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ABSTRACT In this paper, we analyze the performance of Massive Multiple Input Multiple Output
(M-MIMO) techniques aiming at increasing the throughput of broadband satellites. In particular, we inves-
tigate a ‘‘pragmatic’’ approach to the design of the M-MIMO to ease its implementation both at system and
satellite payload level. We compare the performance of optimized classical Minimum Mean Square Error
(MMSE), Zero Forcing (ZF), Matched Filter (MF) schemes with the proposed ‘‘pragmatic’’ M-MIMO one
dubbed fixedMulti-Beam (MB). To further boost theM-MIMOperformance, a novel radio resourcemanage-
ment approach based on Mixed Integer Quadratic Programming (MIQDP-RRM) is proposed. The adoption
ofMIQDP-RRM is shown to greatly enhance theM-MIMO throughput performance. It is shown that theMB
scheme closely approximate the MF, ZF and MMSE performance with a much simpler active antenna-based
payload architecture and without requiring any user channel estimation. The MB MIQDP–RRM M-MIMO
pragmatic solution allows to achieve higher satellite broadband throughput compared to a conventional four
colors frequency reuse scheme (CFR) with affordable complexity for both space and ground segments. At the
same time we show that by non-conventional CFR multi-beam array design, the performance gap compared
to MB MIQDP–RRM M-MIMO can be significantly reduced.

INDEX TERMS MIMO, satellite communications, antenna arrays, multiplexing, payloads.

I. INTRODUCTION AND MOTIVATION
Recent years have witnessed a strong impulse in adopting
Massive Multiple input Multiple Output (M-MIMO) in wire-
less networks [1], [2]. Despite the wide literature related to
M-MIMO for terrestrial networks, much less attention has
been devoted to its possible exploitation in the forward link of
satellite systems. So far the satellite communication research
has been largely focused on the applicability of MIMO pre-
coding techniques to current satellite payloads characterized
by single feed per beam architecture. In particular, satellite
specific issues like multicasting, multiple gateways, channel
estimation have been reported in the literature [3]–[8]. The
fact that current satellite forward link standards like DVB-
S2X [9], are requiring to multiplex packets belonging to dif-
ferent users in the same physical layer frame, has an important
impact on precoding performance due to this ‘‘multicasting’’
effect. Techniques to partially mitigate this problem, based
on multiplexing on the same physical layer frame packets
with similar channel characteristics have been devised in [5].
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Another issue is related to the fact that high throughput
broadband satellite networks needs a large number of user
beams which are mapped in the feeder link on a number
of spatially separated gateways [8]. Due to satellite pay-
load complexity limitations, the precoding is assumed to be
implemented at the gateway. Consequently, each gatewaywill
only be able to precode the assigned subset of user’s beams.
Thus precoding from separated gateways results to be less
effective in mitigating co-channel interference. Centralized
precoding with interconnected gateways was proposed as a
possible solution to this problem, but resulted to be not very
cost effective because of the high rate terrestrial gateway
interconnection links required. The issue of limited num-
ber of beams precoded by each gateway can be alleviated
by combining precoding and beam hopping [10]. Another
satellite specific effect is related to the delay in channel
reports due to the intrinsic propagation delay which is par-
ticularly large in geostationary satellite. However, this effect
was found in [7] to have a negligible performance impact.
The precoding requires keeping the satellite payload beam
chains controlled in relative phase and amplitude. This makes
the payload implementation more complex compared to
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conventional systems [7]. Furthermore, for satellites in non
geostationary orbit (e.g. mega-constellations) the fast orbit
dynamic makes the adoption of conventional precoding tech-
niques even more challenging.

The possible advantages of combining precoding with
beamforming were investigated in [11]. Despite the increased
degrees of freedom, this approach showed limited perfor-
mance advantage. In defiance to these not very encouraging
findings, the recent momentum in developing flexible multi-
beam payloads based on active antennas is opening up new
opportunities for exploiting M-MIMO in satellite communi-
cations [12]. The objective of the current paper is to inves-
tigate the potential advantages and, even more important,
to devise practical ways to implement solution approaching
theM-MIMO performance. The key challenges we are facing
for adoptingM-MIMO in broadband satellite networks can be
summarized as:

1) Difficulties in the practical implementation of
M-MIMO technology because:

a) Wide adoption of transparent payloads with dis-
tributed gateways and four colors frequency reuse
schemes not compatible with M-MIMO.

b) Very limited adoption of active array antennas
with a large number of radiating elements.

c) Impossibility to use Time Division Duplex-
ing (TDD) schemes to ease channel estimation
because of satellite frequency regulation restric-
tions in millimeter wave bands.

d) Cumbersome implementation of pre-coding
schemes requiring user feedback in satellite Fre-
quency Division Duplexing (FDD) scheme.

e) Limitations in the amount digital processing
implementable on-board.

2) Benign channel model, essentially Additive White
Gaussian Noise (AWGN) with no multipath fading,
reducing the potential M-MIMO performance gain.

Points 1-a) and 1-b) are mainly related to the legacy systems
design and technological issues implementing active anten-
nas at millimeter frequency bands. However, these issues are
currently being tackled by industry R&D with expected large
spin-in from terrestrial wireless technologies being developed
for the 5G New Radio at millimeter bands [13]. Point 1-c)
is particularly critical as TDD can not be used in the
Ku/Ka/Q-band satellite bands commonly adopted by broad-
band systems. Point 1-d) is related to the difficulty in per-
forming FDD channel estimation with FDD as well as the non
scalability of M-MIMO pilot-based channel estimation [1].
As a consequence, the FDD scheme adopted in these bands
is not compatible with M-MIMO unless for very small scale
systems of no practical interest. Point 1-e) is related to the
on-board processor power consumption, heat dissipation and
mass constraints limiting the M-MIMO digital signal pro-
cessing possible even on a high throughput satellite.While the
implementation of adaptive wide-band digital beam forming
is considered very challenging, on-board implementation of

algorithms requiring matrix inversions is considered to be out
of scope even in the medium term. Moving the M-MIMO
signal processing to the gateway will require a very large
increase of the feeder link bandwidth as well the previously
mentioned need for high-speed gateways’ interconnection.

Point 2 was also considered a major drawback of broad-
band satellite systems operating in AWGN channel. In fact
one of the M-MIMO advantages is to ‘‘transform’’ uncor-
related (Rayleigh) fading channels into an AWGN one (the
so called channel hardening [1]). This property can not be
exploited in satellite broadbandM-MIMO systems. However,
following [14] this issue may be circumvented by proper
system design.

In a nutshell, the main objectives of the manuscript are:
a) To properly model M-MIMO for broadband satellite
networks; b) To derive an adequate, yet feasible, Radio
ResourceManagement (RRM) strategy; c) To identify afford-
able complexity payload/system solutions allowing practi-
cal M-MIMO implementation with acceptable performance
losses; d) To understand the potential performances of
M-MIMO for broadband satellite networks and to compare
them with more conventional approaches.

The rest of the paper is organized as follows: Sec. II
describes the satellite M-MIMO system model. Sec. III sum-
marizes the performance results of the various M-MIMO
solutions investigated. Sec. IV contains the results for con-
ventional frequency reuse scheme. Sec. V provides a sum-
mary of the results corresponding to the optimized configura-
tions. Sec. VI describes a pragmatic payload design achieving
performance close to the ideal M-MIMO with affordable
complexity. Finally Sec. VII provides the summary and con-
clusions.

II. SYSTEM MODEL
To analyze the performance of the variousM-MIMO schemes
and to compare them with more conventional payload archi-
tecture we have been developing an overall system model
encompassing both the space and the user segments. To ease
the results comparison and to focus on the key sizing parame-
ters the following approximations have been made: 1) Global
antenna coverage of the Earth above a minimum elevation
angle; 2) Linear payload characteristic; 3) Negligible feeder
uplink AWGN effect; 4) Ideal channel estimation for pre-
coding. A high-level representation of the forward-link pay-
load and satellite-user geometry is represented in Fig. 1.
The left inputs are corresponding to the NU user beam
inputs entering the On-Board Processor (OBP). These NU
signals are coming from the gateways feeder uplink and
down-converted to a frequency compatible with the OBP. The
OBP implements NU distinct beam-forming networks, one
for each beam input. Each Beam Forming Network (BFN)
has NT outputs (one for each antenna feed). For each of
the NT Radio Frequency (RF) feed chains, the NU BFN
outputs are summed together before being converted to the
user downlink frequency and amplified. The antenna radi-
ates towards the satellite coverage region (or Region of
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FIGURE 1. Sketch representation of the forward-link payload and
satellite-user geometry.

Interest - ROI) the NT feed signals simultaneously. Each
antenna feed element contains a linear combination, properly
weighted in amplitude and phase, of the NU beam signals.
The circular ROI as per point 1) simplifies the analysis
while maintaining full generality. Arbitrary coverage patterns
within this circular boundary are possible thanks to the pay-
load resource allocation flexibility. The High Power Ampli-
fiers (HPAs) present in the Direct Radiating Array (DRA)
on-board antenna will operate in multi-carrier mode, thus
they will require to operate at a certain back-off from the
amplifier compression point. Consequently, as for point 2),
we considered the HPAs as linear devices. Intermodulation
effects, although mitigated by the DRA payload architec-
ture [15], can be accounted as additional AWGN. Finally,
the feeder uplink is typically designed to make its noise
contribution to the overall forward link negligible. Hence,
the assumption 3) is well justified. Assumption 4) is clearly
optimistic, although no satellite specific M-MIMO analysis
of this effect can be found in open literature. While for single
feed per beam satellite payloads, pre-coding channel state
information (CSI) errors impact has been estimated [7], such
results is not-available for a M-MIMO DRA architecture.
In particular, the CSI phase errors will have a direct impact
on the beam shape which was not the case for the single-feed
per beam precoding discussed in literature. Anyway, as we
are interested in assessing pragmatic M-MIMO solutions not
requiring per user CSI, in the following we will consider
ideal CSI pre-coding as the M-MIMO performance upper
bound.

To simulate the random traffic distribution, we imple-
mented a Monte Carlo approach. At each iteration we ran-
domly generate the NU simultaneous users’ location over the
satellite coverage region. More than NU 1 users, can be sup-
ported exploiting Time Division Multiplexing (TDM) as typ-
ically implemented in satellite broadband systems. At each
iteration step the system performance (see Sec. II-E) are
computed. The process is repeated Niter times to accumulate
a sufficient number of independent statistics to properly char-
acterize the system behavior.

1The parameter NT /NU where NT represents the number of the Direct
Radiating Antenna (DRA) elements, will be optimized by simulation to
maximize the system throughput.

A. PAYLOAD, ANTENNA AND CHANNEL MODEL
To simplify the notation and system analysis we initially
focus on a payload sub-band occupied by a single time divi-
sion multiplexed (TDM) carrier. The extension to a payload
using multiple sub-bands and carriers in a combined Fre-
quency Division Multiplexing (FDM) and TDM fashion is
straightforward. We assume an ideal payload composed of
an on-board processor implementing the digital beamforming
or pre-coding matrix which maps the NU active users per
TDM carrier to the NT antenna radiating elements as shown
in Fig. 1.

