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EXECUTIVE SUMMARY

Task 3.3 is aimed at assessing the performance of the techniques selected from D3.1 and
designed in the companion document D3.2 in the DYNASAT mega-constellation. This interim
version of the task outcomes provides a detailed description of the simulator, the Key
Performance Indicators, and preliminary numerical results for the following techniques:

Multi-User Multiple Input Multiple Output (MU-MIMO) techniques

Both single and multiple satellites scenarios are available. The latter refers to the
possibility of covering hot-spot areas with a peak in the throughput request from
the on-ground users by exploiting a hybrid frequency reuse scheme in which a
portion of the coverage is served with N colours and the hot-spot sub-regions with
full frequency reuse and beamforming techniques. The following techniques have
been implemented, as thoroughly described in D3.2:

=  Minimum Mean Square Error (MMSE)
=  Multi-Beam (MB)
= Spatially Sampled MMSE (SS-MMSE)

The on-ground users can be fixed or moving according to the user terminal
scenarios described in 3GPP TS 22.261 and TR 38.821. The system parameters
are aligned with the specifications provided in TR 38.821 and TR 38.811, with the
only exception being the antenna array model on-board the satellites, defined in
ITU-R Recommendation M.2101 and in the DYNASAT Technical Note on “Satellite
Antenna Model.”

Multi-Connectivity techniques

o Both inter-beam single satellite NTN-NTN MC and inter-satellite NTN-NTN MC
candidate scenarios with LEO satellites and stationary (non-mobile) UEs available.

o Priority for NTN-NTN MC (no TN-NTN) asynchronous multi-connectivity.
o MC is assumed to use different frequency bands.

© DYNASAT Consortium 2020-2023 Page 3 of 82 -
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1 INTRODUCTION

In this Section, we report the MU-MIMO and Multi-Connectivity techniques selected for
preliminary numerical results in D3.1 and D4.1, respectively. For the sake of completeness, these
are briefly summarised in the following sections, before moving to the simulator descriptions and
outcomes.

1.1 MU-MIMO techniques

Based on the preliminary design of MU-MIMO techniques detailed in D3.2, the following
algorithms, summarised in Table 1, are considered for the preliminary assessment:

Minimum Mean Square Error (MMSE): this is a long-term technique, but it is already
considered for the short-term numerical assessment since it provides a benchmark
performance for the other techniques. This technique, which requires the knowledge of
the Channel State Information (CSI) vector of each user at the transmitter, can be
implemented in both the beam and feed spaces, with single and multiple satellites, and
with all of the proposed normalisations;

Multi-Beam (MB): this short-term technique is based on the excitation coefficients
providing the beamforming matrix for the desired beam lattice, with the precoding vector
of a given user terminal equal to the beamforming vector of its closest beam center. MB
precoding is implemented in the feed space only, since in the beam space it is equivalent
to a non-precoded system, and it can be exploited with single or multiple satellites. Finally,
given the built-in normalisation for the beamforming weights, this approach does not
require different normalisation solutions, since all of them lead to the same result;

Spatially Sampled MMSE (SS-MMSE): this short-term technique has been introduced in
D3.4 by observing that, for a given beam index reported by the user as in MB precoding,
in addition to the steering vector, the Network Control Center (NCC) can also estimate the
slant range by exploiting the known local topography and constellation orbital parameters.
This information is used to build an approximated MMSE matrix for the given beam center
direction, without taking into account other stochastic terms or impairments, e.g., large
scale losses or scintillation. This technique can be used in both the beam and feed spaces,
with single and multiple satellites, and with all of the proposed normalisations.

Table 1 - Summary of the MU-MIMO techniques retained from D3.2.

oo oA | Lin 2,
e . =l hin =9in 9in 77— | p7.©
MMSE (H"H + diag(a)ly,) “HY 4md;n |kBT; CSl

channel @user terminals
1

e = —e‘jkorn'cl’

MB W =b,;,j =arg min [le; — pell* VNr Beam ID
steering vectors @beam centers
j=arg min_ |lc; - pll? PR O oS R 1 -2
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The main characteristics and assumptions for each technique will be reviewed while describing
the simulator structure step-by-step in Section 2.1.
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1.2 Multi-connectivity techniques

The multi-connectivity is selected to be demonstrated in WP5 of the project. Techniques and
modelling related to multi-connectivity will be defined later in the project in D5.2. Here is described
initial ideas to model multi-connectivity in the demonstrations.

Algorithmic considerations for multi-connectivity from D3.2

¢ Whether to enable MC for a UE and under which conditions.
o How to split the traffic between the MN and SN.

Three potential MC scenarios have been identified in D5.1

1. Single satellite neighbouring multi-beam MC
2. Multi-satellite overlapping coverage FRF1 MC
3. Multi-satellite overlapping coverage FRF3 MC

Additionally, a simple MC scenario is described in the Section 3.1.4. The preliminary MC
simulation results are produced within this scenario and can be found from Section 3.1.3. In the
initial implementation for the preliminary results MC can be set only on/off for all UEs at simulation
initialization phase. When MC on mode is selected, then traffic is halved between MN and SN.
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2 MU-MIMO TECHNIQUES: SIMULATOR DESCRIPTION AND
PRELIMINARY NUMERICAL ASSESSMENT

In this Section, we report the description of the software simulator structure, assumptions, and
Key Performance Indicators (KPIs) for the benchmark algorithm (MMSE) and the short-term
techniques (MB and SS-MMSE). Then, the numerical assessment is provided for both a stand-
alone satellite and a swarm of satellites of the DYNASAT constellation.

2.1 Simulator structure and assumptions

The high-level block diagram of the software simulator for MU-MIMO is shown in Figure 1. The
following macro-blocks can be identified:

system configuration: the input parameters are used to identify any ancillary information
(e.g., the carrier frequency based on the operating band) and derived parameters (e.g.,
the receiver antenna model based on the receiver type) required in the simulator;

scenario generation: based on the desired system configuration, a stand-alone or
multiple satellite scenario is generated. This includes: i) the identification of the beam
radius; i) the generation of the on-ground beam lattice for the considered beam radius: iii)
the computation of the beamforming matrix for the desired beam lattice; and iv) the
computation of the pre-determined beamforming codebook for MB and SS-MMSE;

system deployment: the Monte Carlo simulation is run. At each iteration: i) the users are
uniformly distributed in the coverage area; ii) they estimate their reference beam (MB, SS-
MMSE) or CSI (MMSE); iii) the users and the satellite are moved to their new locations
after a delay that includes the precoding and scheduling processing at the ground
segment; iv) the precoded signals are sent from the satellites and received at the user
terminals, defining the Signal-to-Interference-plus-Noise Ratio (SINR);

Key Performance Indicators: the average system performance and the related
Cumulative Distribution Function (CDF) curves are obtained, as detailed below.

Input parameters

v

SYSTEM

Derived CONFIGURATION
T

SCENARIO

" GENERATION
Users'
{} e Beamforming
.| codebooks

SYSTEM
DEPLOYMENT

Ancillary
parameters

Beamforming

Users & satellite

movement . @

Estimation phase |

Transmission Average
phase ‘ performance

KEY PERFORMANCE
INDICATORS

Figure 1 - MU-MIMO simulator structure.
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2.1.1 System configuration

In this macro-block, the input parameters are provided to the simulator so as to obtain a set of
ancillary and derived parameters that will be needed in the following blocks. Below, we describe
these parameters, also reporting the main assumptions and/or references for their values. As for
the latter, it shall be noticed that the logic in the simulator construction was to be as much as
possible aligned to the 3GPP Non-Terrestrial Network (NTN) Study ltems, while being aligned
with the DYNASAT objectives and design principles.

Table 2 - Input parameters and allowed ranges.

System band S, Ka

Beamforming space feed, beam

Receiver type VSAT, handheld

Receiver scenario fixed, pedestrian, public safety, vehicular, aircraft
Propagation scenario pLOS, LOS, NLOS

Total on-board power density > 0 W/MHz

Number of tiers > 1 tier

User density > 0 users/km?

