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Abstract

This paper considers the pre-processing design to mitigate the multibeam interference in the downlink of a
high throughput satellite, with a common precoder for several users sharing the same frame, and limited
adaptation capabilities on-board the satellite. Beams are grouped in clusters managed by different
non-cooperative gateways. A two-level approach is performed, with an on-board beamforming network
complemented by on-ground precoders. The former, designed with the SLNR (Signal-to-Leakage and Noise
Ratio) criterion, mitigates the inter-cluster interference, whereas the latter fight the intra-cluster multiuser

co-channel interference. Judicious user scheduling is also addressed to limit the impact of the multicasting and
limited adaptation capabilities. Several two-level precoding designs can be obtained by setting accordingly the
degree of cooperation and the frame adaptation, with an overall satisfactory performance with respect to the

Satellite; Multiple Gateways

single-gateway benchmark. In particular, a sector-based solution with non-cooperative gateways presents a
good trade-off between gateway autonomy and performance.

Keywords: Frame based Precoding; Multi-group multicast precoding; Two-Level precoding; Multibeam

1 Introduction

The increasing demand for communication throughput
is pushing the technology, also in the case of space.
High Throughput Satellites (HTS) are steadily gain-
ing prevalence, operating on mature multibeam tech-
nology, with bandwidth carefully shared by the dif-
ferent beams to keep co-channel interference at low
levels [1]. However, the ever-growing traffic demand
is pressing for more efficient ways of allocating the
scarce power and bandwidth resources. Exploitation of
the whole bandwidth by all beams is being considered
as a way forward to very high throughput satellites
(V/HTS). This aggressive full frequency reuse scheme
gives rise to strong co-channel interference, making it
necessary to implement advanced cancellation schemes
such as linear precoding at the transmit side [2, 3, 4], or
the adoption of Multi-User Detection (MUD) receivers
[5,6, 7,8, 9]

The use of precoding for the satellite forward link
finds some practical challenges, some of which have
been deeply studied in the literature [10, 4]. For in-
stance, long forward error correction codewords ac-
commodating information bits for several users are at
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the core of the physical layer of the DVB-S2 standard.
The multiplexing of information addressed to users
with different channels under the same physical layer
frame requires the use of multicast precoding [10, 11],
which can be adopted for practical use after the in-
troduction of the super-frame structure in the recent
DVB-S2X standard [12, 13]. Additionally, the selection
of users and how they are grouped becomes highly rel-
evant for the performance of precoding; in this regard,
user scheduling has been also the object of different
recent publications [3, 14, 15, 16].

New V/HTS are expected to multiply the current of-
fered throughput by a single satellite without the cor-
responding increase of the feeder link bandwidth. As
a consequence, additional links are required between
the ground and the satellite, with multiple gateways
(GWS5) to be employed so that the feeder link does not
become a bottleneck. Even though frequencies above
the Ka-band are used, such as @/V-band, W-band or
optical [17, 18, 19, 20], several ground stations are still
required due to the associated challenges of a unique
gateway able to provide high throughputs with the re-
quired availability. Thus, it is not uncommon to find
some active ground stations operating the same satel-
lite, with some others additional idle ground stations
for redundancy. In the case of optical feeder links, a
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unique ground station suffices to channelize the entire
throughput. However, the use of additional active op-
tical ground stations can reduce the investment on the
ground segment [20].

A satellite coverage is usually formed by several
beams that illuminate a given Earth region for a spe-
cific service. In the multiple gateway operation, the
coverage is split into different groups of beams, labeled
as clusters. Each cluster service is assigned to a differ-
ent gateway that employs a given subset of radiating
elements, also known as feeds, that are available in
the satellite. Under full frequency reuse (FFR), all on-
board radiating elements use the same frequency band,
rising the co-channel interference levels. Due to the
multiple-gateway operation, two types of co-channel
interference can be defined: (i) intra-cluster interfer-
ence due to the neighboring beams within the same
cluster; and (ii) inter-cluster interference, caused by
the signals addressed to users in other clusters. This
multiple gateway scenario is depicted in Fig. 1. The
user signals transmitted by the gateways can be pre-
coded to mitigate the co-channel interference,with the
challenge of finding an effective and practical design.
The mitigation of the inter-cluster interference may re-
quire the exchange of information or the joint design
of the precoders across gateways, thus increasing the
complexity of the ground segment. In addition, frame
precoding is also required for satellite communications
due to the long forward error codewords. By frame pre-
coding we will refer to the linear operation performed
on the transmit symbols to mitigate the co-channel
interference at the receivers, when several users in a
given beam are served by one codeword for each chan-
nel use. Frame precoding with multiple gateways was
initially analyzed in [21] and more recently in [22]. In
both cases cooperation among the gateways was as-
sumed for the design of the precoders.