We will use the following notation: vectors will be repre-
sented in bold lower-case and matrices in bold capital letters;
bold italics will be used for vectors and matrices represent-
ing geometrical positions (in the real and Fourier space).
Superscripts T and H will indicate transpose and complex
conjugate transpose matrix operators, respectively.

The input signals, the transmitted signals and the received
signals can be collected in the column vectors x =

[x1, . . . , xj, . . . , xNU ]
T , y = [y1, . . . , yn, . . . , yNT ]

T and z =
[z1, . . . , zi, . . . , zNU ]

T , where xj, yn and zi are the complex
input signal for user j, the complex signals transmitted by
radiating element n and the complex signal received by
receiver i, respectively. The transfer function between the
input ports of the NT antenna radiating elements and the NU
user receiver outputs can be described by a complex channel
matrix H of dimensions [NU × NT ] where the generic entry
element hi,n describes the complex transfer function between
the input of the transmit radiating element n and the input of
the user i receiver. Similarly, the relationship between signals
at the input ports and the signals at the output ports of the
precoding/beamforming OBP can be expressed by means of
a complex transfer matrix U of dimensions (NT ×NU ) where
the generic matrix element un,j describe the complex transfer
function between the input port j and output port n.

For simplicity, as mentioned before, it is assumed that
all the antenna power amplifiers are identical and do not
introduce amplitude and phase errors so that their effect can
be absorbed in a single scaling constant proportional to the
overall RF payload power PT . Relevant normalization of the
precoding/beamforming matrix, Û, is discussed in Sec. II-D.
The resulting signal flow graph is shown in Fig. 2. The
input-output representation is summarised by the equation

y =
√
PT Ûx, z = Hy+ n =

√
PTHÛx+ n, (1)

where n is a vector whose elements represents the random
noise process (thermal plus possible external inter-system
interference) experienced by the NU user.
Without loss of generality we can assume that all the users

have identical terminals and experience same receive noise
power. Scaling (1) such that the noise random variables have
unitary variance, we can represent the noise signal vector
n as Independent and Identically Distributed (IID) random
variables with a circularly-symmetric complex Gaussian dis-
tribution of zero mean and unitary variance (the absorption
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FIGURE 2. Signal flow graph.

of the noise standard deviation as scaling factor of the the
channel matrix is described in Sec. II-B4).

B. CHANNEL MATRIX
The channel matrix H represents the complex transfer func-
tion between each radiating element of the on-board antenna
array and the user receivers. At each iteration, a distribution
of users is generated over the region of interest defined
by a minimum satellite elevation angle on Earth, which
corresponds to a circle in the satellite [u, v] coordinates.
The satellite-Earth geometry and relevant coordinate sys-
tems are depicted in Fig. 3 and they satisfy the following
relationships

ui = sin(ϑi) cos(φi), vi = sin(ϑi) sin(φi),

ϑi =

√
u2i + v

2
i , φi = tan−1

(
vi
ui

)
. (2)

Two different spatial distribution statistics have been imple-
mented and are shortly described hereafter.

FIGURE 3. Satellite-Earth geometry and relevant coordinate systems.

1) UNIFORM SPATIAL DISTRIBUTION IN A CIRCLE
The user distribution consists of NU realizations of two inde-
pendent random variables [ζ1, ζ2] each of them uniformly
distributed in [0, 1] and mapped in the u, v disk of radius
sin(ϑmax) by means of inverse transform sampling.

ρi = sin(ϑmax)
√
ζ1

φi = 2π ζ2
ϑi = sin−1(ρi)

ui =
[
ui
vi

]
=

[
ρi cos(φi)
ρi sin(φi)

]
. (3)

2) POISSON DISK DISTRIBUTION IN A CIRCLE
In addition to uniformity within the circle defining the region
of interests, the NU realizations must satisfy the constraint
that each point is separated from the others by aminimum dis-
tance 2ρ, where the parameter ρmin is called the Poisson disk
radius. The advantage of the minimum distance distribution
for M-MIMO will be apparent in Sec. III. Several algorithms
have been proposed for Poisson disk sampling [16]. In our
implementation we start from a uniform point distribution
which is evolved in an iterative fashion to finally satisfy
the minimum distance requirements to be representative of
the RRM approach described in Sec. II-G. The evolution is
performed according to molecular dynamics principles with
a repulsive force repelling points closer than the Poisson disk
radius. The difference between the two spatial distribution
can be appreciated in Fig. 4 and Fig. 5 where 100 points
are generated uniformly and according to a Poisson disk
distribution with minimum separation of 0.5 degrees (i.e.
Poisson disk radius of 0.25 degrees), respectively. The way to
practically achieve this minimum distance distribution start-
ing from an uniform users’ distribution applying a specific
RRM solution is described in Sec. II-G.

3) ACTIVE ANTENNA CHANNEL MODEL
The on-board active antenna is modelled as a square planar
array of size DA × DA composed of NT radiating elements

VOLUME 8, 2020 132215



P. Angeletti, R. De Gaudenzi: Pragmatic Approach to M-MIMO for Broadband Communication Satellites

FIGURE 4. Uniform user distribution.

FIGURE 5. Poisson disk user distribution.

placed on a square lattice with element spacing dA. Let rn
denote the position of the n-th array element, gn(ϑ, φ) the
co-polar radiation pattern referred to the common antenna
coordinate origin and wn the complex array excitation coeffi-
cients. The total co-polar radiation pattern can be written as

g(ϑ, φ) =
NT∑
n=1

wngn(ϑ, φ) = g(ϑ, φ)w, (4)

where w = [w1, . . . ,wn, . . . ,wNT ]
T is the column vec-

tor of the array complex weights normalised to unit
norm, ||w||2 =

∑NT
n=1 w

2
n = 1, and g(ϑ, φ) =

[g1(ϑ, φ), . . . , gn(ϑ, φ), . . . , gNT (ϑ, φ)] is the array manifold
row vector which incorporate all the spatial characteristics of
the far-field radiation patterns of the array elements. Assum-
ing that all the radiating elements are identical and equally
oriented in space with a common element radiation pattern
gE (ϑ, φ), we can use the far-field approximation [17] to
express the radiation pattern of the n-th element gn(ϑ, φ) with

phase center corresponding to the position rn = xnx̂ + ynŷ,
where x̂ and ŷ are the coordinate direction unit vectors, thus

gn(ϑ, φ) = gE (ϑ, φ)

· exp[jk0(xn sinϑ cosφ + yn sinϑ sinφ)], (5)

being k0 = 2π/λ the free-space wave-number, λ = f0/c
the free-space wavelength, f0 the carrier frequency and c
the speed of light. Concerning the element radiation pattern
gE (ϑ, φ), the simple rotationally symmetric model discussed
in [18] has been used with gE (ϑ, φ) = gE (ϑ) defined as

gE (ϑ) =
√
Gmax
E cosqE (ϑ), Gmax

E = 4πAE10
ηE (dB)

10 ,

qE = 1
4G

max
E −

1
2 ,

(6)

where Gmax
E is the peak gain of the radiating element and AE

is the DRA elementary cell area normalised to the wavelength
squared, AE = (dA/λ)2 and ηE (dB) is the radiating element
efficiency expressed in dB. It is worth noting that efficiency
affects the exponent and in turn the gain, so it should be
considered an aperture efficiency.

4) LINK BUDGET MODEL
The path from the satellite active array to the i-th user
can be described by a ‘‘normalized’’ link budget parameter
LB(ϑi) defined as the signal gain from the satellite array
center of coordinates to the user receiver antenna output over
the noise power. In the following, for notation simplicity,
we assume that the receiver noise temperature is independent
from the atmospheric attenuation. The more general formu-
lation for the user terminal noise temperature dependency on
the atmospheric attenuation can be found in [19] and [20].
We also neglect the effect of atmospheric fading which has
been shown to have negligible impact on the average sys-
tem throughput [19]. With the above simplifications at hand,
the LB(ϑi) coefficient can be computed as

LB(ϑi) =
GUR

LFS (ϑi)NU
R

, LFS (ϑi) =
[
4πr(ϑi)
λ

]2
,

r(ϑi) =
[
(RE + HS )2 + R2E − 2RE (RE + HS ) sin(αi)

+ sin−1
(

RE
RE + HS

)
cos(αi)

] 1
2

,

αi = cos−1
[
sin(ϑi)

(RE + HS )
RE

]
, NU

R = KBTUR Rs,

(7)

whereGUR is the receive user terminal antenna gain, TUR is the
user antenna temperature,KB is the Boltzmann constant,RE is
the Earth radius,HS is the satellite orbit altitude, ϑi and αi are
the off-nadir satellite angle and the over the horizon elevation
angle, respectively, for the i-th user with 0 ≤ ϑi ≤ ϑmax being
ϑmax derived as

ϑmax(αmin) = sin−1
(

RE
RE + HS

)
cos(αmin), (8)
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where αmin is the minimum allowed satellite elevation
angle. The ROI’s surface, dubbed Ac, can be computed
as

Ac(αmin) = 2πR2E cos
[π
2
− ϑmax(αmin)− αmin

]
. (9)

5) CHANNEL MATRIX DECOMPOSITION
Observing that the normalised link budget parameter LB(ϑi)
(7) and the elementary radiation pattern gE (ϑi) (6) depend
only on the user index i, and that the phase of the
n-th element pattern (5) depends on both the indexes i
and n, we can decompose the channel matrix H as the
element-wise product of an amplitude matrix HAMP and
a phase matrix HPH, both of size (NU × NT ) as H =

HAMP � HPH, where � indicates the Hadamard product
and

HAMP =

 hAMP(1) · · · hAMP(1)
...

...

hAMP(NU ) · · · hAMP(NU )

 , (10)

HPH =

 hPH(1, 1) · · · hPH(1,NT )
...

...

hPH(NU , 1) · · · hPH(NU ,NT )

 , (11)

with

hAMP(i) = gE (ϑi)LB(ϑi) (12)

hPH(n, i) = exp [jk0(xn sinϑi cosφi + yn sinϑi sinφi)] . (13)

Recalling (2), then (13) can be rewritten as

hPH(n, i) = exp [jk0(xnui + ynvi)] = exp (jk0 rn · ui) , (14)

where the operator · represents the scalar product between
vectors.

C. PRECODING AND BEAMFORMING MATRICES
The complex matrix U represents the generic (NT × NU )
precoding/beamforming matrix described as

U =

 u(1, 1) · · · u(1,NU )
...

...

u(NT , 1) · · · u(NT ,NU )

 . (15)

The j-th column vector ofU represents the array beamforming
complex weights for the j-th user

uCj =

 u(1, j)
...

u(NT , j)

 . (16)

The beamforming weight vector uCj , normalised to unit
magnitude wj = uCj /||u

C
j ||, determines the ‘‘shape’’

of the relevant radiation pattern, g(ϑ, φ)wj, for the
j-th input.

The overall matrixU can be decomposed in a set of column
vectors

U =
[
uC1 · · · uCNU

]
. (17)

In the following, we will identify the various M-MIMO tech-
niques by the U subscript.