The input parameters, reported in Table 2 with the allowed ranges, define the scenario?:

system band: as per 3GPP TR 38.821, [1], both S and Ka band systems can be simulated.
Depending on the selected band, different values of the carrier frequency, f., and user
bandwidth, B;g, are possible, as reported in Table 3. It shall be noticed that, while the
simulator gives the possibility to simulate Ka-band systems for any evaluation that might
be needed in the future, the focus of the project is on S-band systems;

beamforming space: as extensively discussed in D3.2, beamforming is implemented in
both the feed and the beam space, with the former that is expected to provide better results
in terms of the average system capacity;

receiver type and scenario: both Very Small Aperture Terminal (VSAT) and handheld
terminals are considered, as defined in TR 38.821. Moreover, both terminal types can be
considered as fixed or moving with different speeds, denoted as v, as defined in 3GPP
TS 22.261, [2], and reported in Table 4. While all combinations are possible, there are
some of them that will not be considered in the numerical assessment since not
reasonable (e.g., VSAT terminals with pedestrian speed) or currently not foreseen by
3GPP (e.g., VSAT for public safety). In addition, it is worth to mention that in TR 38.821 a
refinement of these cases was introduced, in which the public safety receiver can be either
a handheld terminal travelling at 100 km/h or a VSAT travelling at 250 km/h, which
motivates the presence of two public safety scenarios in Table 4. Please note that, while
the project focuses on handheld terminals, VSAT terminals are considered so as to have
a performance benchmark to understand the impact of directive radiation patterns with
large gain on the MU-MIMO performance.

propagation scenario: this parameter defines the propagation environment based on TR
38.821 and TR 38.811. In patrticular, the following options are available: i) pure Line-Of-
Sight (pLOS) scenario, in which only the free space loss and the phase rotation due to the
slant range are considered, in addition to noise and interference; ii) a LOS scenario, in

11t shall be noticed that, while these parameters are those identifying the simulation scenario, other parameters that
are considered as ancillary can be modified, if needed.
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which log-normal fading (shadowing), atmospheric losses, and scintillation are included;
and iii) a Non-LOS (NLOS) scenario in which the users also experience a Clutter Loss
(CL). For the LOS and NLOS scenarios, we refer to TR 38.811, [3], in which three
propagation environments are defined: urban, sub-urban, and dense urban; the
computation and logic behind these losses are summarised in the next sections, when
discussing the channel coefficients;

total on-board power density: this is the total power density available per satellite, Py geps,
in Watts per MHz. The values for this parameter are obtained from 3GPP TR 38.821;

number of tiers: this parameter, n;;.,., provides the number of tiers around the central
beam located at the Sub Satellite Point (SSP) in the stand-alone scenario or the number
of tiers covered by the satellites swarm in the multiple satellite scenario;

user density: this value, §;7, defines the number of users per square km that are uniformly
distributed in the coverage area at each Monte Carlo iteration.

Table 3 - System carrier frequency and user bandwidth, [1].

S-band 2 30
Ka-band 20 400

Table 4 - Receiver characteristics per scenario, [2].

Fixed 0 VSAT, handheld
Pedestrian? 3 handheld
Public safety A 100 handheld
Public safety B 250 VSAT
Vehicular 250 VSAT
Aircraft 1000 VSAT

The ancillary parameters that are defined based on the system configuration are reported in Table
5 and described below:

beam edge gain: this parameter defines the radiation pattern value at beam edge with
respect to the beam center and it is fixed to AG.q4. = —3 dB, if not otherwise specified;

satellite altitude: altitude of the satellite above the ground level, hg;;
SSP coordinates: latitude and longitude coordinates of the satellites’ SSPs;

satellite antenna array: parameters required for the definition of the on-board antenna
array for each satellite. As per D2.1, this includes:

the number of radiating elements on the horizontal and vertical array axis, ny and
ny, respectively;

the horizontal and vertical spacing of the elements, dy = 0.551 and d, = 0.554,
respectively, with A being the signal wavelength;

the radiating element gain, G,;[dBi] = 5.3 dBi;

2 The pedestrian terminal speed is not defined by 3GPP and defined assuming an average running/fast walking person.
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the 3 dB bandwidth of the single element on the array horizontal and vertical axis,
O345 = 90° and @345 = 90°, respectively;

the front-to-back ratio on the array horizontal and vertical axis, 4,, = 30 dB and
SLA,, = 30 dB, respectively;

UE antenna parameters: depending on the receiver type, the antenna configuration
detailed in TR 38.821 and reported in Table 6 are considered. It shall be noticed that in
TR 38.821 itis stated that a 3 dB polarisation loss shall be included for handheld terminals;
however, since the two array elements at the receiver provide an antenna gain of 3 dBi,
we are considering an overall antenna gain equal to 0 dBi for these receivers.

Table 5 — Ancillary and derived parameters and allowed ranges.

Beam edge gain <0dB

600 km or 610 km based on the DYNASAT
constellation parameters

SSP coordinates global latitude and longitude coordinates

parameters defining the planar antenna array on-
board each satellite
parameters defining the UT receiver antenna as
per TR 38.821

Satellite altitude

Satellite antenna array
UT antenna parameters

Table 6 - Receiving antenna parameters, [3].

Directional, with 60 cm diameter omnidirectional with 2 radiating

AN o (model provided in TR 38.811) elements
Polarisation circular linear

RX antenna gain G{) [dBi] 39.7 dBi 0 dBi per element
Antenna temperature T, [K] 150 K 290 K
Noise figure Ny[dB] 1.2 dB 7dB

Based on the above configuration and parameters, the following additional data can be obtained:

satellite field of view (FoV): angular field of view of the satellite

=sin~! (—) [deg] (D
P RE + hsat 8
where Rz = 6371 km is the Earth radius assuming a spherical Earth model;

total on-board power: total power available on-board each satellite for the transmission,
computed as

P.[dB] = Py gens[dB] + 101log, Byg )

With respect to the total power, it is worth mentioning that the handheld terminals
experience a 3 dB polarisation loss due to the linear polarisation; however, since there
are 2 radiating elements, this loss is compensated as per TR 38.821. Thus, equation (2)
applies to both VSAT and handheld terminals.

noise power: total noise power at the receiver, defined as follows:
Py[dB] = N¢[dB] + 101ogso(To[K] + (To[K] = To[K])~O*"rl¢5]) 3

where T, = 290 K is the reference ambient temperature;
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satellite antenna gain: maximum antenna gain from the on-board array, defined as

Gr(rfga)c = G, + 10log,o nyny = 35.4 dBi 4
2.1.2 Scenario generation

In this block of the simulator, the multi-beam scenario is created for a stand-alone satellite or a
swarm of Ng satellites depending on the number of SSP coordinates values, which then allows to
compute the beamforming matrix and the pre-computed precoding matrices for the MB and SS-
MMSE algorithms.

To this aim, the first step is the identification of the beam radius based on the following procedure:

a single beam below the SSP is generated in (u,v) coordinates. Let us denote by p the
M x 2 array of (u, v) coordinates for the considered directions, i.e., p; = [u;, v;] with (u;, v;)
being the coordinates of the i-th direction. Based on the antenna model in D2.1 and the
MU-MIMO design in D3.2, the radiation pattern in the i-th direction, when beamforming is
not yet implemented, is obtained as:

nyny nyny

9 (u, v;) = gg(uy, v;) Z In(u,vy) = gg(u;, vy) Z elkotnPi (5)
n=1 n=1

with r,, being the position of the n-th antenna array element on its plane. The nyny-
dimensional unit-norm beamforming vector in the direction of the SSP, (0,0), is given by:

nyny

Z eJkorn C (6)
Jnyny

Thus, the radiation pattern in the i-th direction when beamforming is implemented to obtain
a beam directed towards the SSP can be written as:

b=

nyny

9572 1, v) = g (g, 0) Z 9 (s VD3 (i V) = Beea ity v @

where greeq (U, v;), With greean (Wi, v;) = gg (i, v1) gn (uy, v;), is the nyny, -dimensional row
vector of array radiation patterns in the i-th direction and H denotes the Hermitian
operator;

the beamwidth, 9,443, is obtained by first finding the coordinates of the directions at which
the above radiation pattern is AG.44. dB below the value at the beam boresight direction:
{(w,v): 2010g10 |90 (w v)| - 612, < —AGegge) ®)

then, since many coordinates will satisfy this condition (basically all directions outside the
desired beam footprint), the angle is obtained as the angle between the beam center

direction (SSP) and the direction at which we obtain the value of 201log, |gb ) (u, v)|
G, that is the closest to —AG,qg . dB.