In this paper, our objective is to explore the perfor-
mance limits of multiple-gateway precoding solutions
when gateways do not communicate with each other,
conditioned by the frame operation mode. We will de-
tail further and extend our preliminary results on two-
level precoding presented in [23], therein without frame
constraints. The two-level precoder is formed by both
an inner-precoder, which is designed to fight the intra-
cluster interference, and an outer-precoder which is in
charge of limiting the inter-cluster interference (see
Fig. 2). To some extent, connections with two-level
interference mitigation schemes for terrestrial systems
can be made. This concept has been pursued in the lit-
erature under different names: two-stage beamforming
[24], hierarchical interference mitigation [25], or two-
tier precoding [26]. The common ground is to design
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an outer beamformer to address the inter-group inter-
ference, whereas an inner-precoder performs the intra-
group multiplexing. These ideas can be traced back
to [27] and [28], where dimensionality reduction tech-
niques were proposed for massive MIMO systems: a
pre-beamforming stage applies an approximate block-
diagonalization based on second-order statistics. Thus,
no real-time feedback of the channel values is required
to track the slow variation of the spatial correlation.
Caire et al. applied these ideas to a single cell set-
ting, generalizing the concept of sectorization com-
monly employed in cellular deployments, to grouping
based on second-order statistics. Other works such as
[25] and [26] applied similar ideas to multiple interfer-
ing base stations. More recently, the case of multiple
cells and a multi-layer precoding structure, combin-
ing also instantaneous channel knowledge and average
statistics, was pursued in [29].

The current work presents a two-level interference
cancellation scheme for the downlink of a multibeam
satellite, which is managed by multiple gateways. An
outer precoder on-board the satellite is designed based
on the SLNR (Signal-to-Leakage and Noise Ratio) cri-
terion, previously proposed in the literature for other
multi-user scenarios [30, 31, 32]. This on-board beam-
forming network is complemented by inner precoders
at the gateways, which operate with instantaneous
local channel information and global statistics, and
do not require the exchange of information among
the gateways, thus simplifying the ground segment.
Frame-based precoding is addressed to multiplex sev-
eral intra-beam users within the same channel use, so
that multicast designs need to be developed for each
level. Interestingly, the nature of the proposed two-
level precoding is such that an independent approach
for each level can be pursued, so that the degree of
adaptation, the required channel information, and the
users which are considered can differ from one level
to the other. The preliminary work in [23] has been
extended in this paper to provide a more general two-
level precoder framework that enables multicast trans-
missions to support frame constraints. In addition, this
framework allows to build new two-level precoder de-
signs by setting different degrees of adaptation for each
level.

After presenting the system model in Section 3, the
implementation of two-level frame precoding is de-
scribed in Section 4. After that, the numerical results
and conclusions are given in Sections 5 and 6, respec-
tively.

Notation: Upper (lower) boldface letters denote ma-
trices (vectors). (), ()T, tr{-}, Iy, diag{-} denote
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Hermitian transpose, transpose, matrix trace opera-
tor, N x N identity matrix, and diagonal matrix, re-
spectively. E [-] is the expected value operator.

2 Methods

The Sum Mean-Square Error (SMSE) and SLNR cri-
teria are combined to build different types of two-level
frame precoders. The satellite frame constraints and
limited on-board adaptation capabilities are taken into
account for the design process. The proposed designs
are tested under a real multibeam diagram pattern;
Monte Carlo simulations are employed to model the
effect of the random location of the users.

3 System Model
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In this work we focus on the forward link of a multi-
beam satellite communication system with multiple
gateways. Let Q denote the number of beams filling
up the satellite coverage and M the number of gate-
ways in the system. The spots-beam in the coverage
are divided into M different groups, known as clusters,
each served by a different gateway, as represented in
Fig. 1. Thus, k = % beams are assigned to each gate-
way!!l. The satellite has N radiating elements or feeds
to serve the beams, with N > Q. To serve each clus-
ter, the gateways have access to a different subset of n
satellite feeds, with n > k, such that the groups of n
feeds are not necessarily disjoint.We assume an ideal
feeder link between the gateways and the satellite, and
a Beamforming Network (BFN) in the satellite that
synthesizes the received signals from the gateways to
relay them to the users in the coverage. Each subset
of feeds has an available power P, for its respective
cluster. This power restriction is based on the use of an
active antenna array with multi-port amplifiers [20], so
that the power can be shared among those amplifiers
serving a given cluster.

We use H,, ,, € CF*™ to denote the channel between
the n satellite feeds operated by the p-th gateway and
the k£ beams in the m-th cluster. Thus, H,, ,, Ym de-
notes the channel between the satellite feeds operated
by the m-th gateway and its assigned cluster, and
H,,,Vm # p denotes the channel that contains the
inter-cluster interference in the m-th cluster that is
caused by the satellite feeds operated by the p-th gate-
way. The (r,1)-th entry of the matrix H,, , is given by

Vv GRGTZ
VrsTWarnd, /N

Here, G,; represents the transmit antenna gain from
the [-th feed to the corresponding location in the r-
th beam. As for the rest of the terms, G refers to
the receive antenna gain, A is the carrier wavelength,
kg denotes the Boltzmann constant, T and W are the
clear sky noise temperature of the receiver and the user
link bandwidth, respectively, ¢,; is the phase rotation
introduced by the channel, and d,. is the distance from
the satellite to the user in the r-th beam of the m-th
cluster.