1) MATCHED FILTER
The basic principle of the Matched Filter2 (MF) is derived
from diversity combining techniques [21] and correspond to
maximization of the realized gain of the array [22] obtained
as

UMF = HH . (18)

It can be observed that for a direct radiating array the i-th row
of the phase matrix (11) corresponds to the array response
vector in the i-th user direction. The transpose conjugate
operation can be interpreted as the generation of a steering
vector such that the corresponding array factor is pointed to
the i-th user direction.

2) SWITCHABLE FIXED MULTI-BEAM
Bearing in mind the observation about the correspondence
of the MF to a beam steering, an approximation of the
beamforming vectors can be based on the selection from
a pre-defined set of the steering vector with the nearest
bore-sight to the user direction. Different criteria can be used
to define the set of beam positions uniquely determining the
pre-defined steering vectors (e.g. uniform or non-uniform
distribution). In the following, we describe a regular sampling
of the zone of interest based on a lattice of beam positions.
As shown in Sec. VI, this approach has important implemen-
tation complexity advantages. The bi-dimensional lattice of
beam positions can be defined in terms of basis vectors s1
and s2 and basis matrix S:

s1 =
[
s1u
s1v

]
, s2 =

[
s2u
s2v

]
, S =

[
s1, s2

]
. (19)

Any point of the lattice can be represented as a superposi-
tion of integer multiples of the basis vectors s1 and s2. The
column vectors s1 and s2 are linearly independent and the
matrix S non-singular. The set of all linear combinations of
s1 and s2 with integer coefficients defines the bi-dimensional
lattice 3(S) [23]. Considering that the main beam gain will
decay proportionally to the squared distance from be beam
center, the assignment of far field points in the region of
interest to the beam with maximum gain will correspond
to a Voronoi tessellation of the u, v plane. The concepts of
the regular lattice and associated Voronoi tessellation are
illustrated in Fig 6. Considering that an hexagonal pack-
ing of beams offers optimal cross-over performance and
reduction of number of beams for a target cross-over level,
the lattice of beam centers can be generated by an hexagonal
lattice base matrix SMB with beam-to-beam inter-distance
controlled by a normalised beam spacing SnMB referred to
the array normalised angular beam-width3 λ/DA derived

2In M-MIMO literature often the term Maximal Ratio (MR) combining is
used instead of MF.

3λ/DA corresponds, for a uniformly excited linear array of sizeDA, to the
first null position and to about 4dB beam-width, both in u space.
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FIGURE 6. Beam lattice geometry and Voronoi tessellation.

as

SMB = SnMB
λ

DA

1
1
2

0

√
3
2

 . (20)

The pre-defined set of beams centers sk can be evaluated as
the intersection of lattice of points 3(SMB) and the u, v disk
of radius sin[ϑmax(αmin)] as

{sk} = 3(SMB) ∩ {|u| ≤ sin [ϑmax(αmin)]} . (21)

The set of pre-defined beam centers {sk} plays the role
of a code-book in a vector quantization of the u, v region
of interest. The bi-dimensional quantizer is defined by the
Voronoi partition of the space into non overlapping cells.
A user position vector ui is encoded comparing it with the
set of pre-defined beam centers which act as code vectors.
A user is assigned to the beam with closest beam center. We
shortly indicate the assignment of ui to sk as the quantization
BEAM(i) derived as

BEAM(i) = argmin
k
‖sk − ui‖2. (22)

Although, as it will be discussed in Sec. VI, the process of
performing the beam quantization and generation of the asso-
ciated steering vector is better realised through the cascade
of a beam selection matrix and fixed beamforming network
or some hybrid beamforming structure, the resulting precod-
ing/beamforming matrix is described by the phase matrix

UMB =

 uMB(1, 1) · · · uMB(1,NU )
...

...

uMB(NT , 1) · · · uMB(NT ,NU )

 , (23)

where the generic (n, j) entry element is uMB(n, j) =

exp
(
−jk0 rn · sBEAM(j)

)
.

3) ZERO FORCING
The Zero Forcing (ZF) precoding approach corresponds to the
search of the optimum transmit vector ŷ at the output of the
array which, once received by the users through the channel
matrixH, returns the desired transmitted signal x. This can be
formulated as the least squares solution to a system of linear

equations

ŷ = argmin
y
||Hy− x||2 . (24)

It is obvious that, if the the channel matrix H is squared
and invertible, the solution is obtained by matrix inversion
ŷ = H−1x, and the zero forcing precoding matrix is simply
UZF = H−1. The signal to be transmitted is multiplied by the
inverse of the channel matrix; the precoding acts as a form
of ‘‘spatial equalizer’’ such that the cascade of the precoder
and channel matrix returns an ‘‘equalized’’ channel for each
user. By doing so, the effect of noise is completely neglected
creating detrimental effects at low Signal-to-Noise Ratios
(SNRs). For non-squared channel matrices the solution of the
optimization problem (24) can be obtained as the stationary
point of the cost function to be minimized resulting in the
linear solution, ŷ = UZFx, where

UZF =

(
HHH

)−1
HH . (25)

This expression, often reported in MIMO and multiuser
detection literature, is defined only in case the matrix H
is ‘‘tall’’ (i.e. the number of rows exceeds the number of
columns) and full rank (i.e. the Gram matrix HHH is invert-
ible). It is also known as the left pseudo-inverse of H, as it
generalizes the inversion of ‘‘tall’’ full-rank matrices as solu-
tion of the least-squares over-determined linear system (24).
When the matrixH is not full-rank wemust resort to the more
powerful Moore-Penrose pseudo inverse [24], [25] which is
a unique generalization of the matrix inversion operation.
In the following, the Moore-Penrose pseudo inverse will be
indicated with a the + superscript. The general ZF precoding
matrix can be thus expressed as the Moore-Penrose pseudo
inverse of the channel matrix

UZF = H+, (26)

or derived following (25) using the Moore-Penrose pseudo
inverse for the inversion of the Gram matrix HHH

UZF =

(
HHH

)+
HH . (27)

While (27) is well posed, it hides an intrinsic computational
complexity due to the large size and rank deficiency of the
Gram matrix HHH. An equivalent, yet more efficient form,
is discussed in Annex A.

4) MINIMUM MEAN SQUARE ERROR
Linear Minimum Mean Square Error (L-MMSE) methods
have been first elaborated and developed in the area of linear
detection. They are formulated as the solution to the problem
of evaluating a linear matrix operator that minimizes some
statistical error metrics between the transmitted quantities
and their observations. Due to the statistical nature of the
optimization problem, knowledge of the the covariancematri-
ces of the transmitted signal and noise is necessary. In the
hypothesis of independent and identically distributed (IID)
random variables, the optimal linear detector has the form
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(
HHH+ I

)−1HH . Broadly speaking, precoding matrices of
the type

UMMSE =

(
HHH+ λI

)−1
HH , (28)

are indicated as linear MMSE precoders. The derivation
of (28) and the choice of the optimal λ parameter depends
on the formulation of the optimization problem. In non-
statistical terms, the solution (28) can be considered a reg-
ularized version of the left pseudo-inverse (25) where the λI
term is added as a perturbation to the Gram matrix HHH to
render it invertible. Optimization of λ according to a Signal to
Noise plus Interference (SNIR) criteria is described in [26].
A derivation of (28) as a power constrained MMSE transmit
filter is reported in [27] where λ is the Lagrange multiplier
associated to the power constraint. The close relationship to
the MMSE detector is demonstrated in the uplink-downlink
duality framework developed for characterizing the sum
capacity of the Gaussian Broadcast channel [28] and the
resulting optimality condition, λ = 1, will be used in the rest
of the paper. While the MMSE precoder (28) does not suffer
of rank deficiency, the complexity of its evaluation resides in
the size and of the Gram matrix HHH which derives from
a ‘‘fat’’ (i.e. the number of columns exceeds the number of
rows) channel matrix H. An equivalent, yet more efficient
form, is discussed in Annex A.

D. PRECODING MATRICES NORMALIZATION
The normalization of the precoding/beamforming matrix
plays an important role in properly accounting for prac-
tical payload limitations such as the per antenna element
power limitation affecting the DRA architecture (see Fig. 1).
The evaluation of U according to the principles described
in Sec. II-C, does not satisfies any normalization or power
constraints criteria. A normalised precoding/beamforming
matrix Û can then be introduced as

Û =

 û(1, 1) · · · û(1,NU )
...

...

û(NT , 1) · · · û(NT ,NU )

 . (29)

The normalised precoding/beamforming matrix Û, similarly
to the un-normalised matrixU, can be decomposed in column
vectors

Û =
[
ûC1 · · · ûCNU

]
, (30)

where the j-th column vector represents the array complex
weights for the j-th user and is given by

ûCj =

 û(1, j)
...

û(NT , j)

 . (31)

Alternatively, Û can be decomposed in row vectors as

Û =

 ûR1
...

ûRNT

 , (32)

where the n-th array component is given by

ûRn =
[
û(n, 1) · · · û(n,NU )

]
. (33)

Assuming the input signals of normalised unitary power,
the beamforming delivered power for user j with 1 ≤ j ≤ NU
can be computed as∣∣∣∣∣∣ûCj ∣∣∣∣∣∣2 = NT∑

n=1

|û(n, j)|2. (34)

Similarly the beamforming delivered power for antenna ele-
ment n with 1 ≤ n ≤ NT can be computed as∣∣∣∣∣∣ûRn ∣∣∣∣∣∣2 = NU∑

j=1

|û(n, j)|2. (35)

Depending on the power constraints, per user or per antenna
element, normalisation of the precoding/beamforming matrix
columns or rows have been introduced. To have a common
framework for the normalization we introduce a normaliza-
tion of the precoding/beamforming matrix to its Frobenius
norm defined as the square root of the sum of the absolute
squares of its elements. The overall precoding matrix squared
norm is then∣∣∣∣∣∣Û∣∣∣∣∣∣2

F
=

NT∑
i=1

NU∑
j=1

|û(i, j)|2

=

NT∑
j=1

∣∣∣∣∣∣ûRj ∣∣∣∣∣∣2 = NU∑
i=1

∣∣∣∣∣∣ûCi ∣∣∣∣∣∣2 ≤ 1, (36)

such that for a total satellite DRA RF power per carrier
PcT (where it is assumed that the total DRA available RF
power is equally distributed among the frequency slot car-
riers) the transmitted RF power per TDM carrier will be

Pc = PcT

∣∣∣∣∣∣Û∣∣∣∣∣∣2
F
≤ PcT . Similarly we have that the RF

power for the j-th user transmitted by the array is Pj =

PcT

∣∣∣∣∣∣ûCj ∣∣∣∣∣∣2 , and the power transmitted by the n-th antenna

element is Pn = PcT
∣∣∣∣ûRn ∣∣∣∣2 . The evaluation of the precod-

ing/beamforming matrix U according to Sec. II-C principles
does not satisfies normalization or power constraints criteria
and different strategies can be applied to normalise it while
enforcing relevant power constraints.