Once 944 is known, the beam lattice is built with the procedure reported in TR 38.821. In
particular, the Adjacent Beam Spacing (ABS) in (u, v) coordinates is defined as:

3 Differently from the literature and 3GPP specifications, in which this angle is denoted as 9345 because beams are
typically identified at -3 dB from the beam center, we use this nomenclature to highlight that we might also use different
values at beam edge, AGegge.
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ABS = V3sin 9,44 €))

This value defines the beam radius on the (u, v) plane that can be used to generate the desired
hexagonal beam lattice with n,,, tiers. As an example, let us assume to operate in S-band, thus
implying that f, = 2 GHz and 4 = 0.1499 m, and the antenna model in D2.1 and D3.2, with ny =
ny = 32. The procedure defined by equations (5) to (8) leads to 944, = 1.4325° and, thus, ABS =

0.0433.

T T T T T
oN X beam centers | |
52°30'N [ i
/
X
52°N |- el
)
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51°N - 4
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50 km [ x ) 5
50°30'N 20 mi BELGINEL/ —
| L L | | Esri, HERE, Garmin, USGS
3°E 4°E 5°E 6°E 7°E 8°E
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Figure 2 - Example of a beam lattice in S-band with n,,,, = 5 and a stand-alone satellite.
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Figure 3 - Example of a beam lattice in S-band with n,,,, = 5 and two satellites.

In Figure 2, we show the beam lattice obtained with this procedure for a satellite with SSP located
at 5.1863°E and 51.7757°N, in which n;;,, = 5 tiers around the SSP were generated. In Figure 3,
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we show the beam lattice that is jointly covered by two satellites of the DYNASAT constellation
at (5.1863°E,51.7757°N) and (7.9965°E, 52.0327°N) (further details on this scenario are reported
in the next sections). Notably, the beam elongations in opposite directions that can be observed
with multiple satellites are due to the different locations from which the beams are generated. This
scenario corresponds to a hot-spot case, in which a specific area is experiencing a large
throughput request from the users, which can only be met by means of aggressive frequency
reuse schemes with beamforming and precoding. Please note that, for the sake of simplicity, we
are considering that all beams are in the hot-spot region; however, in the next phase of the study,
we will consider a larger coverage area with a 3 or 4 colours frequency reuse scheme in which
one or more smaller regions with adjacent beams requesting larger connectivity are present. This
situation is shown in Figure 4 for a stand-alone satellite, to highlight that these traffic conditions
will be addressed with one or more satellites. The hot-spot areas will be covered by the satellites
by means of full frequency reuse (shown in blue in the figures below), exploiting MU-MIMO
techniques, while the remaining colours will be used to cover the other beams in which no traffic
request peak is present.

AN 4
~— i
) p | S
< ) S — \.: \.’\
e ,.\ po— o —
(@) 1 hot-spot area (b) 2 hot-spot areas

Figure 4 - Example of hot-spot scenarios with a stand-alone satellite.
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Figure 5 - Example of the antenna gain in [dBi] in S-band with n;,,. = 5 and a stand-alone satellite.

© DYNASAT Consortium 2020-2023 Page 20 of 82 -



D3.4: Bandwidth Efficient Techniques evaluation DYNASAT »

Once the coordinates of the desired beam centers are available, the beamforming matrix can be
obtained as reported in equation (6) for the case of a single beam. In particular, in the multiple

satellites scenario, a beamforming matrix is computed for each satellite. By denoting as cj(s) the
(u,v) coordinates of the j-th beam center, with j =1,..,Nz, from the s-th satellite, the
corresponding Ny X Ny beamforming matrix, with N = nyny, is given by:

ngny
1 (s),.(s)

- el kot "°¢; (10)
Vil =

with r,&” being the position vector of the n-th radiating element on-board the s-th satellite. Figure
5 and Figure 6 show the resulting antenna gain values for uniformly distributed users in the beam
lattice with the stand-alone and two satellites scenarios, respectively; in the latter case, the
antenna gain is shown for one satellite only. These gains were obtained with the antenna model
introduced in D2.1 and D3.2.

BO = [b{",...,b$) |, with bfs) =
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Figure 6 - Example of one antenna gain in [dBi] in S-band with n;;,, = 5 and two satellites.
2.1.2.1 MB and SS-MMSE codebooks for stand-alone satellites

The last operation performed in this step is the computation of the pre-determined beamforming
codebooks for the MB and SS-MMSE techniques. While the details for these algorithms are
provided in deliverable D3.2, hereafter we only report the most relevant aspects.

With MB precoding, the precoding matrix is given by the steering vectors in the directions of the
beam centers previously defined from each satellite:
2
(s) _ (s) () (s) : ) _ 1) K6 _ : ) _
W, = [w:'1 s W ,...,w:_NB] ,withw,}” =b7, b7, j = arg min ”ci pk” (11)

As extensively discussed in D3.2, this algorithm does not need different normalisation
approaches, given the normalisation of the beamforming coefficients in (6). Thus, the following
normalised precoding matrix is considered:

- P
Wy = o Wain (12)
tr (WMB (ws2) )
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with P, computed as shown in equation (2). In Figure 7, we show the EIRP allocated to each beam
(i.e., the beam space precoding case) with the three normalisations.
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Figure 7 - EIRP allocations with beam space SS-MMSE precoding per beam with a stand-alone satellite.

It can be noticed that SPC and MPC do not allocate the same EIRP level to all beams, since the
proportions are defined by the MMSE algorithm. Moreover, the proportions of EIRP allocated by
these two normalisations are the same, with MPC being scaled down by a constant factor on all
beams. This is in line with the above equations and with the fact that neither SPC nor MPC modify
the orthogonality in the MMSE precoding matrix. With PAC, all beams are allocated the same
amount of power: in this example, we have Ny = 91 beams and P; 4.,s = 4 dBW/MHz, leading to
an on-board available EIRP = 54.17 dBW, i.e., 34.58 dBW per beam.