The information from each gateway is encoded and
grouped in the vectors of symbols s,, € CF*!,m =
1,..., M, normalized as E [smsg} = I}, which is lin-
early processed by the two-level precoder F,,. In the

th — ej¢rl

(1)

(For simplicity we assume that the number of beams
per cluster is the same, although in practice could vary.
Minor modifications in the notation could serve to de-
scribe this more general framework.
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unicast case, k users per cluster are simultaneously
served, one per beam; the received signals and noise are
collected in the vectors y,,,n,, € CF-*' m=1,..., M,
respectively. The noise n,, is zero-mean unit vari-
ance Additive White Gaussian Noise (AWGN), such
that E [nmng] = I;. The two-level precoder F,, €
C™*k m =1,..., M is composed by an outer-precoder
B,, € C*™* m = 1,...,M, and an inner-precoder
T,, € C*** m = 1,...,M, with F,, = B,,T,,, as
per Fig. 2. The system input-output relation can be
written as

Y1 H,,F, Hy vFy s1 n;
y2 Hy 1 Fy Hy v Fur S2 ny

= . . Co+ - (2)
YMm Hy Fy Hy v For SM nyy

The on-board beamforming matrices B,, are the
outer-precoders, whereas the processing taking place
at the ground gateways is featured by the inner-
precoding matrices T,,. If the gateways communicate
directly with the radiating satellite feeds, then F,, is
entirely implemented at the m-th gateway, in what it
is known as On-ground Beamforming (OGBF) [22],
and which will not be considered here.

In the multicast case more than one user per beam
gets data from the same frame; this group of Ng users
shares the same two-level precoder. This precoder can
be fully or partially reused across different frame trans-
missions, corresponding to a number Ny of users. The
relation between Ny and Ng will be detailed at each
level when designing the two-level precoder. Similarly
to [10], we extend the notation (2) to address the mul-
ticast case. Thus, the signals for the i-th user in a given
beam are collected as

ANE R AN

. H F H, Far S nb

I e
yK]I HEC]IlFl HEC]IZ\IFAI SM n%

where ¢ = 1,...,Ny. Now, y,[ﬁ, n%] € Clm =

1,..., M are the received signal vector and the noise

vector of the i-th user in the m-th cluster, respectively.

The Signal-to-Interference plus Noise ratio (SINR)
of the i-th user in the b-th beam from the m-th cluster
will be determined by the poorest channel of all those
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served by the same frame, with
Direct Signal
—_—
, 2
(i (Wi ol
SINR;,,, = k , Mk )
L4 D W faml D0 D Vil
d=1 p=1 d=1
d#b p#m

Intra-Cluster
Interference

Inter-Cluster
Interference

(4)
g

b,m

is the b-th row of the matrix Hgl,m, and vg}m,p is the

d-th row of the matrix Hm,p. The maximization of the
SINR is a very complex task, with M coupled variables
F,, to be designed. This is why we will operate in the
next section with a more convenient metric, computed
as the ratio of the intra-cluster signal power to the
off-cluster leaked interference plus noise [30].

where £}, ;,, is the b-th column of the matrix F,,, w

4 Two-Level Frame Precoding

The grouping of users to be served by the same frame
is based on the similarity of the corresponding chan-
nels, in order to limit the degradation with respect to
the unicast case [3]. As an example, Fig. 3 illustrates a
particular case with M = 2 clusters and k& = 2 beams
per cluster. In each beam, different groups X of users
are formed with X={A B,C,D} so that the groups with
the same label across the beams are addressed simul-
taneously. The different groups are served in consec-
utive frames by employing the precoder F,,[X], with
m € {1,2} denoting the corresponding cluster. For the
sake of clarity in the design process, we drop the depen-
dence of the precoder on the user group, and denote
the two level precoder as F,,.

Next we will detail how to design the two-level pre-
coders F,, as a two-step process, starting with the
outer precoders B,,, which operate in the satellite, and
following with the inner precoders T,,, in the gateways.
We derive first the expressions for the outer-precoder
and inner-precoder for the multicast case. The design
will be made for a specific selection of users, and will be
such that it can be tailored to the amount of available
channel information. Then, different two-level strate-
gies are presented exploiting the flexibility in the two-
level design.

4.1 Outer-precoder

The outer-precoders {B,,} are designed to minimize
the inter-cluster interference. For that purpose, the
intra-cluster signal strength to the off-cluster leaked
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Figure 3 Multicast setting. (a) User grouping. (b) Frame
structure.

interference plus noise (SLNR) is set as the optimiza-
tion criterion. Thus, we do not address the highly non-
convex SINR optimization which would be required to
minimize simultaneously the intra-cluster and inter-
cluster interference. Initially, let us assume that the
design is made for a group of Ng users sharing the
precoder. Then, the inter-cluster interference power
posed by the m-th gateway on the k users of cluster p
with multicast index i is given by E{||H¥,]mFmsm||2},
so that the total off-cluster leakage on the users with
multicast index i reads as

Lyrg = Z E{||H;Li,]mFmsm||2} = tf{FgﬁLﬁl HITI%]FWL}
pFm

(5)

where the expectation is taken with respect to the
transmitted symbols s,,, and Hm is the matrix that
comprises the channels from the m-th gateway to users
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with multicast index 7 in the rest of clusters:

!