1) TARICCO’S PER USER AND ANTENNA ELEMENT POWER
NORMALIZATION
The following MIMO precoding matrix normalization was
proposed by Taricco in [6] for more conventional single feed
per beam payload. This normalization was inspired by [11] to
ensure that all the active users get the same RF power while
the per radiating element power limitation is not violated.
Analytically this can be formulated as a first normalization
such that all the users are allocated and identical transmit
power as

Ũ =
1
√
NT

U diag

{
1

||uC1 ||
, · · · ,

1

||uCNU ||

}
, (37)
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and as a second rescaling such that the power per rows does
not exceed the available power per antenna element

Û = diag
{
σ1, · · · , σNT

}
Ũ, (38)

with σn, 1 ≤ n ≤ NT , derived as
1 if ||ũRn || ≤

1
√
NT

1
√
NT ||ũRn ||

if ||ũRn || >
1
√
NT
.

(39)

2) TARICCO’S MODIFIED PER USER AND ANTENNA
ELEMENT POWER NORMALIZATION
This approach, proposed here by the authors, ensures that
while the same power is assigned to each user, theDRApower
per element is fully exploited at least for the highest value
element which was not the case for the original Taricco’s
formulation, at least for the case of M-MIMO where NT >
NU . The first normalization step is the same as in the previous
approach. Instead, the second step (38) is implemented in two
sub-steps as

σ ∗n =


1 if ||ũRn || ≤

1
√
NT

1
√
NT ||ũRn ||

if ||ũRn || >
1
√
NT
,

σn =


σ ∗n if max

p

∥∥∥ũRp ∥∥∥ ≥ 1
√
NT

1
√
NTmax

p

∥∥∥ũRp ∥∥∥ if max
p

∥∥∥ũRp ∥∥∥ < 1
√
NT
.
(40)

In this way we enforce that the Û precoding/beamforming
matrix largest antenna element norm is equal to 1/

√
NT . This

ensures that the DRA power dynamic is fully exploited.

3) CTTC’S PER USER AND ANTENNA ELEMENT POWER
NORMALIZATION
This approach was recently proposed in [35] as a variation
of the Taricco’s normalization proposal. The main difference
is that after normalizing the U precoding matrix per user is
also normalizing per antenna element norm for all elements to
exploit all the RF power available in the DRA at the expenses
of the co-channel interferencemitigation. Also in this case the
first step corresponds to a normalization of the columns to a
constant power per user (37), while for the second step (38)
is implemented with σn, 1 ≤ n ≤ NT , derived as

σn =
1

√
NT ||ũRn ||

, (41)

which corresponds to a normalization of all the row vectors
to 1/
√
NT .

E. FIGURES OF MERIT CALCULATIONS
1) POWER TRANSFER, SNR, INR, AND SNIR CALCULATIONS
The units and the normalisation of the channel matrix H and
of the precoding/beamforming matrix Û are such that we can

evaluate the power transmitted for the user j and received by
the user i, normalised to the noise power, as the power transfer

coefficient s(i, j) computed as s(i, j) = PcT

∣∣∣hRi ûCj
∣∣∣2 , which

can be arranged in a (NU × NU ) normalised power transfer
matrix S with elements

S =

 s(1, 1) · · · s(1,NU )
...

...

s(NU , 1) · · · s(NU ,NU )

 . (42)

Introducing the element-wise absolute square matrix operator
|·|

2 so thatB = |A|2 returns amatrixB of the same dimension
of A and entries equal to the absolute square of the entries of

A, b(i, j) = |a(i, j)|2, we can write S = PcT

∣∣∣HÛ
∣∣∣2 .

Recalling (1), the M-MIMO signal-to-noise, interference-
to-noise and signal-to-noise plus interference ratio for the
i-th user can be derived from relevant entries of the matrix S,
respectively

SNRM(i) = s(i, i), INRM(i) =
NU∑

j=1, j6=i

s(i, j), (43)

SNIRM(i) =
s(i, i)

1+
NU∑

j=1, j6=i
s(i, j)

=
SNRM(i)

1+ INRM(i)
. (44)

Thus the diagonal entries of the matrix S represent the useful
part of the transmission corresponding to the signal-to-noise-
ratio. All the off-diagonal elements are unwanted contribu-
tions that should be minimised. Taking the elements of the
i-th row, with the exclusion of the diagonal one, we get the
aggregate interference-to-noise ratio experienced by the i-th
user. While taking the i-th column, the off-diagonal elements
represent the power of the patterns for the i-th user leaking
in undesired directions normalized to the noise power. The
matrix S is generally non-symmetric.

2) THROUGHPUT CALCULATION
The system throughput can be derived from the signal-to-
noise plus interference ratio experienced by user i derived
in (44). The average system throughput calculation T is
computed as the expectation over the Ntrials users’ realization
of the aggregated throughput

∑NU
i=1 T (i) summing all users’

throughput contributions at each Monte Carlo realization of
the users’ distribution over the ROI. This can be formulated
as

T = E

{ NU∑
i=1

T (i)

}
, (45)

where the i-th user Shannon throughput is simply computed
as T S(i) = Rs log2(1 + SNIR(i)). Instead, assuming the use
of the DVB-S2X standard [9], the i-th user throughput is
derived as T S2X(i) = Rs ηS2X(SNIR(i)), where the function
ηS2X maps the DVB-S2X standard [9] spectral efficiency as
a function of the individual user SNIR dubbed SNIRi. The
details about the ηS2X function can be derived from [9].
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3) OUTAGE PROBABILITY CALCULATION
The outage probability4 for a specific M-MIMO or beam-
forming technique is simply derived asNout/NTOT whereNout
corresponds to the number of events for which SNIRi <
SNIRmin. The minimum SNIR value SNIRmin corresponds
to the minimum signal-to-noise plus interference ratio at
which the adaptive physical layer can decode a frame with
acceptable frame error rate probability. NTOT represents the
total number of simulated link events i.e. NTOT = NU Ntrials,
whereNtrials corresponds to the number ofMonte Carlo trials.

F. COLOUR FREQUENCY REUSE
In the above formulation applicable to the M-MIMO case
it has been assumed that all the active users share the same
frequency and polarization and said resource has been indi-
cated as carrier. The active antenna RF power available for
the carrier under consideration is termed PcT . In general,
the satellite payload may transmit an integer number of
carriers in the allocated bandwidth and polarization(s) and
the total satellite RF power PT must be split between the
carriers. The Sec. II-C2 beam assignment formulation can be
extended to the more conventional case of multibeam satellite
systems with colour frequency reuse allowing a seamless
assessment of system throughput and outage performance. As
per Sec. II-C2, we can consider an hexagonal lattice of beams
generated by an hexagonal lattice base matrix SMB with
beam-to-beam inter-distance defined by the normalised beam
spacing SnMB. While the overall lattice 3(SMB) is infinite,
the NB useful beams are defined by the set of beams centers
within the u, v disk of radius sin(ϑmax) as per (21).

Considering that the co-frequency beams satisfy peri-
odicity conditions, we can use the mathematical tool of
sub-lattices to identify co-frequency beams. A sub-lattice of
3(SMB) can be defined by mean of an integer non-singular
matrix M and is given by

3(SMBM) = 3(SMB)M. (46)

The matrix SMBM plays the role of a vectorial base for the
lattice 3(SMBM), which for our purposes will identify the
lattice of beams sharing the same frequency with the one
at the origin.5 Given SMBM, it is possible to introduce the
‘‘vectorial modulo’’ operation [29]. Two vectors in 3(SMB)
are said to be congruent modulo SMBM if their difference
belongs to 3(SMB). The vectorial modulo operation can be
used to induce on 3(SMB) a set of equivalence classes in
number equal to | det (M)|, called the index of 3(SMB) in
3(SMBM). Each equivalence class is a shifted version of
3(SMBM). For further details refer to [30].

4Because of having neglected the atmospheric fading attenuation as per
Sec. II-B4, the M-MIMO outage refers to AWGN and co-channel interfer-
ence effects only.

5For simplicity wewill consider the lattice of beams having a central beam
pointing at the center of the u, v coordinates. A different configuration is
easily obtained by mean of a trivial translation and will not be discussed
further.

FIGURE 7. Three colours beam lattice.

FIGURE 8. Three colours coverage assignment.

In the present context | det (M)| identifies the number of
different colours NC , NC = | det (M)|, and M the colour-
ing base. Two beams of the lattice 3(SMB) with pointing
direction sk and sl are co-frequency if and only if (sk − sl)
mod (SMBM) = 0, As an example, the following non unique
colouring bases M3 and M4 generates 3 and 4 colours fre-
quency reuse patterns:

M3 =

[
1 −1
1 2

]
, M4 =

[
2 0
0 2

]
. (47)

Figures 7 and 8 show beam lattices associated to the M3 and
M4 colouring bases. The lattices correspond to a normalised
beam spacing SnMB = 0.5 for an array size DA = 1.2 m.
Relevant coverage assignment based on best gain criteria is
shown in Figures 9 and 10, respectively.
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FIGURE 9. Four colours beam lattice.

FIGURE 10. Four colours coverage assignment.

The precoding/beamforming matrix generating the beam
lattice is described by the (NT × NB) phase matrix

UCFR =

 uCFR(1, 1) · · · uCFR(1,NB)
...

...

uCFR(NT , 1) · · · uCFR(NT ,NB)

 , (48)

where the generic (n, k) entry element is uCFR(n, k) =

exp ( −jk0 rn · sk ) .
We can now assume that for the k-th beam, COL(k) repre-

sents the assigned colour number, 1 ≤ c ≤ NC , and we can
introduce a beam colouring matrixCB of size (NB×NC ) with
binary entries

CB =

 cB(1, 1) · · · cB(1,NC )
...

...

cB(NB, 1) · · · cB(NB,NC )

 , (49)

where

cB(k, l) =

{
1 if COL(k) = l
0 otherwise.

(50)

The matrix product of CB with its transpose CB
T generates

the co-frequency beam matrix XB of size (NB × NB) whose
binary entries are true if the beams corresponding to the row
and column indexes share the same frequency. The matrixCB
can be computed as XB = CBCB

T , with

XB =

 xB(1, 1) · · · xB(1,NB)
...

...

xB(NB,NB) · · · xB(NB,NB)

 , (51)

where

xB(p, q) =

{
1 if COL(p) = COL(q)
0 otherwise.

(52)

The matrix XB is symmetric with unit diagonal elements and
can be used in conjunction with the user-to-beam assignment
function BEAM(i) to identify co-frequency users. For this
purpose, we need to map the co-frequency beam matrix XB
of size (NB × NB) in a co-frequency user matrix XU of size
(NU × NU ) described as

XU =

 xU (1, 1) · · · xU (1,NU )
...

