6%, 233.4%, and 233.4%.

It is worthwhile highlighting again that the huge gains obtained
in Q/V-band assume the implementation of MMSE-PAC, even
though the performance without precoding is quite close
thanks again to the very directive antenna radiation patterns
on-board the satellite. In W-band, we are taking the asymptotic
MMSE-PAC performance, which is that obtained without
precoding: thus, the above gains can be obtained by simply
exploiting the EHF frequency range without any additional
complexity, at least from the interference management point
of view. Clearly, other challenges arise in exploiting such large
operating frequencies, as discussed in the next section.

3) Comparison with FR3: To provide further details on
the numerical assessment, we now provide a comparison
between the proposed precoded system and a system in which
precoding is not implemented based on a frequency reuse
scheme with 3 colours. Since in this paper we focused on
a single polarisation, we assume that also in the FR3 case the
overall bandwidth is split into 3 equal chunks on the same
polarisation. As for the allocation of the spectral resources
to the different GWs, the following holds: i) bandwidth 1
allocated to Cork, Ljubljana, and Berlin; ii) bandwidth 2
allocated to Rambouillet, Scanzano, and Helsinki; and iii)
bandwidth 3 allocated to Turin, Athens, and Budapest. Since
the available bandwidth per GW is one third compared to the
precoded system, the transmission power is also one third of
Pt(GW), so as to ensure that the same EIRP density is emitted.
Table V reports the performance in terms of both the average
spectral efficiency and the average feeder link capacity. It can
be noticed that the average spectral efficiency is quite similar
to that obtained with the precoded system; this is reasonable,
since we already observed that thanks to the geographical
separation of the GWs interference is limited and here we are
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Fig. 18. Average feeder link capacity with MMSE-PAC (circle) and without
precoding (square) as a function of the pilot estimation SNR, p = 1072
(99% availability).

TABLE V
FR3 PERFORMANCE WITHOUT PRECODING.

’ Parameter ‘ w ‘ Qv ‘ Ka ‘ Ku ‘

p=10"3

Carriers per GW 52 52 16 10

Average spectral efficiency [bit/s/Hz] 4.43 4.49 4.39 | 3.86

Average capacity [Gbit/s] 13.82 | 14.01 | 4.21 | 2.32

p=5-10"3

Average spectral efficiency [bit/s/Hz] 5.09 5.09 5.74 | 4.64

Average capacity [Gbit/s] 18.41 | 1841 | 5.51 | 2.78
p=10"2

Average spectral efficiency [bit/s/Hz] 5.09 5.09 5.85 | 4.89

Average capacity [Gbit/s] 18.41 | 1841 | 5.62 | 2.93

further reducing it with frequency reuse. However, the overall
capacity on the feeder link is significantly decreased, since
each GW now has approximately one third of the carriers.
Thus, full frequency reuse is still the best option, with or
without precoding.

4) Performance with other GWs: To conclude the numer-
ical assessment, we provide the performance results obtained
with GWs in different locations. In particular, compared to the
previous locations, in the following we assume that Athens,
Scanzano, and Rambouillet are not active and replaced by the
GWs in Madrid, Cyprus, and London. Figure 19 shows the
relative gain obtained in this case. It can be noticed that the
general trends and asymptotic gains discussed above still hold.
The main difference is related to the increased sensitivity to the
non-idealities in the CSI knowledge, with a larger value of the
estimation SNR that is required to achieve the average spectral
efficiency values for the previous scenario. Clearly, the specific
asymptotic values or the required estimation SNRs will differ
from one scenario to another, in terms of GWs locations, but
the generality of the conclusions of this paper holds.
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Fig. 19. Relative gain obtained with precoding compared to the non-precoded system with MMSE precoding, MPC (left) and PAC (right) normalisations, as
a function of the atmospheric event probability: p = 10~3 (circle), p = 5- 103 (star), and p = 10~2 (diamond). Spare GWs replacing Athens, Scanzano,

and Rambouillet.