1,m

- H[l]
[i] & m—1,m

m—+1m

Then, the overall inter-cluster interference to the group
of N¢g users sharing the precoder can be written as

YL =w{Fh > (HITHIDE,}. (7)
i=1 i=1

On the other hand, the total power received by those
users in the m-th cluster with multicast index ¢ from
the m-th gateway can be expressed as

m m,m mm

(8)

The received power can be accumulated for all users
which are simultaneously served to yield

S = E{|H}], Frusnl*} = eo{F H THI] L F,0 )

Zsﬂ - tr{FHZ HYZHE,OF.). ()

Now, we can define the overall SLNR metric of the
m-th gateway as

Ng
S
SLNRy, = - Nifl . (10)
ZLL’Q + Ztr{E [nLi]Hngf” }
i=1 i=1

Then, the SLNR optimization problem reads as

tr{FZg, F,.}
tr{FHEG, F.} +k
s. to tr{F,,FI}y < P,

(11)

F,, =argmax

with the matrices (Gramians) G, and g~m defined as

m 2 — ZH“%HL@]M (12)
~ 1 NC - -
G £ — > HIMH]. (13)
Ne =
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The optimization problem from (11) is such that the
power constraint at the solution is not necessarily ac-
tive, at least for some gateways. However, for reasons
that will become more clear later in the paper, the
identification of that solution requires the exchange of
information among gateways. In consequence, we will
use the maximum available power at the gateways, in
the understanding thatthe optimality loss is the price
to pay for an autonomous operation. Thus, we can
rephrase the problem as

tr{FZG, F,.}
tr{F,,Fi1 = p,

F,, = argmax (14)

s. to

where fi,, = %. This constrained bound for the SLNR
will be used to drive the design of the two-level pre-
coder F,,.

For convenience, we drop the subindex m, and write
henceforth G,,, Gy, Fy, and py,, in (14) simply as G,
5, F and p, respectively. We exploit the Generalized
Eigenvalue Decomposition (GEVD):

GZ=(G+p-1,)ZT, (15)
where T' is n X n positive (semi-)definite diagonal
with the generalized eigenvalues (in descending or-
der), and the columns of Z comprise the general-
ized eigenvectors. Then it holds that Z¥GZ = T and
Z"(G + p-1,)Z = 1, [33]. Letting now P = Z7'F,
with (economy-sizel?)) SVD P = USV# | one has

tr{F7GF}
tr{FH(G+ - L,)F}

_ w{PTP} tr{SUYTUS}
tw{PAP}  t{S?}
(16)

which does not depend on V. It can be easily shown
that (16) is maximized with respect to S (diagonal
positive semidefinite) and U (semi-unitary) when S =
aejel’ and U=[ e; Uy |, where a > 0 is chosen to
satisfy the power constraint, e; is the first element of
the canonical basis (of appropriate dimension) and Uy
is an arbitrary n x (k — 1) semi-unitary matrix such
that Uf'e; = 0. However, this yields the rank 1 matrix

P = ae;(Ve)? (17)
Hence, the overall channel H,,,F = H,,,ZP from gate-
way m to its intended users would also have rank 1,

[2ITn other words, U is n x k whereas s and v are & x k.
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clearly unsufficient to support k intra-cluster users re-
quiring k independent streams.

To avoid this undesired effect, we may fix S = al, in
which case (16) becomes simply tr{U”TU}/k. Max-
imizing this with respect to U semi-unitary, the op-

timum is found to be U = { I(;c }, yielding P =

H
« [ V;) } , which now has full rank k. The precoder-

beamformer matrix becomes F = oZP = aZ, V¥,
where Z; is n x k and comprises the first £ columns of
Z.

The splitting of F = BT as the product of the outer
and inner precoders can be pursued in different ways;
for example, if we want B to be semi-unitary, we use
the SVD Z; = U;S;V{ and then take B = U; and
T =aS, VEVH,

The previous design is oriented to causing as lit-
tle inter-cluster interference as possible to other gate-
ways’ users, but it does not take into account the
intra-cluster interference. It is not clear that the con-
strained factorization of the inner precoding matrix as
T = aS; VIV will be able to help fight this intra-
cluster interference. In fact, some simulations showed
us that this is not necessarily the case. In consequence,
we make a practical approach to obtain the two-level
precoder, and decouple the design of both precoders.
We keep the outer precoder design as B = Uj from the
SLNR optimization problem to reduce the inter-cluster
interference, and design an inner precoder which takes
also into account the inter-cluster interference. The
combined outer-inner precoder will no longer be opti-
mal under the SLNR criterion in (14), but will be able
to mitigate also the intra-cluster interference, so that
the global balance will be positive as the simulations
confirm®l. Additionally, this design makes it possible
an autonomous operation of the gateways, and leaves
additional degrees of freedom to mitigate the intra-
cluster interference, as detailed next.

Interestingly, the splitting of the two-level precoder
provides some valuable freedom for the design process.
For instance, the rate of adaptation does not have to
be necessarily the same for the inner and the outer
precoders, and may remain fixed for several frames.
In practice, it may not be feasible to optimize F,,
to the specific channel realization. If we assume On
Board Beamforming (OBBF), the outer-precoder can
be seen as a beamforming network. The maximization

BI'The simulations show that the overall SLNR de-
grades at most by a few dB, whereas the key overall
SINR, affected by both intra- and inter-cluster inter-
ference, improves by several dB with respect to the
solution to (14).
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of (10) would require the permanent adaptation of the
BFN, which might be too demanding for the payload.
If the BFN remains fixed for r frames, then the outer-
precoder B,,, would be designed for a number of users
Ny = r- Ng. In the limit, for a completely fixed BEN,
i.e., unbounded r, the Gramian matrices in (12) and
(13) are approximated as

G ~E[HY  H, ],
gm ~E [ﬁgﬁm}

where the expectation is taken with respect to the
channel matrices.