...

xU (NU , 1) · · · xU (NU ,NU )

 , (53)

The mapping of XB in XU consists in assigning to xU (i, j)
the value of xB(p, q) with p = BEAM(i) and q = BEAM(j),
computed as

xU (i, j) = xB(BEAM(i),BEAM(j))

=

{
1 if COL(BEAM(i)) = COL(BEAM(j))
0 otherwise

(54)

In other words, the element xU (i, j) of the co-frequency user
matrix XU is equal to one when the i-th user and the j-th
user are assigned to co-frequency beams, zeros otherwise.
The co-frequency user matrixXU is itself a symmetric matrix
with unit diagonal elements and has the same dimensions of
the power transfer matrix S. They can be combined by mean
of the Hadamard product in a resulting co-frequency power
transfer matrix SCFR which takes into account frequency
assignments. The matrix SCFR can be computed as

SCFR = XU � S. (55)

The CFR signal-to-noise, interference-to-noise and signal-to-
noise plus interference ratio for the i-th user can be derived
from relevant entries of the matrix SCFR, respectively as

SNRC(i) = s(i, i), INRC(i) =
NU∑

j=1, j6=i

xU (i, j)s(i, j),

SNIRC(i) =
s(i, i)

1+
NU∑

j=1, j6=i
xU (i, j)s(i, j)

=
SNRC(i)

1+ INRC(i)
. (56)
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It is worth noting that to be coherent with the normalization
of the precoding/beamformingmatrix ||Û||2F , and considering
that the normalised matrix Û collects the steering vectors of
all the active beams for all the considered colours, the power
transfer coefficient s(i, j) must account for the total available
power PT for the set of considered colours as follows

s(i, j) = PT
∣∣∣hRi ûCj

∣∣∣2 , S = PT
∣∣∣HÛ

∣∣∣2 . (57)

The total capacity for the set of considered beams and
colours can be evaluated according to the formulation in
Sec. II-E2.

G. RADIO RESOURCE MANAGEMENT ASPECTS
The formulation developed for the assessment of the system
performance with a coloured frequency assessment consti-
tutes an useful framework for addressing the general problem
of resource management in a M-MIMO system and is prone
to further generalisations. An overview of RRM research
aspects for terrestrial Multi User MIMO systems is reported
in [31]. Reference [32] goes in the direction of separating
users for a satellite multi-beam system with precoding. How-
ever, the proposed approach is applicable to a single feed
multi-beam system, thus, not to a M-MIMO one. Further-
more, the proposed solution is based on geometric consid-
erations related to the beam configuration which allows to
implement the proposed beam sectorization approach. In our
M-MIMO system there is no notion of beam therefore this
approach is not applicable. Finally, the approach described
in [32] is heuristic and, as such, does not guarantee to be
overall optimal (e.g. in the instances of random selection of
unused resources within the allocation algorithm).

In a real operational scenario, the user distribution is an
uncontrollable input with non-uniform statistical distribution
and possible clustering due to hot spots in areas of high
user density. Still the users can be assigned to different radio
resources (time slots and/or frequency carriers) in a manner
that maximise the overall throughput. On one hand, analysing
the power transfer matrix S, it can be easily recognised that
the off-diagonal coefficients s(i, j) play a detrimental effect
in increasing the interference experienced by the i-th user.
M-MIMO techniques aim at reducing the interference by
properly shaping the precoding matrix Û but, especially for
closely spaced users, the precoding has reduced efficiency
due to the limited antenna resolution capability and to the
detrimental effect on the wanted user gain. On the other
hand, assigning the users to different time/frequency slots
nulls their reciprocal interference. As shown in Sec. II-F, this
effect can be modelled with a generalised co-channel matrix
X for which a unit entry identifies the assignment of the same
resource to the users with relevant row and column indexes.

Given a power transfer matrix S the resource management
problem can be cast in a colour assignment problem (in
terms of time6 or frequency resources) which for numeri-

6Resources TDM time slicing is the preferred approach for M-MIMO
where full frequency reuse is assumed.

cal tractability is formulated as a 0-1 integer programming
instance on the colouring matrix binary entries. We will
consider the number of colours C preassigned such that the
binary colouring matrixC is of size (N ×C), with N the total
number of users7

C =

 c(1, 1) · · · c(1,C)
...

...

c(N , 1) · · · c(N ,C)

 , (58)

considering that the i-th user can be assigned only to one
colour, the rows of C must satisfy the following linear con-
straint corresponding to one user per colour

C∑
c=1

c(i, c) = 1 ∀ i. (59)

The matrix product of C with its transpose CT generates
the co-channel matrix X of size (N × N ) with unit entries if
the users corresponding to the row and column indexes share
the same colourX = CCT .Considering that the central target
of the colour assignment is the reduction of the mutual inter-
ference we focus our attention on the off-diagonal elements
of the power transfer matrix introducing its diagonally null
part Q which we briefly term the interference matrix as

Q = S − diag {diag(S)} , q(i, j) =

{
0 if i = j
s(i, j) if i 6= j.

(60)

where the diag {·} operator is used accordingly to MATLAB
notation (i.e. returning a vector with the diagonal elements
of a square matrix, and returning a diagonal square matrix
if applied to a vector). The co-channel matrix X acts on the
interference matrix Q as selector of the co-channel interfer-
ence entries. Their Hadamard product, X � Q, returns the
co-channel interference contributions that must be accounted
for in the interference-to-noise ratio (INR) performance
assessment as

INR(i) =
N∑
j=1

x(i, j)q(i, j). (61)

The aggregated co-channel interference, evaluated as the
total interference-to-noise ratio INRT , can be assumed as a
figure of merit of the overall performance and satisfies the
following definition

INRT =
N∑
i=1

INR(i) =
N∑
i=1

N∑
j=1

x(i, j)q(i, j). (62)

In matrix form we can write INRT as INRT = 1T (Q� X) 1,
where the (N × 1) vector 1 has all unit entries. Vectorizing
the matrix C of size (N × C) into a column vector, vec(C),
of size (NC × 1) obtained by stacking the columns of C on
top of each other as

vec(C)= [c(1, 1), . . . , c(N , 1), . . . , c(1,C), . . . , c(N ,C)]T ,

7Not to be confused with the number of active users NU < N .
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(63)

and exploiting some matrix identities, we can formulate the
aggregated co-channel interference as a quadratic form on the
column vector vec(C) (see Appendix B for details) as

INRT = tr
(
CTQC

)
= (vec(C))T (I⊗Q) vec(C).

The resource management problem can be thus cast in a
Mixed Integer Quadratic Programming (MIQP) problemwith
the form

minimize [vec(C)]T (I⊗Q) vec(C)

subject to
C∑
j=1

c(i, j) = 1, c(i, j) ∈ {0, 1},
i = 1, ...,N ,
j = 1, ...,C .

(64)

Several techniques have been proposed for solving in exact
or sub-optimal manner MIQP problems. An efficient heuris-
tic approach has been proposed in [33] in the context of a
beam colouring problem which can be easily extended to the
present general problem.

Some comment is now in order regarding the self-
consistency of the optimization. In particular, it should be
noted that the matrix Q, which collects the mutual inter-
ference terms, is evaluated on the basis of a given precod-
ing/beamforming matrix. For ZF and MMSE, the precoding
accounts for the co-channel interference, thus the resource
management and precoding calculation results to be inter-
linked. A possible approach would consist in an iterative
optimization of the precoding and resource management.
However, its convergence is not guaranteed and additional
complexity is added to the precoding evaluation process.
Instead, for the MF and MB approaches, which take into
account only the information on the desired user (i.e. chan-
nel matrix row and user position, respectively), the precod-
ing/beamforming evaluation and the resource management
are decoupled problems that can be solved independently.

Finally, an a priori evaluation of the interference matrix Q
based on the mutual distance is possible and is proposed as
an effective solution to the resource management problem.
Neglecting the element gain variation gE (u, v) in equation (5)
and considering the uniform tapering with the normalised
array complex weights w = 1/

√
NT where the (NT × 1)

vector 1 has all unit entries, using equations (4), (5) and (14)
we can introduce a normalised array gain gA(u, v) for the
nadir prototype beam as

gA(u, v) =
1
√
NT

NT∑
n=1

exp [jk0(xnu+ ynv)]. (65)

The normalised interference term q0(i, j) can be thus eval-
uated as

q0(i, j) =
∣∣gA(ui − uj, vi − vj)∣∣2 . (66)

Considering that the strongmutual interference is due to close
spacing of the users, a Gaussian beam pattern approximation,

with 4 dB beam-width corresponding to the the array DA/λ
can be used. Alternatively, antenna masks based on different
beam zones (main beam, first sidelobes, far sidelobes) have
been proposed in [34] and can also be adopted to model the
interference dependency on the antenna pattern.

In the following, we adopted a further interference model
simplification to derive a RRM approach dubbed Minimum
Distance MIQP (MD-MIQP RRM). We assume that the
co-channel interference is dominated by the adjacent beams
pattern which envelope is related to the users distance with
an intensity inversely proportional to the squared distance.8

As a consequence, the RRM optimization aims to guarantee
that the normalized users’ minimum distance ρmin is larger
than a value to be experimentally derived by optimizing the
throughput. Once this optimum ρmin value has been found
we will also know the number of user which can be simul-
taneously served per slice, thus the number of (time) slices
required to serve the overall users’ population.

FIGURE 11. Example time slicing by means of MD-MIQP RRM.

An example of resource slicing with the proposed
MD-MIQP RRM is shown in Fig. 11 for a number of colours
(time slices) C = 10. The algorithm is run on a population

8The validity of this approximation is linked to the decay of side-
lobes of radiation patterns of uniformly illuminated apertures. As an
example, the voltage pattern of an uniform linear aperture of size DA is
sin (k0 uDA) /(k0 u). Due to the limitedness of the oscillating sinusoidal
term, the power pattern envelope is bounded by 1/ (k0 u)2, which is con-
sistent with the inversely squared distance proportionality.
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TABLE 1. Simulation system parameters.

of users uniformly distributed (black points). Each user is
assigned to a colour out of the ten available. Observing the
distribution of users sharing the same colour, identifiable as a
resource slice, it can be noticed that the user for each slice
exhibit a minimum distancing. In the following statistical
analysis of capacity, the users distributions will be generated
per slice satisfying a minimum distancing by mean of the
described Poisson circle distribution.

III. M-MIMO PERFORMANCE ANALYSIS
For assessing the M-MIMO performance we have been
selecting a couple of reference configurations based on a geo-
stationary (GEO) satellite with two different DRA sizes. The
GEO orbit selection is arbitrary as the model provided is also
applicable to other satellite orbits. However, techniques like
MF, ZF and MMSE will be even more challenging to imple-
ment for non GEO case due to the the more link dynamic
conditions. Table 1 summarizes the key system parameters
adopted for the following numerical simulations. When a
range of values is specified, it means that the sensitivity to
this specific parameter has been optimized in the specified
range.

The results reported in the following are organized in four
main classes: medium and large array9 size each subdivided
in reduced and relaxed array element spacing. For each class
we also consider two levels of RF power to assess its impact
on the system performance. The two array size classes allow
to understand the advantages of scaling the array physical
size while keeping the same RF power. For each class, two
sub-classes have been investigated i.e. reduced and relaxed
array spacing. The reduced array spacing was selected to
obtain a relatively high ratio for the number of array feeds
versus the number of active users (e.g. ≥ 5) to comply with

9Although full analysis and optimization of the large array has been
performed, we only report the summary results to limit the section length.

M-MIMO typical assumptions [1]. The relaxed spacing, still
compliant with the need to keep the grating lobes outside
the coverage area, was investigated to assess the performance
impact of a reduction in the number of array elements.
In this case, seeking for optimum performance, we have been
reducing NT /NU down to 1 but eventually selecting 2 as the
preferred value.