2.1.2.2 MB and SS-MMSE codebooks for multiple satellites

With SS-MMSE precoding, the MMSE algorithm is used by pre-computing the channel
coefficients based on the knowledge of the beam index to which a user is associated (per satellite)
and on the satellite orbital parameters:

Wss_wuse = AP (AAY + diag(@)ly, ) BY (13)

where H = [HD, ..., H"s)] is the total channel matrix from the N satellites towards the Ny users.
In the feed space, the generic (i, n)-th coefficient between the i-th beam center and the n-th feed
on-board the s-th satellite is estimated based on the above mentioned information as follows:

3 1 1 2T (s)
h(feed,s) — otxs) (rxs) 7 e T2 %n (14)
in gz,n in 47Td$3 KBTi

where dl(sn) is the slant range between the i-th beam center and the n-th feed on-board the s-th
satellite, which can be assumed to depend only on the satellite and user indexes. In the beam
space, we have a similar channel with the only exception being that the coefficients are computed
per beam, i.e., between the i-th beam center and the j-th beam generated from the s-th satellite:

Elglb}eam,s) (tx,s) (rx.s) A 1 e—jz—ﬂdgs.) (15)

= q. N A7
9ij 9u "6 [kBT, !
l’]
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In the above estimated channel coefficients, it can be noticed that all the terms can be obtained
by knowing the beam center location, the satellite orbital parameters, and topography information
for the currently covered portion of the Earth’s surface. Finally, with this algorithm all of the
normalisations defined in D3.2 are required:

Sum Power Constraint (SPC)

Wss_mmse = NPt T Wss_mmse (16)
tr(Wss_mmse Wss—mmse)

Maximum Power Constraint (MPC)

Ns Py

Wss_mmse = Wss_mumsE 17)

2
N5k, max [l |

Per Antenna Constraint (PAC)

- Py . 1 1
WSS—MM5E=\j;dlag<”w ”,---' w ||>WSS—MMSE (18)
1,: K,

In the above normalisations, K is either equal to Nr or to Ng, for feed space and beam space
precoding, respectively. In addition, when multiple satellites are considered, two additional
normalisations were introduced in D3.2:

satellite-SPC (sSPC): SPC guarantees that the total power emitted from the Ny satellites
does not exceed NgP;, but there is no upper bound to the power emitted by a single
satellite in the swarm, which can be larger than P;. Thus, observing that the precoding
matrix in (13) contains can be factorised as Wss_yysg = [WS(?_MMSE; ...;WS(’SV_SI)WMSE], with

Ws(é)_MMSE representing the precoding coefficients from the s-th satellite, the SPC

normalisation is applied on a satellite-basis:

_ P
W : w s=1,..,Ng (19)

SS—MMSE — © © HN VVSS—MMSE’
tr (WSS—MMSE (WSS—MMSE) )

satellite-MPC (sMPC): following the same approach, also the MPC normalisation can be
applied on a satellite basis, so as to guarantee that each satellites emits, from at least one
beam/feed, the maximum power per beam/feed. Thus:

v(s) Pt

_ (s)
Wos_mmse = s Wed sk (20)

K max ”w,ES,)
k=1,..K i

Figure 8 shows the EIRP allocations, with the same parameters considered for the stand-alone
scenario, with two satellites. On the left, with SPC, MPC, and PAC, we can notice the same
behaviour as that reported in Figure 7, with the only exception being the number of beams: in this
case, although the on-ground coverage contains Ny = 91 beams, we are transmitting from
NgNp = 182 equivalent antennas on-board two satellites. On the right, the sSPC and sMPC
normalisations are shown; it can be noticed that the power allocations are different for each beam,
but not the same as those for SPC and MPC: in this case, we are normalising on a satellite-basis
and, thus, the orthogonality in the optimal MMSE solution is slightly disrupted (the orthogonality
is maintained on a satellite-basis).
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Figure 8 - EIRP allocations with beam space SS-MMSE precoding per beam with multiple satellites.
2.1.3 System deployment

This block implements a Monte Carlo simulation for the numerical assessment in the scenario
identified in the previous steps. The numerical assessment is provided with MB and SS-MMSE
precoding and the performance benchmark is the one obtained with MMSE precoding and ideal
CSI estimates at the transmitter side. In the following paragraphs, we thoroughly describe each
step that is performed at each iteration.

2.1.3.1 Users’ deployment

In the coverage area defined by the desired beam lattice, Ny; = [SyrAcop] USErs are uniformly
distributed in latitude and longitude coordinates. The users are strictly located inside the beams
identified in the beam lattice, i.e., no user is experiencing a radiation pattern value that is below
—AG,q4. dB compared to that at beam center. Figure 9 shows an example with 5,z = 1 users/km?
and n;;. = 5, which leads to Nyz = 57155 users in the coverage area (clearly, with uniformly
distributed users in different iterations there might be a different number of users); it can be
noticed that indeed no user is located outside of the desired coverage area. This example is
shown in Figure 5 for a stand-alone satellite.
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51°40'N £+

50°50'N
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(@) (b)

Figure 9 - Example of users' deployment with §,; = 1 users/km? and a stand-alone satellite.
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For each user, the following set of additional parameters, based on their locations and on the

N, ()
% . ii) the Earth

()

i

1

SSPs’ positions, is obtained: i) the elevation angle, &/ = cos~

2 2
central angle, AES) = 90°—ei(s) —sin™?! (\/(uf”) + (vl.(s)) ); i) the slant range, dl@ =

2% , _ _ : _
Ry ——==——; iv) the latitude and longitude coordinates; and v) the (9, () coordinates to
() ()
compute the radiating element pattern.

Based on these additional parameters, the antenna gain from each feed (feed space precoding)

or beam (beam space precoding) is computed for each satellite, i.e., gi(_tj"'s). Figure 10 provides
an example of beamformed antenna gain in the considered scenario, in the beam space, for
beams 4 and 37. Figure 11 shows the two satellites scenario. Then, the best serving beam from
the best satellite is identified for each user as the one providing the largest gain, leading to the

largest received signal power.
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50 km |
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(a) beam 4 (b) beam 37

Figure 10 - Example of beamformed antenna gain with &,z = 1 users/km? and a stand-alone satellite.
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Figure 11 - Example of beamformed antenna gain with 6,z = 1 users/km? and a two satellites.
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2.1.3.2 Estimation phase

In this step, two critical operations are performed: i) the users are scheduled for being served;
and ii) the CSI vectors for MMSE precoding are computed.
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Figure 12 -Example of scheduled users in two time frames for the stand-alone satellite scenario.
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Figure 13 - Example of scheduled users in two time frames for the two satellites scenario.

With respect to scheduling, it shall be noticed that, in this preliminary evaluation of the short-term
MU-MIMO techniques: i) no advanced RRM algorithm is considered; and ii) all users are assumed
to request the same amount of traffic, i.e., the traffic distribution is uniform. Based on these two
assumptions, the users are randomly scheduled. In particular, at each time frame one user from
each beam is randomly selected to be served and the total number of time frames is computed
SO as to guarantee that all users are served. Since in each beam there is a variable number of
users, when all users from a beam have been served, they are again included in the pool of
available users. Clearly, this is a simplified assumption* and in future releases of this document,
based on the DYNASAT study outcomes, proper RRM algorithms will be included together with

4 These assumptions are in line with the full buffer traffic model also adopted in 3GPP studies.
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a non-uniform traffic request as, for instance, the one proposed in [4]. Figure 12 and Figure 13
show an example of scheduling in the stand-alone and two satellites scenarios, respectively.

As for the CSI estimation, which is required only for MMSE precoding and it is thus assumed to
be ideal to provide a comparison with an optimal benchmark solution, the following channel
coefficients are estimated from each satellite for the feed and beam spaces, respectively:

(s)
y L; 2 (), (s)
hg’;eed’s) = gi(_if’s) gi(;lx’s) — | e T Yinel? n=1,.., Np (21)

(s) )
47‘[di'n kBT;

(s)
A L 2T () . (s)
pbeams) _ [(xs) ((rxs) 7| L, —igdijje; ,J=1,..,N, 22
i,j ij Yij 41Td£sj) kBT, e e’ ,j B (22)

where, differently from the terms that have been introduced above for the beam centers and
MB/SS-MMSE precoding, we are now computing the channel coefficients at each user’s location;

in addition, LES,{ and ng? represent the additional losses between the i-th user and the n-th feed

or j-th beam of the s-th satellite, respectively, that were not taken into account before since they
cannot be known in advance®. The additional losses included in this software are based on TR
38.821 and TR 38.811 and take into account: i) the shadow fading, as a long-normal random
variable; ii) the Clutter Loss (CL), when the terminal is in NLOS conditions; iii) the scintillation
loss; and iv) the gaseous absorption. The large scale losses are computed as per Section 6.6 in
TR 38.811, summarised below for the sake of completeness referring to the generic i-th user:

the LOS probability is a function of the user’s elevation angle and the environment in which it is located.
Thus, for each satellite, the elevation angle is first used as an entry for

Table 7 to identify the probability with which the user is in LOS or NLOS conditions. If the
user is in LOS conditions, then the large scale loss only includes a shadow fading term,
computed as a realisation of a log-normal random variable with a standard deviation ogp
defined by the elevation angle and the propagation environment; if the user is in NLOS
conditions, in addition to the shadow fading term, there is also a CL term, again computed
as a function of the elevation angle and the environment. The CL and shadow fading
standard deviation are reported in Table 8;

Table 7 - LoS probability as a function of the elevation angle and the propagation environment, [3].