4.2 Inner-precoder

The inner precoder needs to be designed to reduce the
intra-cluster interference, conditioned by the operation
in an environment with inter-cluster interference. We
will introduce first the expressions for the unicast case,
taken from [22], to be extended afterwards for the mul-
ticast case.

4.2.1 Unicast Case

The design criterion is based on the minimization of
the SMSE, computed as the aggregation for all clusters
of the squared error between transmit symbols s,, and
estimated values at receivers §,,,:

M
SMSE = Y " tr{Ep},

m=1

(20)

with

En 2 E [(sm — 8m)(sm — 8m) "] . (21)
We assume that end users cannot cooperate and that
all receivers in the same cluster apply a common nor-
malization factor:

1

Sm = \/T;ym (22)

with 1/4/t,, the scaling applied by users in cluster m.
Therefore, the SMSE can be expressed as

SMSE =

M 1 1
tril, — —H,, nBnT,, — —THIBIH?
> { (- T, : R
Mo 1
HpH H
THBH (Z tpprme’m> BT, + tlk} .
p:l m

(23)
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After the optimization process, the inter-cluster
aware unicast precoder is given by [22]

-1
T, = Vi, (BEA,B,, +7,BIB,,)  BIH

m>=Tm,m?
(24)
with
A EH Hy o+ S, (25)
Moy
DEESS tﬂHﬁmHP,m‘ (26)
p=1 P
pFm

Interestingly, the optimal regularization factor is
proved to be v, = k/ Py, in [22] if the power constraint
is active. Furthermore, we can avoid the dependence
of X, on the scaling factors in other clusters if we
approximate 3, as

M
~ H
Y~ E H, Hym

p=1

pFEm

(27)

where the different scaling factors {¢,,} have been as-
sumed to be similar. Yet, this design still requires
the coordination of the different gateways to exchange
their respective Channel State Information (CSI) ma-
trices. An autonomous design of the different pre-
coders, based solely on the instantaneous intra-cluster
channel information H,, ,,, is feasible if the inter-
cluster channel Gramians in 35, are replaced by their
corresponding expectations, so that

3, & EH], H, ..

M
(28)

3
—_

#

S
3

Now, the gateways only rely on local CSI, and some
second-order statistics of the channel that are assumed
to be known beforehand.

4.2.2 Multicast case
The extension of the precoder design to the multicast
cgse requires the redefinition of the sum mean-square

m m m, . .
Vim error in (20), to accommodate Ny simultaneous users

per beam:

Ny M
SMSE = > > tr{E[l}, (29)

i=1 m=1
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with

Ell =1,———H[ | me——THBHHMH—i-

\/ﬂ \/7 m m m,m
THBH (Z —HL!

1
B,.T, + —I.
p=1 ty tm
(30)

For the multicast design, we assume a different inner-
precoder per frame, so that Ny = Ng in the design
process of the inner-precoder.

By working with (29), we have

Ny M M Ny
SMSE=3" 3 tr{El} = 33 tr{El} =
i=1 m=1 m=1 i=1

M 1 1 Ny
Ny Y trdly————> HI B,T, —
U r{ k \/ZZZVU pat m,m
—THBH _—_ L

m=1
H[z]H
TR 3
M
HpH i Hyyle
TIBH (Zt NUZH H m) B, T+

tlxk} . (31)

m

1

The minimization of SMSE in (31) is equivalent to
the corresponding unicast problem in (23), if the av-
erage channel matrices and average Gramians of all
the involved user channels are used instead. In conse-
quence, the inter-cluster aware multicast precoder is
given by

[é] H

m,m>

T, = VEm (BEA,,B,, +7,»BIB,,

Ny
)71BELZH
=1

(32)
with
M Ny
w2 Im [1 | H [1
> S Z HU THL (34)
p=1 i=1
pFEm

The optimal regularization factor is easily seen to be
now equal to v,, = kNy /P, if the power constraint is
active. The proof for the regularization factor in [22]
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Figure 4 Beams are divided into four sectors. The sectors with
the same numeration are served at the same time.

can also be used for the multicast case since the prob-
lem presents a similar structure. The equivalent ex-
pressions to (27) and (28) read now as

Y

Ny
Z H{L, (35)
p:1 1=1
p#EM
if cooperation among gateways is feasible, and
S~ Ny Z EH m] (36)

p#

for autonomous operation.

4.3 Flexible Two-Level Design

As mentioned earlier in the section, the two-level de-
sign affords some flexibility: different group sizes can
be chosen at each level by setting the corresponding
Ny accordingly. Thus, the outer-precoder and/or the
inner-precoder can be reused in different frame trans-
missions if required, with possibly different update
rates in both cases. Thus, the two-level precoder F,,
could remain fixed, at least partially, for some groups
of users in the mth cluster. Before delving into the dif-
ferent strategies for the updating rates, let us address
the user scheduling process and its interplay with the
framing structure.