1) MEDIUM SIZE ARRAY WITH REDUCED SPACING
In Sec. II-D we have been showing different approaches to
normalize the precoding matrix norm. As a first step, we have
been investigating the best solution considering the fact that
the total satellite DRA RF power PcT is limited and the DRA
array element power is also bounded by the individual HPAs
maximum operating power in multi-carrier conditions Pmax

A
with Pmax

A = PcT /NT . Simulation results are summarized
in Table 2 for Shannon throughput and in Table 3 for DVB-
S2X physical layer. It is apparent that the approach proposed
by CTTC provides the best performance for all M-MIMO
schemes. In particular, by ensuring that all DRA HPAs are
driven at the same power level, we achieve the maximum use
of the available RF power in particular for ZF and MMSE
M-MIMO. Overall, the CTTC throughput improvement com-
pared to the Tariccco’s one is more than 200 % for ZF and
MMSE and at least 230 % for MF/MB. For the modified
Taricco normalization the CTTC improvement reduces to 9
% for MF/MB, 13 % for ZF and 16 % for MMSE. This
means that the benefit resulting from the extra RF power
made available by the CTTC normalization is superior to the
reduction in co-channel interference mitigation allowed by
the modified Taricco’s approach. This finding holds true also
for PcT = 4 kW. We also investigated the impact of removing
the first step in the power normalization corresponding to an
equal power allocation per user. It was found that removing
this condition has no visible impact for MF, MB and MMSE
techniques, while it is worsening the ZF performance.

Based on the above findings, the CTTC power normaliza-
tion has been adopted for the rest of the paper being the best
performer among all schemes.

As explained in Sec. II-G, in alternative to the uniform
random user distribution we proposed a minimum distance
algorithm to optimize the M-MIMO performance both in
terms of throughput maximization and outage minimization.
As first step, we optimized the normalized minimum distance
(see Sec. II-G) andwe found an optimum normalized distance
value of ρmin = 1.1. This finding has been confirmed also
for the case of 4 kW payload power and relaxed spacing. The
impact of adopting the proposed MD-MIQP RRM approach
is quite dramatic as shown in Table 4 and Table 5. The simula-
tion results clearly indicate the major advantage of using the
MD-MIQP RRM algorithm. For MF and MB the throughput
increase is around 75 %, while for MMSE the improvement
amounts to about 55 % being MMSE scheme more robust to
the co-channel interference. For ZF the throughput advantage
is about 170 %, but even more important, the related outage
probability reduction from 29 to 0.24 %.
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TABLE 2. Simulated M-MIMO Shannon throughput for a 1.2 × 1.2 m DRA
as a function of the precoding matrix normalization algorithm: total RF
power Pc

T = 2 kW, Rs = 500 Mbaud, NT /NU = 5, MD-MIQP RRM
ρmin = 1.1, MB beams normalized spacing Sn

MB = 0.2.

TABLE 3. Simulated M-MIMO DVB-S2X throughput for a 1.2 × 1.2 m DRA
as a function of the precoding matrix normalization algorithm: total RF
power Pc

T = 2 kW, Rs = 500 Mbaud, NT /NU = 5, MD-MIQP RRM
ρmin = 1.1, MB beams normalized spacing Sn

MB = 0.2.

TABLE 4. Simulated M-MIMO Shannon throughput for a 1.2 × 1.2 m DRA
as a function of the RRM algorithm: total RF power Pc

T = 2 kW, Rs = 500
Mbaud, NT /NU = 5, MB beams normalized spacing Sn

MB = 0.2.

TABLE 5. Simulated M-MIMO DVB-S2X throughput for a 1.2 × 1.2 m DRA
as a function of the RRM algorithm: total RF power Pc

T = 2 kW, Rs = 500
Mbaud, NT /NU = 5, MB beams normalized spacing Sn

MB = 0.2.

The MB normalized spacing SnMB = 0.2 adopted in
the simulations is based on an interesting result presented
in Fig. 12, where the throughput of the different M-MIMO
solutions is compared to the MB one when modifying the

FIGURE 12. Simulated M-MIMO DVB-S2X throughput for a 1.2 × 1.2 m
DRA as a function of the MB beam normalized beam spacing Sn

MB:
Pc

T = 2000 W, Rs = 500 Mbaud, NT /NU = 5, minimum distance RRM,
dA/λ = 1.6.

normalized beam spacing. It is apparent that, by decreas-
ing the fixed beam normalized spacing SnMB, the perfor-
mance difference between the MB and the MF is vanish-
ing. This is because the grid of fixed beams becomes so
fine that it allows to select the beam that is maximizing
the gain towards all users location as the MF does. It is
important to remark that, as elaborated in Sec. VI, the MB
is simply realized through a fixed beam pattern with an
input switch to connect the users to be served and any
instant without any need for user physical channel estima-
tion except for a raw position knowledge. This means that,
when accounting conventional M-MIMO performance with
channel estimation errors, the MB performance will be even
superior than the more complex solutions requiring channel
feedback.

This results is in contrast to the Viasat patent finding
reported in [36], where it is shown that with full frequency
reuse the optimum beam overlap is for a cross-over point of
−6 dB or more, i.e. for fairly separated beams. This finding
seems related to the system model adopted. In particular,
the assumption of a fixed Es/N0 value which has an impact
on the sensitivity analysis. Our approach is considered more
realistic as we fix the antenna size and the total RF power
and deriving the available Es/N0 as a function of the DRA
key parameters.

Finally, it is interesting to remark the limited performance
loss provided by theMB solution considering that, by exploit-
ing a fixed grid of beams, does not require any users’ channel
feedback and complex on-board computations like is the case
for MMSE, ZF and to a less extent for MF. More details
about the practical MB implementation aspects can be found
in Sec. VI.

For the medium size array case characterized by a squared
shape with lengthDA = 1.2 m, we have been first optimizing
the array element spacing dA/λ and then the ratio between the
number of array elements and active users NT /NU . Looking
at the results forNT /NU = 5 reported in Fig. 13, it is apparent
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FIGURE 13. Simulated M-MIMO DVB-S2X throughput for a 1.2 × 1.2 m
DRA as a function of the array element spacing dA/λ: Pc

T = 2000 W,
Rs = 500 Mbaud, NT /NU = 5, MD-MIQP RRM ρmin = 1.1, MB beams
normalized spacing Sn

MB = 0.2.

that for MB, MF and MMSE the throughput is optimized for
dA/λ = 1.6. Instead, for ZF the throughput is maximized for
NT /NU = 5 and dA/λ = 1.8. This is because the ZF outage
is not zero until dA/λ = 1.6.

We have also analyzed the throughput dependency on the
active antenna RF power PcT . The corresponding simulation
results are summarized in Table 6 and Table 7 for the Shannon
and DVB-S2X cases, respectively. It appears that by doubling
PcT from 2 kW to 4 kW with fixed bandwidth, MF and MB
techniques increase the throughput by 33 %, while ZF and
MMSE by 52 % for Shannon and about the same in case of
DVB-S2X. Instead, doubling the bandwidth and the power
will provide a 100 % throughput increase. Consequently,

TABLE 6. Simulated M-MIMO Shannon throughput for a 1.2 × 1.2 m DRA
as a function of the total RF power: Rs = 500 Mbaud, NT /NU = 5,
MD-MIQP RRM ρmin = 1.1, MB beams normalized spacing Sn

MB = 0.2.

TABLE 7. Simulated M-MIMO DVB-S2X throughput for a 1.2 × 1.2 m DRA
as a function of the total RF power: Rs = 500 Mbaud, NT /NU = 5,
MD-MIQP RRM ρ min = 1.1, MB beams normalized spacing Sn

MB = 0.2.

the latter solution is preferable considering that in Ka-band
the bandwidth available is up to 2.5 GHz.

2) MEDIUM SIZE ARRAY WITH RELAXED SPACING
As explained before, we also explored a relaxation of the
beam spacing to reduce the DRA complexity in terms of RF
chains and radiating elements for the same physical array
size. Looking at Fig. 14-(a) it appears that for NT /NU = 5
there is a marked monotonic reduction in the throughput
increasing the array spacing. Instead, by reducing NT /NU
to 2, as shown in Fig. 14-(b), the previously observed through-
put loss is almost completely recovered. This approach cor-
responds to keep constant the number of array elements NT
independently from the adopted spacing. However, lowering
further the NT /NU ratio down to 1 reduces the throughput.
This means that moving from dA/λ = 1.6 to dA/λ = 2.4
we can reduce the number of array elements and RF chains
from 2500 to 1156 (a factor 2.16) with a M-MIMO through-
put reduction of only 3 %. This result is counter-intuitive
as it seems to violate one key M-MIMO assumption but a
similar indication was highlighted in terrestrial M-MIMO
findings reported in [14]. This aspect will be clarified in
Sec. III-A.

TABLE 8. Optimized MB pragmatic M-MIMO parameters.

A. PRAGMATIC M-MIMO NUMERICAL RESULTS
SUMMARY AND CONSIDERATIONS
The best parameters derived for pragmatic M-MIMO
implementation with relaxed feed spacing are summarized
in Table 8. The simulated throughput summary exploit-
ing the optimized configurations is reported in Tables 9
and 10 for the Shannon and DVB-S2X cases. We observe
that the throughput is almost growing with the square of
the array dimension DA i.e. proportional to the array area.
Instead, as observed before, the throughput shows a loga-
rithmic dependency on the RF power. The optimized MB
MD-MIQPRRMM-MIMOperformance is closely following
the MF performance. Instead, the ZF algorithm performance
is penalised by the selected configuration. This is because
for this array element spacing, the ZF throughput is heav-
ily affected by the high outage probability. MMSE results,
although slightly better than MB, are assuming perfect chan-
nel estimation that, as previously discussed, is not achievable
in practice.
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FIGURE 14. Simulated M-MIMO DVB-S2X throughput for a 1.2 × 1.2 m DRA as a function of the array element spacing dA/λ: Pc
T = 2000 W,

Rs = 500 Mbaud, NT /NU = 2, 5, MD-MIQP RRM ρmin = 1.1, MB beams normalized spacing Sn
MB = 0.2.

TABLE 9. M-MIMO Shannon throughput results.

TABLE 10. M-MIMO DVB-S2X throughput results.

We now introduce the overall normalized payload system
efficiency defined as

ηP =
T

RsPcTD
2
A

[Mbps/(MBaud ·W ·m2]. (67)

The ηP figure of merit allows to account for normalized
throughput in terms of occupied user bandwidth, payload
RF power and DRA antenna area. Utilizing (67) we have
been deriving the normalized payload efficiency for the
M-MIMO configurations previously analyzed. The corre-
sponding results are reported in Table 11 and Table 12 for
the Shannon and DVB-S2X cases. It is interesting to remark
that the best normalized payload system efficiency results are
obtained for PcT = 2 kW. The payload system efficiency
improvement is maintained also by further reducing PcT .
However, by doing so, at a certain point we start to impact
the link availability. This is because in certain locations we
may reach the minimum SNIR supported by the air interface.