10° 28.2% 24.6% 78.2%
20° 33.1% 38.6% 86.9%
30° 39.8% 49.3% 91.9%
40° 46.8% 61.3% 92.9%
50° 53.7% 72.6% 93.5%
60° 61.2% 80.5% 94.0%
70° 73.8% 91.9% 94.9%
80° 82.0% 96.8% 95.2%
90° 98.1% 99.2% 99.8%

5 The possibility to also adopt techniques to predict the additional losses, as those due to atmospheric events, can be
considered for future activities.
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Table 8 - Shadow fading and clutter loss for dense-urban, urban, and sub-urban/rural scenarios, [3].

S S-band
Scenario Z\égtllaon NLOS NeS
asp[dB] [CL[dB CL|dB
3.5

10° . 155 34.3 2.9 17.1 44.3
20° 3.4 13.9 30.9 2.4 17.1 39.9
c 30° 2.9 12.4 29.0 2.7 15.6 375
S 40° 3.0 11.7 27.7 2.4 14.6 35.8
5 50° 3.1 10.6 26.8 2.4 14.2 34.6
£ 60° 2.7 10.5 26.2 2.7 12.6 33.8
= 70° 2.5 10.1 25.8 2.6 12.1 33.3
80° 2.3 9.2 255 2.8 12.3 33.0
90° 1.2 9.2 255 0.6 12.3 32.9
10° 4 6 34.3 4 6 44.3
20° 4 6 30.9 4 6 39.9
30° 4 6 29.0 4 6 375
40° 4 6 27.7 4 6 35.8
50° 4 6 26.8 4 6 34.6
60° 4 6 26.2 4 6 33.8
70° 4 6 25.8 4 6 33.3
80° 4 6 255 4 6 33.0
90° 4 6 255 4 6 32.9
10° 1.79 8.93 1952 1.9 10.7 29.5
- 20° 1.14 9.08  18.17 1.6 10.0 24.6
S 30° 1.14 878 1842 1.9 11.2 21.9
= 40° 0.92 10.25  18.28 2.3 11.6 20.0
3 50° 1.42 1056  18.63 2.7 11.8 18.7
= 60° 1.56 10.74  17.68 3.1 10.8 17.8
E 70° 0.85 10.17  16.50 3.0 10.8 17.2
80° 0.72 1152 16.30 3.6 10.8 16.9
90° 0.72 1152 16.30 0.4 10.8 16.8

o as for scintillation, the procedure in Section 6.6 of TR 38.811 is considered, as also
reported in D2.1 for link budget computations;

« with respect to the gaseous absorption, ITU-R Recommendation P. 676 is used to
compute the zenith attenuation, which is then adjusted based on the elevation angle:

A(gas) — Azenith
L sin g;

The computation of these terms is defined as estimation phase since it is the moment in which
the users estimate their CSI and/or their reference beam index, so as to correctly implement the
considered precoding techniques. It is separated from the transmission phase, in which the
precoded symbols are sent from the satellite to the scheduled users, because the satellites moved
along their orbits and, for moving users, also the users’ locations are changed. Consequently,
both the stochastic and the non-stochastic (depending on the elevation angle) terms in the
additional losses can be significantly different from those used in the estimation phase, leading
to a performance loss due to the misalignment between the transmission conditions and the

precoding matrices. Finally, (p(s) models a random phase offset to take into account any difference

i
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in the synchronisation between the satellites’ oscillators, distributed as a uniform random variable
between 0 and 2.

2.1.3.3 Users and satellites movement

In this section of the software tool, the movement of the users and the satellites in the considered
system is taken into account. In particular, as described in D3.2, we have to take into account that
the pre-computed precoding matrices (MB and SS-MMSE) and the CSl-based precoding matrix
(MMSE) are based on the estimates that users perform at a time instant t,, for the deployment
considered above and shown in the figures. As extensively discussed in D3.2, the estimated
information then has to be sent back to the gNB-CU for Centralised Precoding Computation (CPC)
or to the on-board gNB-DU for Distributed Precoding Computation (DPC), in order to compute the
precoding and scheduling matrices. Thus, the delay between the estimation instant and that in
which precoding actually happens is given by:

At = tytmax t 2treeder + 2t + 1, (23)

where t,: mayx IS the maximum propagation delay for the user terminals requesting connectivity in
the coverage area towards the farthest satellite, tr..q.r is the delay on the feeder link between
the satellite (perhaps in another swarm) connected to the GW (and, thus, to the reference gNB-
CU) for CPC, t, is the latency related to routing of the information through the ISLs, and ¢, is the
processing delay to compute the precoding matrix. When DPC is implemented, the latency to
obtain the users’ information and compute the precoding matrix is given by t,;max +t, oOnly;
however, in order to also obtain the users’ symbols to be precoded, the other terms have to be
considered and, thus, no difference arises between CPC and DPC from this point of view.

Assuming a negligible impact of the routing and processing delays®, users that can see the
satellites with an elevation as low as 30°, and that the GW is seen by the satellite physically
connected to the network at 10° (worst case assumption), we obtain At = 0.0167 s for the dual
satellite scenario previously introduced; clearly, other values can be obtained in case a different
number of satellites is taken into account and when including the routing and processing delays,
but this value already provides a realistic performance assessment when taking into account the
difference between the channel matrix in the estimation phase and that in the transmission phase.
In this time interval, both the users and the satellites moved and, thus: i) the best serving beam
for a user might not be the estimated one; and ii) the estimated CSI vectors might be different
from the estimated ones. With respect to the latter, apart from the different slant ranges and
antenna gains, a different realisation of the random variables defining the large scale and
scintillation losses. Finally, it shall be noticed that, since the satellite is moving, also the on-ground
beam lattice will be moved accordingly.

With respect to the users, their movement is modelled based on the speed reported in Table 4.
To this aim, we assume that each user is moving in a random direction distributed as a uniform
random variable between 0° and 360° with respect to the z-axis in an Earth-Centered Earth-Fixed
(ECEF) reference system, i.e., with respect to the North Pole. Let us denote by y; the random
direction and by vyr; the speed in km/h for the generic i-th user; in the time interval At, this user
moves from a location p; ; = (latto_i,lontoi) to a new location pp.; = (latAt_i,lonAt,i) that are
separated by an angle with respect to the Earth center given by:

180 At " vUE,i
i T 36R, [deg] (24)
Let us denote by ﬁgif”) and ﬁg'iiEF) the starting and final locations of the user in ECEF

coordinates, where:

6 A detailed analysis on these aspects will be provided in the next phase of the study, i.e., D3.5 or D3.6.
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cos lat;, ; coslong ;
~(ECEF) _ §i .
i =|cos lat; ;sinlon, ;
i sinlat; ;
cos laty; ; cos lonyg ;
~(ECEF) _ ;
pei ) = |coslat sinlony (25)
sinlaty ;

It can be shown that:

—sin §; (sin latpg ; coslong ; cos P; + sinlon, ; sin zpi) + cos §; cos laty ; cos lon, ;

~(ECEF) _ . . : . .
Pyr; ~ = |—sing; (sm latp,; sinlon, ; cosi; — coslon, ; sin zpl-) + cos §; cos laty ; sinlong ; (26)

sin §; cos laty, ; cos f; + cos §; sinlaty, ;
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Figure 14 - Beam centers, SSP, and user locations at t, and t; = t, + At in the stand-alone scenario.