4.8.1 User Scheduling

Scheduling has a two-fold role, namely, the group-
ing of users at each beam to be served by the same
frame, and the matching of groups at different beams
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Figure 5 Multicast scenario with groups formed with the
Geographical Scheduling Algorithm (GSA).

to be precoded simultaneously. The latter can be ad-
dressed by the Geographical Scheduling Algorithm
(GSA) from [15]: beams are divided into sectors, so
that only groups in the same relative position (sector)
at different beams are served simultaneously. Thus,
users in different beams are guaranteed to keep a min-
imum separation for the sake of the precoding scheme.
The scheduling process is such that the sectors are
served sequentially in time, and similarly for the dif-
ferent user groups inside each sector. Users are grouped
by following a clustering algorithm; in this regard, we
have chosen the MaxDist clustering from [14], which
tries to minimize the inter-group distance by dealing
with the most isolated user in the sector. Thus, if
beams are divided into four sectors as in Fig. 4, the
initial example in Fig. 3 is transformed into the sce-
nario in Fig. 5 with GSA.

4.3.2  Two-Level Design

We consider that the inner-precoders will be computed
on a frame basis, since gateways are expected to use
real-time CSI for the permanent adaptation of the lin-
ear precoders. As opposed, configurability of the on-
board outer-precoder, or BFN, is usually quite limited,
so that real-time adaptation is rarely feasible. Thus,
different update requirements can be set by designing
the outer-precoder for the corresponding Ny values.
For illustration purposes, Fig. 5 shows four groups of

Figure 6 Adaptive designs for different levels of adaptation
within the sector.

users in the same sector. A different inner-precoder
T,,[X] will be designed for each of the four groups,
with X = {A, B,C, D}. On the other side, the outer-
precoder B, will be updated on a time-scale which
might fall under one of the following categories:

e Adaptive design: The outer-precoder is adapted
on a frame-basis, following the design from (12)
and (13). Real-time cooperation among the gate-
ways is required to exchange the CSI to com-
pute the precoders. The update rate can be re-
laxed if the same outer-precoder is designed for
a number of r > 1 consecutive frames, with
Ny = r-Ng. For illustration purposes, Fig. 6 illus-
trates three different update rates for the outer-
precoder, namely, at every frame, at every other
frame, and once in four frames. Note that the
inner-precoder is designed on a frame-basis. For
those cases for which the outer-precoder is fixed
for several frame transmissions, the MaxDist clus-
tering can be also used to determine which groups
are going to be served by the same outer-precoder.
In the limit, a sector-based outer-precoder is com-
mon for all the groups inside the same sector in
Fig. 7, as detailed next.

e Sector-based design: In the limit, when Ny
grows very large, the adaptive design boils down
to a sector-based design, and rather than instanta-
neous CSI, second-order statistics in (18) and (19)
can be used instead. Thus, cooperation among
gateways can be skipped by resorting to average
channel behavior.

e Robust design: Although the sector-based de-
sign alleviates the update requirements, it still
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Table 1 Outer-precoder designs

Quter-precoder Update Cooperation

Design Per sector  Per frame  among GW
Adaptive Yes Yes Yes
Sector-Based Yes No No
Robust No No No

Table 2 Satellite system parameters

Satellite forward link
Diagram pattern

Provided by ESA [2]

needs the capacity to tune the BFN to serve users
in different beam sectors. For a completely fixed
BFN, a robust design must be valid for users in
all sectors. Again, cooperation among gateways is
avoided by using channel second-order statistics:
the average channels are obtained now for each
beam without any sectorization across the clus-
ters. Thus, an outer-precoder B,,, is obtained for
the m-th cluster in the robust design, instead of
multiple B,,, in the sector-based design; one for
each sector in the beams across the cluster. An
example of the frame structure for this design is
presented in Fig. 8.

Table 1 collects the different outer-precoder designs
according to the update and gateway cooperation re-
quirements. The computational burden of the pro-
posed solutions is the same for all the presented de-
signs, they only differ in the kind of channel informa-
tion employed. For fixed OBBF satellite systems, the
robust design provides a set of coefficients for the outer
(on-board) precoder. To support a non-fixed BFN de-
sign, a more complex payload implementation is re-
quired to update the BFN periodically. Conventional
space-based beamforming techniques include analog
and digital BFN; both kind of BFN present their par-
ticular impairments to set up the BFN coefficients in
terms of precision and calibration. OGBF may be a
more desirable solution since it avoids the additional
complexity on board the satellite, but it still suffers
from calibration issues [34]. Furthermore, OGBF re-
quires the allocation of more feeder link capacity to
exchange all the feed signals with the satellite.

Number of beams 100
Number of feeds 155
Number of gateways 10
Number of feeds per cluster 30
Number of beams per cluster 10
Number of sectors per beam 4
User density [user/km?] 9.103
Number of users per sector 24
Number of users per frame 1 (Unicast), 2, 3
Frequency band [GHz] 20
Frequency coloring scheme FFR
Number of polarizations 1
Total Bandwidth [MHz 500
Beam bandwidth [MHz 500
Terminal G/T [dB/K] 17.68
Feed synchronization Perfect synchronization
Fading No Fading
Traffic distribution Uniform