TABLE 11. M-MIMO Shannon normalized payload efficiency results.

TABLE 12. M-MIMO DVB-S2X normalized payload efficiency results.

Instead, ηP slightly degrades passing from DA = 2 m to 4 m.
Clearly the absolute throughput improves almost proportion-
ally to the DRA surface.

At this point, we provide a critical review of the previous
satellite M-MIMO analysis key findings taking into account
terrestrial M-MIMO myths considerations reported in [14].

More specifically:

1) M-MIMO works also in line-of-sight conditions (see
Myth 2 in [14]).

2) M-MIMO performance can be achieved by open loop
beam-forming techniques (see Myth 3 in [14]).

3) M-MIMO performance loss by linear processing is
modest (see Myth 5 in [14]).

4) M-MIMO does not require an order of magnitude more
antennas than users (see Myth 6 in [14]).

132228 VOLUME 8, 2020



P. Angeletti, R. De Gaudenzi: Pragmatic Approach to M-MIMO for Broadband Communication Satellites

Point 1) was one of the assumptions taken at the begin-
ning of this work supported by M-MIMO literature review.
We can also consider that the Myth 2 discussion in [14],
aiming at removing the worst-case users affecting the system
performance in a non favourable propagation environment
(i.e. not providing users’ orthogonality), is achieved by the
MD-MIQP RRM algorithm proposed. Point 2) is imple-
mented by means of the MB M-MIMO solution whereby
the users are assigned to the pre-formed beams providing
the highest gain. Differently from what discussed in [14]
for terrestrial systems, in our case the approach is scalable,
as the beam is selected solely based on the approximate user’s
geographical location which requires very limited signalling
information. Point 3) has not been investigated in this work.
However, work related to the downlink of multi-beam satel-
lite [37], has shown marginal gains adopting MMSE-SIC
techniques compared to more conventional frequency reuse
solutions. Point 4) has been confirmed by our findings show-
ing that the ratio between number of antenna elements and
active users around 2 achieves quasi optimum results. This
ratio is well below the typical order of magnitude normally
assumed for M-MIMO.

IV. CONVENTIONAL FREQUENCY REUSE SCHEME
PERFORMANCE ANALYSIS
This section is providing performance results of a more con-
ventional active payload antenna with the same key parame-
ters as the one used forM-MIMO. This approach allows a fair
comparison of the M-MIMO advantages. Conventional CFR
schemes, described in Sec. II-F, are partitioning the available
user link bandwidth RTOTs in Nc colours. This solution has
two main advantages compared to M-MIMO full frequency
reuse: a) reducing the other beams co-channel interference;
b) reducing the required feeder link bandwidth. Intuitively,
the consequent reduced beam user link bandwidth R TOT

s /Nc
compared to M-MIMO RTOTs , is expected to provide a lower
system throughput.

A. CONVENTIONAL FREQUENCY REUSE SYSTEM
PARAMETERS
For generating the conventional frequency reuse reference
system performance we have been selecting a couple of GEO
satellite antenna configurations similar to theM-MIMO ones.
Table 13 summarizes the key system parameters adopted for
the following numerical simulations. As before, when a range
of values is specified, it means that the sensitivity to this
specific parameter has been optimized in the specified range.
The number of colours is fixed to 4 as attempts to use 2 or
3 colours provided sub-optimum performance.

It should be remarked that is normal practice to separate the
beams by a normalized distance SnMB equal to 1 corresponding
to a beam cross-over of − 4 dB (see for example ACM
results for 4CFR reported in [36] also showing a very mild
dependency on the beam spacing). Instead, we will show,
that to boost DRA performance the normalized beam spacing
shall be considerably reduced.

TABLE 13. Simulation system parameters.

B. CFR NUMERICAL RESULTS
1) MEDIUM SIZE ARRAY WITH REDUCED SPACING
We first assessed the conventional 4 colour frequency reuse
scheme with the medium size 1.2 m DRA using the 2 kW RF
power assumption. Looking at the results reported in Fig. 15,
it is interesting to observe that for dA/λ = 1.6 (but the
same finding apply to dA/λ = 1.4), the throughput per-
formance are highly dependent on the normalized beam
spacing. The best result is obtained for SnMB = 0.5. This
means that also in a conventional 4 colour frequency reuse
scheme a quite large overlap among beams is preferable.
This approach creates a larger co-channel interference con-
tribution but increases the amount of simultaneous active
beams, hence served users, overall increasing the aggre-
gated throughput up to SnMB = 0.5. Beyond this value
the interference increase is not counterbalanced by the
number of active beams increase. It should be remarked
that this beam spacing approach is non conventional as
typical multi-beam antenna design assumes a normalized
spacing SnMB = 1.
Instead the DRA dependency on the radiating element

spacing resulted to be weak (see Fig. 16). For consis-
tency with M-MIMO results we for the reduced array spac-
ing we have been using the slightly sub-optimum value
of dA/λ = 1.6.

2) MEDIUM SIZE ARRAY WITH RELAXED SPACING
Similarly to what was done for the M-MIMO case, we have
investigated the impact of a relaxation of the DRA feed
elements distance to reduce the DRA complexity. The sim-
ulation results for a medium size array are summarized
in Fig. 17. It is evident that for CFRwith beam spacing SnMB =
0.5 the throughput dependency to the array feeds spacing is
mild up to dA/λ = 2.4 for which value there is a secondary
throughput peak. To this secondary peak corresponds a 1.2%
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FIGURE 15. Simulated 4 colours throughput for a 1.2 × 1.2 m DRA as a
function of the normalized beam spacing Sn

MB: Pc
T = 2000 W, Rs = 125

Mbaud, NB/NU = 1, array element spacing dA/λ = 1.6.

FIGURE 16. Simulated 4 colours throughput for a 1.2 × 1.2 m DRA as a
function of the array element spacing: Pc

T = 2000 W, Rs = 125 Mbaud,
NB/NU = 1, MB beams normalized spacing Sn

MB = 0.5.

throughput drop compared to dA/λ = 1.6. As remarked in
Sec. III-2, this spacing allows to achieve a substantial reduc-
tion in terms of array elements (factor 2.16) with a throughput
reduction limited to few percent. The throughput dependency
on the beam spacing is reported in Fig. 18. It is apparent that
the typical spacing adopted in DRA corresponding to dA/λ =
3.6 provides sub-optimum results i.e a throughput reduction
of 11% compared to dA/λ = 2.4. Additional simulations
results reported in Fig. 18, confirmed the optimum value
SnMB = 0.5 previously found for the case of reduced array
spacing.

C. SUMMARY COMPARISON OF CFR VS M-MIMO
RESULTS
In the following we provide a summary comparison of
throughput performance for the optimized M-MIMO and
4CFR / 4CFR++ configurations for the medium and large
array cases.

FIGURE 17. Simulated 4 colours throughput for a 1.2 × 1.2 DRA as a
function of the narrow array element spacing: Pc

T = 2000 W, Rs = 125
Mbaud, NB/NU = 1, MB beams normalized spacing Sn

MB = 0.5.

FIGURE 18. Simulated 4 colours throughput for a 1.2 × 1.2 m DRA as a
function of the relaxed normalized spacing Sn

MB: Pc
T = 2000, Rs = 125

Mbaud, NB/NU = 1, array element spacing dA/λ = 2.4.

1) MEDIUM ARRAY
The medium array M-MIMO and CFR comparison is
reported in Tables 14 and 15 for the Shannon and DVB-
S2X cases respectively. It is apparent that the great perfor-
mance improvement (i.e. a throughput doubling) provided by
4CFR++ over 4CFR. TheM-MIMOMBadds some extra per-
formance boost compared to 4CFR++. It should be recalled
that while the pragmatic MB-MIMO and 4CFR / 4CFR++

performance are achievable in practice, MMSE M-MIMO
represents a theoretical upper bound as it will require per-
fect channel estimation and complex on-board processing.
The MMSE throughput advantage compared to 4CFR and
M-MIMO-MB increases with the payload power because
of its capability to better cope with the co-channel inter-
ference. However, for a realistic RF power PcT = 2 kW
assumption, the M-MIMO-MB loss wrt to ideal MMSE is
only 9 %.
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TABLE 14. Throughput comparison 4CFR vs M-MIMO with Shannon for a
1.2 × 1.2 m DRA with optimized narrow feed spacing.

TABLE 15. Throughput comparison 4CFR vs M-MIMO with DVB-S2X for a
1.2 × 1.2 m DRA with optimized relaxed feed spacing (D/λ = 2.4).

2) LARGE ARRAY
The medium array M-MIMO and CFR comparison is
reported in Tables 16 and 17 for the Shannon and DVB-S2X
cases respectively. The same considerations reported for the
medium array case are also applicable here.

TABLE 16. Throughput comparison 4CFR vs M-MIMO with Shannon for a
2.0 × 2.0 m DRA with relaxed feed spacing (D/λ = 2.4).

TABLE 17. Throughput comparison 4CFR vs M-MIMO with DVB-S2X for a
2.0 × 2.0 m DRA with relaxed feed spacing (D/λ = 2.4).

V. OVERALL RESULTS SUMMARY
The summary of the throughput simulated exploiting the
optimized configurations are reported in Tables 18 and 19
for the Shannon and DVB-S2X cases. We observe that the

throughput is almost growing with the square of the array
dimension DA. Instead, as observed before, the throughput
shows a logarithmic dependency on the RF power. We also
remark that the MB M-MIMO approach closely follows the
MF performance. The ZF algorithm performance is instead
penalised for the selected DRA configuration, as for the
selected array spacing it is affected by heavy outage prob-
ability, thus not usable in practice. MMSE results, although
slightly better, are obtained assuming perfect channel esti-
mation. In practice, even assuming that the MMSE matrix
inversion is implementable, channel estimation errors and
other implementation aspects in a satellite systems will
make this scheme less appealing than the MB M-MIMO.
MB M-MIMO is also highly attractive for non GEO orbits
where the constellation dynamics will make solutions based
on channel estimate even less attractive.

The normalized payload efficiency results are reported
in Table 20 and Table 21 for the Shannon and DVB-S2X
cases. It is interesting to remark that the best results are
obtained for PcT = 2 kW while ηP slightly degrades passing
from DA = 2 m to 4 m. Clearly the absolute throughput
improves increasing the DRA size.

VI. A PRAGMATIC M-MIMO PAYLOAD DESIGN
The central stage of the payload is the bulk beamforming
stage constituted by a bi-dimensional fixed beam beamform-
ing (FB-BFN) matrix realizing the high-density fixed beam
lattice. A beam selecting matrix (BSM) allows to select and
address the active out of the full number of available ones
generated by the fixed beam beamforming matrix. A high
level block diagram is reported in Fig. 19.

Details of the beamforming stage of the payload are shown
in Fig. 20.