From the above coordinates, it is straightforward to obtain the latitude and longitude coordinates:

— «in—1 =(ECEF,z)
laty; = sin™" Py, ;

lonyg,; = atan2 (S, pECEF)) 27)
Figure 14 shows an example of users and satellite locations after At = 0.0167 s; in this figure, the
aircraft receiver type was assumed, with vy = 1000 km/h. While the new beam edges and the
SSP locations can be observed, the users are almost in the same position. This is reasonable,
since, in this limited time interval, an aircraft travelled for 4.6 m, approximately. Thus, we can
expect that the user movement, in this context, does not significantly affect the system
performance, while the satellite movement might have a more relevant impact.

2.1.3.4 Transmission phase

In this step, the actual user channel vectors are computed so as to assess the system
performance. Thus, the new coordinates obtained in the previous phase are exploited in order to
obtain the actual radiation pattern values, new slant ranges, and current additional losses (large
scale and scintillation). The channel coefficients are obtained from the same equations provided
above and reported here for the sake of clarity:
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(s)
~ A L 2T L (s) . (s)
(feed,s) _ _(tx,s) (rx,s) , (
i ~ Jin Jin Amd® KBTie g s N (28)
in
2 LES? 2 (o

Y il gy j=1,..,Ng (29)

E@eam,s) (tx,s) _(r'x,s)
LJj LJj 4ndlgsj) KBTL-

= i

where the tilde highlights that these are different channels compared to those obtained in the
estimation phase (for MMSE) and in the system configuration phase (for MB and SS-MMSE).
Notably, this misalignment might have a significant impact on the MMSE performance, in
particular when the additional losses are included in the scenario; as for MB and SS-MMSE, they
are based on approximated channels coefficients computed for the beam centers and, thus, they
are expected to be less sensitive to such impairments.

As previously mentioned, for the time being no advanced RRM algorithm is implemented and the
users are randomly scheduled. In particular, at each time frame one user per beam is randomly
selected and the number of time frames is computed so as to ensure that all users in all beams
have been served at least once. It shall be also noticed that, for MMSE in the feed space, there
would be no need for a beam lattice generation; however, for the sake of a fair comparison with
MB and SS-MMSE, which require the lattice also in the feed space, we still consider the random
user selection on a beam-basis. Moreover, this approach also gives the implicit advantage of
limiting the time frames in which two users too close to each other are scheduled together, which
is detrimental for the precoding performance as detailed in [5]. The random scheduling algorithm,
denoted by §, thus defines a Ny X N matrix Q in which the generic j-th column contains the
indexes of the users to be served in the j-th time frame. In future WP3 activities, advanced RRM
algorithms will be considered.

Table 9 - Summary of possible precoding-normalisation combinations for the numerical assessment.

SPC, MPC, PAC
HhISIE (sSPC, SMPC)

MB SPC
SPC, MPC, PAC

S (SSPC, SMPC)
SPC, MPC, PAC

HLISIE (sSPC, SMPC)
S MMSE SPC, MPC, PAC

(sSPC, sMPC)
Focusing on the generic time frame, the signal received at the corresponding user terminals can
be written as reported in D3.2:

y) = HEeed W D@ 4 7(@); feed space
y(]) —_ H(beam)W;Q)s(Q) + Z(Q): beam space (30)

where x denotes the combination of precoding algorithm and normalisation exploited at the
transmitter side. The possible combinations are summarised in Table 9.

2.1.4 Key Performance Indicators

Based on the received symbols, the Key Performance Indicators (KPI) of each user scheduled in
the j-th time frame can be obtained. In particular, the Nz X Nz power transfer matrix is obtained:

2
A@ = H(feed)wJEQ) : feed space
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2
AD = H(beam)wqu) : beam space (31)

As extensively discussed in D3.2, this matrix contains the intended users’ power on the diagonal
elements, while the off-diagonal elements contain the interference received from each of the other
users’ signals. Based on this matrix, it is thus possible to easily compute the received Signal-to-
Noise Ratio (SNR) and Interference-to-Noise Ratio (INR):

SNR = a@ (k, k)

Np

INRP = Z a@ (k, i) (32)
i=1
i#k

From these values, we are able to also obtain:

(@
NR . . . . .
the SINR, SINR,((‘” _ SNR, /(1 INR("))' since the noise power is already included in
+
k

the channel coefficients, as previously discussed;

@
SNRk/ “
Q)

INR,

- - - Shannon limit
QPSK SE K 120,642
— ' [@@)
25 | — 16QAMSE , Or+0.602
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Figure 15 - 5G ModCods spectral efficiency values compared to the Shannon bound.

Finally, the spectral efficiency with which each user in each time frame is served is obtained
through the Shannon bound formula:

@ = log, (1 + SINR,((‘”) (33)

With respect to the spectral efficiency, it shall be highlighted that the Shannon formula provides
the theoretical upper bound for a given SINR level. However, there are advanced ModCod
techniques that lead to spectral efficiency values that are extremely close to the Shannon bound.
This is the case of 5G systems or DVB-S2X systems. Figure 15 shows the Shannon limit and the
theoretical spectral efficiency curves of finite modulations for AWGN channel. In the same figure,
we report the spectral efficiency of ModCods for 5G systems based on LDPC codes of different
rate, obtained by computer simulations based on the software described in Annex A. In particular,
the points correspond to the SINR needed to achieve a bit error rate of 10 in the hypothesis of
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AWGN channel. The results show that the spectral efficiency of these ModCods is extremely
close to the upper bound. Another important aspect is that the 5G system ModCods have a fine
granularity due to the availability of many codes with different rate. For this reason, we use
equation (33) to obtain the maximum spectral efficiency that the users would obtain in AWGN
channel in order to have a general analysis that is not dependent on the specific ModCod or
amount of allocated resources/signalling in the 5G time-frequency resource grid. It is worth
noticing that a loss in spectral efficiency should be expected in real systems due to the overhead
of the cyclic prefix and to the signalling to manage, for example, system aspects and mobility.

From the performance of each user in each time frame, for each of the numerical iterations
considered in the assessment, the average KPIs are computed:

SNR = Ey,qm {SNRY™}
INR = Eyqm {INRS™}
SINR = Ejeqm {SINRS™}
STR = Eyequm {SIRZ™}
7= Eiqm (1) (33)

where the additional index m refers to the Monte Carlo iteration. In addition to the average
performance, in order to obtain a more detailed overview of the system performance, we also
derive the CDF functions of the above metrics, for each scenario and technique-normalisation.
Clearly, the finite packet length prevents the system from achieving the maximum theoretical
performance; while this aspect will be taken into account in the next activities, these results
already allow to identify the most relevant trends in the system performance.

52°30'N 52°30°'N ~

Latitude
Latitude

51°30'N + 51°30'N ~

51°N k 51°N

|50 km |50 km
50°30N Hoom T S0°30N ffaom |

3°E 4°E 5°E 6°E Te 3°E 4°E 5°E 6°E TE
Longitude Longitude

(a) SINR [dB] (b) spectral efficiency [bit/s/Hz]

Figure 16 - Example of MMSE-SPC precoding: SINR and spectral efficiency.

Figure 16, Figure 17, and Figure 18 show an example of feed space precoding with MMSE SPC,
PAC, and MPC normalisations, respectively. These examples were obtained for fixed VSAT
terminals in the stand-alone scenario operating in S-band and they refer to a single iteration of
the Monte Carlo simulation. The propagation scenario is LOS in a dense urban environment, with
P; gens = 4 dBW and n., = 5. In line with the exhaustive discussion in the next section, SPC
provides the best performance, with MPC quite close to this optimum; as for PAC, the system
suffers from the extended interference caused by the disruption of the orthogonality in the
precoding matrix columns.
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Figure 17 - Example of MMSE-PAC precoding: SINR and spectral efficiency.
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Figure 18 - Example of MMSE-MPC precoding: SINR and spectral efficiency.