5 Results and Discussion

We have tested the performance of the proposed two-
level precoding scheme in a Monte Carlo simulation
for the specifications of a multibeam satellite antenna
which uses a feed reflector antenna array with N = 155
feeds and @@ = 100 beams. The radiation pattern is
provided by the European Space Agency (ESA) and
has been used, among other references, in [22]. We
assume FFR, so that the whole bandwidth is avail-
able for all beams. The coverage is split into M = 10
clusters, each managed by a different gateway, with
k = 10 beams per cluster. Each gateway exchanges sig-
nals with n = 30 feeds, so that some feeds are shared
by more than one cluster. All the system parameters
are collected in Table 2. The sectors for precoding
matching purposes are shown in Fig. 4: four sectors
per beam are chosen for simplicity and illustration pur-
poses, with users grouped as described in Section 4.3.1.
As detailed in that section, more sophisticated sector-
ization designs can be pursued in accordance with the
user scheduling mechanism. The number of users per
frame (1, 2 o or 3) determines the number of groups
per sector for a given user density. Thus, with 24 users
per sector and 2 users per frame, 12 groups will be
formed per sector.

The two-level precoding scheme has been tested for
the different adaptation granularities detailed in Sec-
tion 4.3.2. Both inner and outer precoders set the re-
quired amount of cooperation among gateways. Fol-
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Table 3 Outer-Precoders
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ng = NilU ZH%,ﬁH'm,m ' gm =

i=1
GEVD: GnmZ = (

Ny
1 rrlil H 1[4
w2 Hp THy
i=1

gm + tm - In)ZF

Z1 comprises the first k columns of Z
B, = U; with the SVD: Z; = U18: VI

Fully Adaptive

Ny = Ng and the design is made for each group of users.

Sector-Based

Ny = oo and an infinite number of users within the sector is assumed

Robust

Ny = oo and an infinite number of users within the beam is assumed

Table 4 Inner-precoders

Ny }
T = Vim (BEARBm +1mBlB,,) ' BEY HI T

i=1

Ym = kANUa Am £ ZH'[rg,iH[rg,nL + Em

Pp,

1=1
Ny = N¢ and the design is made for each group of users

Cooperative

Ny
0 H ol
S~ Sper D Hpb Hyly

PFEM =1

Autonomous

S~ Nu Xyt E[H, Hy ]

pEM

lowing Tables 3 and 4, the following cases have been
evaluated:

a) Fully Adaptive Two-Level: We assume coop-
eration among the gateways to share the leak-
age channels. The outer precoders are fully adap-
tive, and the cooperative inner-precoders are em-
ployed.

b) Cooperative Sector-Based Two-Level: We
assume cooperation among the gateways to share
the leakage channels. The outer precoders are
sector-based, and cooperative inner-precoders are
employed.

¢) Autonomous Sector-Based Two-Level: We
assume a distributed solution for the gateways so
that they only rely on local instantaneous CSI and
second-order statistics of the remaining channel
responses. The outer precoders are sector-based,
and autonomous inner-precoders are employed.

d) Autonomous Robust Two-Level: We assume
a distributed solution for the gateways so that
they only rely on local instantaneous CSI and
second-order statistics of the channel. The outer
precoders are fixed (robust design), whereas au-
tonomous inner-precoders are employed.

In an ideal cooperation scenario, that is: (i) there
are no constraints on the information exchanged by
the gateways; (ii) all satellite radiating elements are
reachable by all the gateways; and (iii) gateways co-
operate to design the precoders, the optimal precoders
will have the same performance as the single-gateway
scenario. Therefore, the single gateway implementa-
tion sets an upper bound for the performance of the
proposed two-level precoder designs. With only one
gateway, the two-level precoder is no longer necessary

T

—— Single-Gateway

| | === Fully Adaptive
Coop. Sector-Based

==6— Auton. Sector-Based

6 | | =—@=— Auton. Robust 7

Spectral Efficency (bps/Hz)

SNR (dB)

Figure 9 Numerical results for 1 user per frame (Unicast
mode).

since only intra-cluster interference is present in the
system. Thus, the precoder is only formed by the inner-
precoder and it is designed with (31) by setting the
number of clusters to one, M = 1. As it could be
expected, this precoder is the same as the multicast
precoder from [21], since both precoders are designed
under the SMSE framework with only one gateway.

The numerical results are presented in Figs. 9, 10
and 11 for different number of users per frame. As
performance metric, we use the average frame spec-
tral efficiency across the coverage region which can be
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Figure 10 Numerical results for 2 users per frame.
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Figure 11 Numerical results for 3 users per frame.

obtained as

(37)

with np,, the average spectral efficiency from the b-
th beam in the m-th cluster. For a given frame and
realization, with users in set A from the b-th beam in
the m-th cluster, the spectral efficiency is obtained as

nb,m[A] = 10g2(1 + SINRb,m[A]) (38)
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with

SINRy,[A] = min SINR}

i€A (39)

(40)

where SINRI denotes the SINR of ith user. The re-
sults are presented versus different signal-to-noise ratio
(SNR) values, which are obtained after a calibration
process. If hy, € C1*¥ denotes the channel vector for a
given user within the b-th beam in the coverage, then
we define the average channel matrix as

E [hy]
H=| (41)

E [1:1K]

where the expectation is taken with respect to all the
users locations. With this, the SNR is calibrated as

SNR = tr{HCC”H"}/Q (42)

with C the transmit beamforming matrix

VP H =
c——YC _g" p=-SN"p,.
Vir{HTH} mz::l

Among the different two-level strategies, the fully
adaptive solution presents the best performance, since
it makes use of the instantaneous CSI for the design
of both outer and inner precoders, and exploits the
cooperation among gateways.