V. TECHNICAL CHALLENGES AND POTENTIAL SOLUTIONS

One of the most critical challenges to be coped with is
related to the availability of the CSI estimates at the NCC,
which are required to compute the precoding matrix. In the
proposed system, the channel vector to be estimated is that
related to the uplink between a generic GW and the satellite
receiving antennas, which is non-trivial due to the Frequency
Division Duplexing (FDD) implemented on the feeder link,
preventing the possibility to exploit the channel reciprocity. In
this context, the following solutions can be proposed:

« the satellite payload might be equipped with additional
components and software so as to be able to estimate
the channel based on dedicated pilot fields inserted in
the frames sent from the GWs. However, this approach
is likely to lead to an increase in the payload complexity
and mass, which is often undesirable in terms of satellite
manufacturing and management costs;

« to avoid any increased on-board complexity, the channel
estimates might actually be computed on-ground. To this
aim, it is worth to highlight that the GWs are fixed
and at known locations, thus leaving to the atmospheric
impairments the only source of misalignment compared
to the a priori known clear-sky channel conditions. Thus,
it would be sufficient at the ground segment to estimate
the amount of atmospheric fading currently present on
each feeder link. To this aim, the system can rely on the
return link information, if any, to estimate the CSI at the
GWs, which then forward such information to the NCC;
the NCC can then apply proper correction factors, to take
into account the different uplink and downlink feeder
frequencies, and compute the precoding matrix. More
specifically, it is worth to highlight that, typically, both the
GWs and the user terminals are on the same, extremely
large, coverage area. Since all of the users’ set-top boxes
already estimate the channel quality, such information
might be forwarded back to the NCC in order to provide

accurate real-time estimates of the atmospheric conditions
over the entire coverage area. This would not only provide
the possibility to refine the CSI estimation, but also to
predict the evolution of the atmospheric conditions so
as to enhance the system reliability and promptness in
responding to them. To provide the channel estimates
from each user terminal to the NCC, it shall be mentioned
that most of the set-top boxes today are connected to
the Internet; thus, there would be no need to congestion
the traffic on the return link, since high-speed terrestrial
connections, e.g., fiber optics, can be used to this aim.

In addition, as mentioned in Section IV, other solutions are
also available to obtain reliable estimates of the channel
conditions on the feeder link. For instance, channel sounding
techniques can be implemented based on the transmission of
calibration signals from the satellite in the uplink band that
can be beacons of different types. The analysis reported in this
work is based on a pilot approach with non-idealities modelled
through the CRB for DA estimation, but the same approach
can be used for other values of the number of pilot symbols or
other signalling choices, by modifying the CRB accordingly.

Concerning physical layer (PHY) issues, the adoption of
distortion and phase-noise resilient transmission waveforms
would definitely improve the precoding performance. The de-
velopment of suitable transmission and channel coding formats
for multi-gigabit satellite applications is still under investiga-
tion, because the theoretical performance improvement yielded
by new waveforms is often in trade-off with the hardware
feasibility of the modem chain, as shown, for instance, in [12].

Finally, it should be noticed that the analysis reported in
this paper has been carried out on the basis of approximated
rain fading models, commonly accepted by the satellite com-
munity. However, a more precise picture of the precoding
system behaviour in EHF-based HTSs will be drawn only if
precise data about channel measurement campaigns will be
available. So far, the campaign is partial and only related to
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the Q/V-band, while no experimental data-set concerning W-
band propagation is available yet.

VI. CONCLUSION

In this work, we focused on the implementation of linear
precoding algorithms on the feeder link of a future broadcast
satellite system operating with full frequency reuse. More
specifically: i) we proposed a detailed system architecture,
detailing the operations that the different control segment
elements (GWs and NCC) have to perform in order to provide
such service and also providing an insight on the type of
signalling that is needed; ii) we showed that, due to the pecu-
liarities of the feeder link geometry, the SPC normalisation that
does not limit the power per antenna (typically the best in user
access link precoding) is not the most suitable choice, while
PAC, in which all transmitters emit the same power, provides
the best capacity; iii) we extensively discussed the system
performance for a varying operating frequency (Ku, Ka, Q/V,
W) and with MMSE and ZF precoding in which both PAC and
MPC normalisations are applied; iv) we provided a comparison
with non-precoded systems implementing a frequency reuse
scheme with 3 colours, showing that, due to the limited
bandwidth per GW, solutions based on full frequency reuse
and interference management with MMSE-PAC are still the
best option; and v) we detailed the main technical challenges,
in particular related to the CSI computation and accuracy
and on PHY aspects. In general, MMSE-PAC solutions are
those providing the largest capacity; in this context, it has
been shown that precoding can provide significant benefits in
terms of average spectral efficiency and system capacity in
particular in low (Ku, Ka) frequency bands and, in part, also in
Q/V-band. As for W-band systems, the significantly directive
radiation patterns on-board the satellite already provide an
effective interference rejection, thus making it possible to
exploit EHF allocations in full frequency reuse without the
need for advanced techniques as precoding. Clearly, aiming at
a further increased capacity, more complex solutions, for in-
stance based on multiple antennas per GW as already proposed
in the literature, can be envisaged. To further substantiate the
generality of the results and conclusions of this work, the
performance with a different combination of active GWs was
also reported, showing the same trends as those extensively
discussed before.
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