2.2 Performance assessment

In this section, we report the outcomes of the extensive numerical assessment performed for the
system defined above. The list of scenarios is reported in Table 10. For each scenario, fixed and
public safety (v, = 250 km/h) terminals are considered; moreover, both the stand-alone and the
dual satellite hot-spot scenario are evaluated, with more satellites to be considered in future
activities. With respect to the precoding technique, the considered combinations are those
previously reported in Table 9. For each scenario, the KPIs discussed above are computed and
evaluated: average values and CDFs of the SNR, SINR, SIR, INR, and achievable spectral
efficiency. The parameters of the numerical simulations are reported in Table 11. While the user
density might seem limited, it shall be recalled that we are not considering scheduling algorithms
and, thus, the user density does not impact the overall performance, as long as the number of
Monte Carlo iterations guarantees the system convergence.

Table 10 - List of scenarios for the numerical assessment.

Propagation Environment Space Terminal

VSAT
LeE ) ST handheld
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dense urban

LOS urban

sub-urban

dense urban

NLOS urban

sub-urban

DYNASAT ™

Table 11 - Parameters of the numerical assessment.

System band

Beamforming space

Receiver type

Receiver scenario

Propagation scenario

Total on-board power density Py gens
Number of tiers n;;e,

User density éyg

Radiation pattern at beam edge AGqg.
Monte Carlo iterations

2.2.1 Stand-alone satellite scenario

feed SR
handheld
beam SR
handheld
VSAT
CEL handheld
beam =l
handheld
VSAT
L handheld
beam oAl
handheld
VSAT
LSl handheld
beam Al
handheld
VSAT
IS handheld
beam SR
handheld
VSAT
[EEE handheld
beam Uil
handheld
VSAT
D handheld
feed, beam

VSAT, handheld
fixed, public safety
pLOS, LOS, NLOS
0,4,8,12 dBW/MHz

0.5 users/km?

For the stand-alone scenario, the precoding algorithms are MMSE (benchmark) and SS-MMSE
for beam space precoding, while in the feed space we also include MB (which has the same
performance of the non-precoded system in the beam space). In terms of normalisations, SPC,
MPC, and PAC are considered for the MMSE and SS-MMSE algorithms; as shown in D3.2, with

the MB approach all normalisations lead to the same precoding matrix.
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2.2.1.1 Fixed terminals

We first focus on the pure LOS scenario, in which, as described above, the channel coefficients
do no include any additional loss as per TR 38.821 and TR 38.811, but it only accounts for free
space loss, noise, and phase rotation due to the slant range. Figure 19 shows the average
spectral efficiency and Table 12 reports the corresponding values in a heatmap, to give a clear
overview of the major trends. In general, the following behaviours can be observed:

MMSE precoding provides a better performance compared to SS-MMSE and the non-
precoded scenario, as expected. However, with low power and handheld terminals the
SS-MMSE approach is relatively close to the performance of MMSE. This is motivated by
observing that, when the power increases and in particular with VSAT terminals that have
a large receiving antenna gain, there is a more critical need for a better interference
limitation, i.e., to avoid any approximation in the precoding matrix, and thus the MMSE
precoder provides significantly better results. In scenarios with a reduced need for
interference limitation, the SS-MMSE is a good solution;
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Figure 19 - Average spectral efficiency [bit/s/Hz] for the pLOS scenario in the beam space, stand-alone
satellite.

in terms of normalisations, SPC always provides the best performance as expected.
However, this approach does not guarantee that an antenna or feed does not exceed the
power it can emit and, thus, the MPC and PAC solutions should be preferred. Comparing
them, it can be noticed that the MPC is significantly better when the interference in the
system is larger, i.e., for VSAT terminals with large antenna gains (all antennas are ideally
pointed towards the co-located feeds on-board the satellite): in this case, it is fundamental
to keep the orthogonality in the precoding matrix columns. With handheld terminals, both
for MMSE and SS-MMSE, as long as the power is limited, it is more important to increase
the SNR and, thus, PAC is better: this solution guarantees that each feed or antenna emits
the same power level, while perturbing the precoding orthogonality. When the power is
increased, interference becomes more impacting and MPC is again the best option;

Table 12 - Average spectral efficiency [bit/s/Hz] for the pLOS scenario in the beam space, stand-alone

satellite.
Scenario MMSE MMSE MMSE | SS-MMSE | SS-MMSE | SS-MMSE NoP
SPC MPC PAC SPC MPC PAC
VSAT
0 dBW/MHz 3.1111 | 2.7334 | 0.1457 1.2331 1.1724 0.1540 0.9457
VSAT 3.3670 | 2.9290 | 0.1046 1.2436 1.1897 0.1395 0.9457
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4 dBW/MHzZ
VSAT 36412 | 3.1492 | 00860 | 1.2521 1.2106 01317 | 0.9457
8 dBW/MHz | = : : : : : .
VSAT
Lo dowin, | 39163 | 33797 | 00760 | 12540 1.1985 01190 | 0.9451
Handheld
o e | 06434 | 05249 | 0.6391 | 0.5024 0.4386 04985 | 0.4139
Handheld
e, | 0.9049 | 0.7193 | 0.8860 | 06797 0.5738 06655 | 0.6157
Handheld
g uaenel | 11460 | 0.9489 | 1.0009 | 08167 0.7076 07839 | 0.7722
Handheld
Lo e | 15061 | 1.3371 | 1.2062 | 0.9741 0.9141 0.8808 | 0.9025

comparing the two considered user equipment types, VSATs provide a much better
performance thanks to the significantly larger antenna gain compared to handheld
terminals. In this scenario, it is worth noticing that there is no advantage of VSATSs related
to interference rejection with the directive radiation pattern, since it is assumed that all of
the UEs’ antennas are ideally pointed towards the single satellite, with the legit assumption
of co-located antenna feeds;

finally, observing the trends as a function of the transmission power’, a larger power
allocation leads to larger average rate values. However, this does not apply for VSAT
terminals in the absence of precoding: in this case, the intended and interfering power
levels change accordingly and, as a consequence, the SINR level is almost constant, with
aslight decrease at P, 4., = 12 dBW/MHz; with handheld terminals, more limited in terms
of receiving antenna gain, larger power levels lead to larger spectral efficiencies.

The above trends are substantiated by the results shown in Figure 20, which reports the CDFs
for the SNR, SIR, and SINR in the pLOS scenario for VSAT terminals in the beam space. It can
be noticed that SPC provides a larger SNR value and that, for increasing transmission power
levels, the SIR increases accordingly, leading to a better SINR. As for PAC, a larger transmission
power leads to a worse SINR curve (i.e., on the left of the low-power case), denoting a significant
sensitivity to the loss of orthogonality in the precoding matrix columns in scenarios with increased
interference. This is also evident by observing the SIR and SNR trends, which highlight some
interesting behaviours. For an increased transmission power, the SNR is always increased, but
this is significantly more evident with PAC (and even more without precoding) compared to SPC
and MPC. In this case, the satellite is increasing the transmission power of each antenna feed by
the same amount; an increased SNR level is also present for MPC and SPC, but more limited: in
this case, the precoder is actually exploiting the increased power and, at the same time, trying to
limit interference by preserving the orthogonality in the precoding matrix columns. Thus, despite
the SNR in figure (c) for SPC and MPC is significantly below that obtained with PAC (and even
more compared to the non-precoded case), the performance is improved since the SIR is much
better. In fact, looking at figure (b), MPC and SPC have a significantly better performance in
limiting interference compared to both the non-precoded and PAC cases. Actually, the PAC
normalisation leads to a performance that is even worse than the non-precoded case with VSATS,
highlighting the poor interference rejection obtained with this approach in scenarios with a
significant co-channel interference.