Performance in Figs. 9-11 is upper bounded by the
single-gateway solution and lower bounded by the au-
tonomous robust scheme. The performance of a fixed
outer-precoder is greatly enhanced if a different de-
sign is used per sector; even further, no degradation
is noticed in such a case when the gateways do not
cooperate, and adapt their inner-precoders with only
real-time local information and statistical global CSI.

The effect of the refreshment rate of the outer pre-
coder can be observed in Fig. 12, which shows the av-
erage performance after serving 24 users per beam in
24 consecutive frames, that is, unicast case. All the
adaptive schemes combine an outer-precoder which re-
mains fixed for the labeled number of frames, with a
cooperative inner-precoder; as lower bound the per-
formance of the sector-based outer-precoder combined
with an autonomous inner-precoder is also presented.
All the curves lie between this lower bound and the
performance of the fully adaptive scheme. An interest-
ing conclusion can be drawn if we compare the perfor-
mance of the lower bound with the adaptive solution
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Figure 12 Numerical results for one user per frame (unicast
mode) and different outer-precoder refreshment periods.

—€— Single-Gateway
7k =& Fully Adaptive
Coop. Sector-Based
==6— Auton. Sector-Based

~ 6 [ |[—8@— Auton. Robust
3 4
&
g, r\o\o
Foly, —
f= A
_8 46 —a
i} —0
© 3B—— —a—
5 —8
@
a
@D ol

1k

0 : :

1 2 3

Number of user per frame

Figure 13 Multicast performance for different number of users
per frame. SNR= 20 dB.

with 7 = 24. In both cases, one outer-precoder is em-
ployed for the whole sector but the adaptive solution
requires the cooperation among gateways to share the
instantaneous CSI. Thus, in this particular scenario,
it may be better to use the sector-based solution since
it avoids information exchanges by using the second-
order statistics of the channel.

In order to evaluate the impact of the multicast, the
results for the different two-level designs are presented
in Fig. 13 for 1, 2, and 3 users per frame, and a fixed
operation point of SNR = 20 dB. As expected, the
performance degrades with the number of users per
frame. It can be also noticed that the single-gateway
scenario suffers the most when multicasting comes into
play.

A given user will enjoy a spectral efficiency that will
depend on a number of factors: its relative location in-
side the coverage area, the location of the users which
are simultaneously served during the same frame, and
the precoding scheme. The spectral efficiency empir-
ical probability density function (pdf) is represented
for both unicast and multicast (3 users) cases in Figs.
14 and 15, for SNR = 20 dB. The upper bound (single
gateway with a unique cluster) shows a more compact
spectral efficiency distribution, with higher variance in
the multicast case. The different precoding versions of
the multi-gateway case achieve a lower average spec-
tral efficiency, as analyzed before, with higher vari-
ance: this is the cost of operating with multiple gate-
ways serving clusters which are not isolated from an
interference point of view. This higher variance is due
to the degraded performance of some beams at the
edge of the different clusters, which suffer from the
distributed nature of the precoding scheme across the

gateways. Nevertheless, the variance of the spectral ef-
ficiency shows very low dependence with the number
of users per multicast frame, as opposed to the single
gateway case.

6 Conclusions

A combined two-level ground and space precoder has
been designed for multibeam satellites with several
gateways, able to operate with multicast frames such
as those defined in DVB-S2X. The Signal-to-Lekage
and Noise Ratio criterion has been used to fight inter-
cluster interference with the outer-precoder, whereas
the Sum Mean-Squared FError drove the design of
the inner-precoder to mitigate the intra-cluster inter-
ference. Flexibility has been achieved with a design
which can accommodate the lack of cooperation among
the gateways, and tested to operate under different
on-board adaptation capabilities. A good scheduling
strategy has been also seen to be instrumental to limit
the impact of the multicasting and limited adaptation
capabilities. Further work could be useful to address
the lack of perfect channel information at the gate-
ways, when no real-time accurate CSI is available at
the transmitters.
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Figures

Figure 1 Multiple gateway scenario.

Figure 2 Two-level precoding structure. The outer precoder B
operates on-board the satellite, whereas the inner precoder T
is on the gateway.

Figure 3 Multicast setting. (a) User grouping. (b) Frame
structure.

Figure 4 Beams are divided into four sectors. The sectors with
the same numeration are served at the same time.

Figure 5 Multicast scenario with groups formed with the
Geographical Scheduling Algorithm (GSA).

Figure 6 Adaptive designs for different levels of adaptation
within the sector.

Figure 7 Sector-based design for the outer-precoder.

Figure 8 Robust design for the outer-precoder.

Figure 9 Numerical results for 1 user per frame (Unicast
mode).
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Figure 10 Numerical results for 2 users per frame.

Figure 11 Numerical results for 3 users per frame.

Figure 12 Numerical results for one user per frame (unicast
mode) and different outer-precoder refreshment periods.

Figure 13 Multicast performance for different number of users
per frame. SNR= 20 dB.

Figure 14 Spectral efficiency pdfs for 1 user per frame
(unicast mode). SNR = 20 dB.

Figure 15 Spectral efficiency pdfs for 3 users per frame. SNR
=20dB