The FB-BFN matrix should generate a pre-defined set of
NB beams with beam centers corresponding to the points of
the lattice 3(SMB) within the disk of radius sin(ϑmax) in the
u, v space. Efficient techniques of beamforming pose addi-
tional constraints on the number of input ports and number of
output ports corresponding to real or fictitious array elements.
For this reason the FB-BFN matrix is shown to be oversized
with a number of input ports NFB and a number of output
ports NFT . Of the NFT output logic ports, NT correspond
to physical radiating elements. If the beamforming is per-
formed in the digital domain, this NT ports must be physi-
cally implemented with corresponding Digital-to-Analogue
mixed signal converters. Similarly to the total number of
input portsNFB of the fixed-beam beamforming matrix, some
of the input corresponds to beams with steering directions
outside the desired region-of-interest and do not need to be
interconnected to previous stages. The BSM has a number
of inputs equal to the number of instantaneous active users
NU and need to access the useful NB ports of the fixed-beam
beamforming matrix. While a general non-blocking architec-
ture would be suitable, complexity reduction of the number of
nodes of the beam selecting matrix can be obtained consider-
ing that some switching flexibility is realised by the previous
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TABLE 18. CFR and M-MIMO Shannon throughput results.

TABLE 19. CFR and M-MIMO DVB-S2X throughput results.

TABLE 20. CFR and M-MIMO Shannon normalized payload efficiency results.

TABLE 21. CFR and M-MIMO DVB-S2X normalized payload efficiency results.

FIGURE 19. High level block diagram of the pragmatic M-MIMO payload.
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TABLE 22. Proposed on-board processor architecture complex multiplications saving for MB and CFR++ techniques.

FIGURE 20. Details of the pragmatic M-MIMO payload.

stages of the payload or in the mapping of the feeder-link up-
link with the accessible inputs of the beam selecting matrix.

Concerning the fixed-beam beamforming matrix, it can
be realised by mean of efficient multistage networks which
exploit the ‘‘divide and conquer’’ paradigm for solving large
problems partitioning them in a set of smaller sub-problems
easier to solve. An example of multistage networks is Fast
Fourier Transform (FFT), which is complexity reduced tech-
nique to implement the Discrete Fourier Transform (DFT).
It can be applied to periodic 1D lattices of radiating elements
and periodic 1D lattices of fan-beams. Stacks of orthogonal
1D-FFTs can be employed in beamforming networks for
planar phased array with placement both of the radiating
elements and of the beams in a rectangular arrangement.
For non rectangular placement of the radiating elements
and/or beams, more complex theoretical frameworks must
be recalled as those relevant to the Multi-Dimensional FFT
(MD-FFT) [30]. Techniques based on MD-FFTs for planar
lattices are particularly well suited for periodic arrays and
have been implemented, tested and validated in a real-time
proof-of-concept demonstrator [38] for arrays with number
of beams to be generated equal to the number of antenna ele-
ments. In the present case, the high overlapping of the beams
requires an oversizing of theMD-FFT and FFT input pruning,
zero padding or Reconfigurable-MD-FFT architectures [42]
can offer further advantages in terms of complexity reduction
when there is a large unbalance in the numbers NB, NFB, NFT
and NT .
To appreciate the advantages in complexity reduction of

a multistage fixed-beam beamforming matrix based on a
multi-stage MD-FFT we have to compare it with the mul-

tiplicative complexity of a standard reconfigurable beam-
forming network generating NU beams with NT antenna
elements which would typically require NUNT complex
multiplications. The complexity of such a network would
make it impractical due to the associated power consump-
tion. Instead, the multiplicative complexity of a multistage
MD-FFT goes with N log2(N ), where N is at the worst
the maximum between NFB and NFT . Depending on the
amount of beam overlap, the proposed approach can pro-
vide a multiplicative complexity reduction factor from 4 to
100. Furthermore, while a standard reconfigurable BFNmust
rely on general purpose non optimised complex multipliers,
the arithmetic operators of the MD-FFT can be thoroughly
optimised. Table 22 provides more specific results in terms
of the percentage of complex multiplications reduction for
MB and CFR++ techniques applying the proposed payload
architecture. We observe that the gain is particularly large
(factor 100) for CFR++ with large DRA size. The gain is
less pronounced for the MB case (factor 3.7 max).

Finally it is worth mentioning that Fig. 19 and Fig. 20
refer to the simplified architecture for a single frequency
slot. In case of use of multiple frequency slots, an equivalent
number of parallel architectures (physical or logical) can
work contemporarily and can be frequency multiplexed at
element level.

VII. SUMMARY AND CONCLUSIONS
In this work we have been investigating a pragmatic approach
to applyM-MIMO techniques to satellite broadband telecom-
munication systems. The resulting system throughput per-
formances have been compared the achievable performance
with the ultimate theoretical M-MIMO performance requir-
ing complex on-board processing and cumbersome, not
scalable user link channel state estimation. The proposed
MB MIQDP-RRM M-MIMO design allows to approach the
M-MIMO performance with affordable system and payload
complexity without requiring users feedback except for a raw
estimate of their geographical location. To achieve this result
the following specific techniques have been developed:
• Novel RRM technique for M-MIMO to reduce
co-channel interference effects;

• M-MIMO DRA optimization methodology;
• DRA payload optimized architecture for supporting
pragmatic M-MIMO.

An alternative to pragmatic M-MIMO is to optimize the
design of DRAwhile exploiting conventional frequency reuse
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scheme. For this scenario the following solutions have been
developed:
• CFR DRA optimization methodology;
• DRA payload optimized architecture for optimized
CFR.

The main findings can be summarized as:
• MB MIQDP-RRM M-MIMO can get close to more
complex MF and MMSE solutions with affordable pay-
load complexity and no need for any user feedback apart
of the location information.

• For the optimized DRA parameters ZF M-MIMO is
under performing the other M-MIMO techniques.

• Optimized DRA design for CFR can get close to prag-
matic M-MIMO in terms of performance with even sim-
pler implementation and reduced feeder link bandwidth.

We also have found evidence that by improving the
throughput of such a system makes the physical layer to
operate in a relative low signal-to-noise plus interference
region typically corresponding to QPSK modulation format.
In this region the DVB-S2(X) standard is quite sub-optimum
compared to Shannon bound and there is a good potential
improvement looking at more efficient coding schemes for
this ‘‘low’’ spectral efficiency region. This is a recommended
research area for the DVB-S2(X) future evolution.

A. EFFICIENT EVALUATION OF ZF AND MMSE PRECODING
MATRICES
The evaluation of ZF (27) or MMSE (28) precoding matri-
ces is a computationally expensive operation which depends
on the well conditioning of the channel matrix H and
on its size (NU × NT ). A dominant element in both (27)
and (28) is the inversion of the Gram matrix HHH or
its diagonal regularization

(
HHH+ λI

)
, respectively. Both

matrices have size (NT × NT ). Furthermore, considering
that for M-MIMO NT > NU , the Gram matrix HHH is
not invertible and use must be done of the Moore-Penrose
pseudo inverse [24], [25] which generalize matrix inversion
to non-square and ill-conditionedmatrices. The uniqueness of
the Moore-Penrose pseudo inverse guarantees that whenever
either the left pseudo inverse

(
HHH

)−1HH , or the right
pseudo inverse HH

(
HHH

)−1 exists it coincides with the
unique Moore-Penrose pseudo inverse of H. At this point it
should be noted that while the computational cost of eval-
uating the two Gram matrices HHH and HHH is the same,
the second form exhibits a reduced size (NU × NU ) and it is
invertible in case the channel matrixH is full rank. Being the
computational cost of matrix inversion roughly proportional
to the third power of the size N of the matrix to invert,O(N 3)
the right pseudo inverse offers substantial computational
advantage for the evaluation of the zero forcing precoding
matrix

UZF = HH
(
HHH

)−1
. (68)

It may now be asked if the MMSE precoder (28) could be
obtained in a similarly efficient form as regularization of the

right pseudo inverse (68). In the following we demonstrates
that this question has a positive answer and that the MMSE
precoder can indeed be expressed as

UMMSE = HH
(
HHH

+ λI
)−1

, (69)

where the regularization constants λ of (28) and (69) are
identical.

To prove this result we can start from the formHHHHH
+

λHH . Factorizing left or right the matrix HH , we have

HHHHH
+ λHH

= HH
(
HHH

+ λI
)

=

(
HHH+ λI

)
HH . (70)

The eigenvalues of the the two Gram matrices HHH and
HHH coincide and are≥ 0. If λ is> 0, both

(
HHH

+ λI
)
and(

HHH+ λI
)
are invertible and Eq. (70) can be manipulated

multiplying right and left by the two inverses(
HHH+ λI

)−1
HH

(
HHH

+ λI
) (

HHH
+ λI

)−1
=

(
HHH+ λI

)−1 (
HHH+ λI

)
HH

(
HHH

+ λI
)−1

,

(71)

which can be simplified as(
HHH+ λI

)−1
HH
= HH

(
HHH

+ λI
)−1

. (72)

Equation (72) demonstrate the equivalence of (28) with (69)
and the superior complexity efficiency of the latter form
O(N 3

U ) with respect to the first O(N 3
T ).

B. AGGREGATED CO-CHANNEL INTERFERENCE
Let Q be a square real positive matrix of size (N ×N ) and C
a real positive matrix of size (N ×C), we are interested in the
scalar quantity

INRT = 1T
[
Q� (CCT )

]
1, (73)

where the (N × 1) vector 1 has all unit entries. Recalling
Lemma 7.5.2 in [39]

xH (A� B) y = tr
[
diag(x∗) A diag(y) BT

]
, (74)

substituting x = y = 1, A = Q, B = CCT , and noting that
diag(1) = I, and that the product CCT results in a symmetric
matrix such that (CCT )T = CCT , we obtain

1T
[
Q� (CCT )

]
1 = tr

(
QCCT

)
. (75)

The trace operator is invariant under cyclic permutations,
tr(ABC) = tr(CAB) = tr(BCA) (refer for example to proof
of Eq. 6.299 in [40]), thus we can write

tr
(
QCCT

)
= tr

(
CTQC

)
. (76)

We now make use of the vectorization of a matrix A of size
(P × Q) into a column vector vec(A) of size (PQ × 1) (first
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introduced in [41]) obtained by stacking the columns of the
matrix A on top of each other

vec(A) = [a(1, 1), . . . , a(P, 1), . . . , a(1,Q), . . . , a(P,Q)]T ,

(77)

and we exploit the compatibility of the vectorization
of a matrix with the Frobenius inner product (refer to
Eq. 2.11.1 in [41])

tr [AB] =
[
vec(AT )

]T
vec(B), (78)

which allows us writing

tr
{
CTQC

}
=

{
vec[(CTQ)T ]

}T
vec(C)

=

[
vec(QTC)

]T
vec(C). (79)

Finally, for the compatibility of vectorization with Kronecker
product, for the matrices F,G andH of sizes (P×Q), (Q×R)
and (R × S), respectively, the following identity holds true
(refer to Eq. 2.10 in [41])

vec(FGH) =
(
HT
⊗ F

)
vec(G). (80)

Substituting F = QT , G = C, and H = I, we can write[
vec(QTC)

]T
=

[(
IT ⊗QT

)
vec(C)

]T
= [vec(C)]T

(
IT ⊗QT

)T
= [vec(C)]T (I⊗Q) , (81)

which provides the final quadratic form

INRT = tr
(
CTQC

)
= [vec(C)]T (I⊗Q) vec(C). (82)
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