It is also worth mentioning that, for MPC and SPC, the SIR plots are overlapped: in fact, the SIR
does not depend on a scalar multiplicative factor and, consequently, it is exactly the same in both
normalisations. Finally, it is also interesting to note that SPC and MPC provide a fairer power

7 Despite the performance is provided as a function of the transmission power density, we often refer to the transmission
power since in all scenarios the user bandwidth is the same; thus, from a conceptual point of view, these two terms
can be used interchangeably.
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allocation to the users, as the SNR CDFs show a significantly steeper behaviour compared to
PAC: in this case, since the power allocation is uniform and independent of the channel, users in
good propagation conditions will be privileged compared to users in bad conditions, which will be
further penalised by this normalisation.
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Figure 20 - SINR, SIR, and SNR CDFs for VSAT terminals in the pLOS scenario for beam space
precoding, P; gens = 0 dBW/MHz (solid line) and Py 4., = 12 dBW/MHz (dashed line).
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Figure 21 - SINR, SIR, and SNR CDFs for handheld terminals in the pLOS scenario for beam space
precoding, P; gens = 0 dBW/MHz (solid line) and Py 4., = 12 dBW/MHz (dashed line).

Figure 21 shows the CDF plots when handheld terminals are considered:

the performance of the PAC normalisation is improved since, as previously discussed, in
scenarios with a more limited interference, guaranteeing an equal transmission power
level while also disrupting the orthogonality of the precoding matrix is more acceptable;

the performance with larger transmission power is always better, again due to a more
limited interference because of the receiving antenna gain equal to 0 dBi. This is also
evident thanks to the SIR in figure (b), where it can be noticed that for all precoding
approaches, a very similar SIR is obtained, i.e., the system is less sensible to a loss in the
orthogonality of the precoder columns;

also in terms of the intended power, the different normalisation approaches do not have a
significant impact, as shown in the SNR CDFs in figure (c).

Figure 22 and Table 13 report the results for feed space precoding, in which MB precoding is
included. It shall be noticed that the performance without precoding is not shown; in fact, in the
feed space it is not meaningful to implement a non-precoded and non-beamformed system, which
would lead to an extremely poor performance. A fair comparison is with a beamformed system
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without precoding, which is the result obtained with MB in the feed space. As already mentioned,
the MB performance in the feed space is completely equivalent to the non-precoded performance
in the beam space: this technique approximates the columns of the precoding matrix with those
of the beamforming matrix and, without an illumination plan (beam-hopping) related to a proper
scheduling, it is equivalent to a non-precoded scheme.
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Figure 22 - Average spectral efficiency [bit/s/Hz] for the pLOS scenario in the feed space, stand-alone
satellite.

Table 13 - Average spectral efficiency [bit/s/Hz] for the pLOS scenario in the feed space, stand-alone

satellite.
Scenario MMSE | MMSE | MMSE | SS-MMSE | SS-MMSE | SS-MMSE MB
SPC MPC PAC SPC MPC PAC
0 d\B/\?VA/'\T/lHZ 5.3660 | 3.7578 | 0.3952 1.3384 1.2787 0.4768 0.9457
4 d\B/\?V'il\-l/—le 5.9711 | 4.1793 | 0.2944 1.3350 1.2952 0.3570 0.9457
8 d\B{\?V'?I\-I/—le 6.5975 | 4.6512 | 0.2121 1.3214 1.2934 0.2458 0.9457
12 oYBSV'\/A/-K/IHz 7.2407 | 5.1717 | 0.1472 1.3003 1.2797 0.1931 0.9451
O%aér\]/?/?ﬂgz 0.5167 | 0.4911 | 0.5159 0.4158 0.3897 0.4157 0.4139
4%%?,?/?,\8/"32 0.7889 | 0.7307 | 0.7851 0.6289 0.5703 0.6270 0.6157
8'3%%7&'32 1.0648 | 0.9630 | 1.0503 0.8179 0.7220 0.8103 0.7727
1;323\2%?_'2 1.5574 | 1.3550 | 1.4706 1.0571 0.9174 1.0251 0.9025

The trends previously highlighted for the beam space approach are still clear:

MMSE precoding is always providing the best performance, followed by the SS-MMSE
approach. However, while this is always true for the SPC and MPC normalisations, when
PAC is considered the MB precoding is better: this is motivated by the loss in terms of
interference limitation of the PAC normalisation, discussed above, which leads to a better
performance implementing beamforming only (MB);
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the performance of precoding in the feed space is better for larger power levels as long
as the SPC and MPC normalisations are used with VSATs and in all cases for handheld
terminals. However, when PAC is used for VSATS, the performance becomes worse. This
is motivated by the fact that PAC perturbs the orthogonality in the precoder columns and,
thus, is sensible to the increased interference level. This behaviour is not present with
handheld terminals: in this case, the absence of an antenna gain at the receiver makes
the increased transmission power always a beneficial effect;

Table 14 - Relative gain [%)] of feed space precoding compared to beam space approach, pLOS scenario.

Scenario MMSE | MMSE | MMSE | SS-MMSE | SS-MMSE | SS-MMSE
SPC MPC PAC SPC MPC PAC
VSAT 72,48 | 37,48 | 171,24 8,54 907 209.61
0 dBW/MHz : , ) . : :
VSAT
4dBW/MHz | 7734 | 42,69 | 181,45 7,35 8,87 155,91
VSAT
8 dBwiMHz | 8L19 | 47,69 | 146,63 5,53 6,84 86,64
VSAT
12 dBW/MHz | %89 | 53,02 | 93,68 3,69 6,78 62,27
Handheld
0 dBW/MHz | 1969 | -6,44 |=-19,28 -17,24 -11,15 -16,61
Handheld
4dBW/MHz | 1282 | 158 | 1139 -7,47 -0,61 -5,79
Handheld
8 dBW/MHz -7,09 1,49 -3,72 0,15 2,04 3,37
Handheld
12 dBWiMHz | >4 134 | 13,45 8,52 0,36 16,38

Table 14 shows the relative gain in terms of average spectral efficiency of feed space precoding
over the beam space approach. It can be noticed that feed space precoding performs significantly
better than beam space precoding for VSAT terminals. Moreover, for VSATS, this gain increases
for increasing power levels when MMSE with the SPC or MPC normalisations is used, while it
decreases for MMSE with PAC and SS-MMSE precoding: i) in the former case, this behaviour is
motivated by the increased interference and the fact that PAC disrupts the orthogonality in the
precoder columns; and ii) in the latter, it can be explained by recalling that the SS-MMSE
precoding approach is an approximation based on a pre-defined beam lattice and, as such, it is
sub-optimal in dealing with the increased interference level. For handheld terminals, the gain of
the feed space approach is more limited and, with low power levels, it seems that precoding
solutions in the beam space provide a slight advantage. This can be motivated by the significant
limitation of the handheld terminals in terms of receiving antenna gain: with a low transmission
power from the satellite, the formation of pre-defined beams provides an advantage in terms of
directivity compared to working only in the feed space, thus leading to a slightly better
performance. When the transmission power is increased, with all precoding and normalisation
solutions the feed space approach becomes better than the beam space one.

To further highlight the above trends, Figure 23 and Figure 24 show the average SNR and SIR
for beam and feed space precoding, respectively. Focusing on VSATS, it can be noticed that with
PAC normalisations, an increased power leads to an increased SNR but a decreased SIR, thus
worsening the overall SINR performance. With SPC and MPC, both the SNR and the SIR (they
are overlapped as already motivated above) increase, thus providing a better performance. With
handheld terminals, also with PAC the SIR tends to increase up to what seems to be a saturation
point, thus leading to a performance increase. Comparing the two figures, it can be noticed that
the gains are more relevant in the feed space in all scenarios, apart from VSAT terminals with
PAC, in which the advantage of a larger transmission power is more evident in the beam space,
in line with the results in Table 14. In particular, the SIR decreases significantly for this scenario
in the feed space, further highlighting the importance of a non-perturbed precoding matrix.
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Figure 23 - Average SNR (left y-axis, solid line) and SIR (right y-axis, dashed line) and handheld
terminals in the beam space, pLOS scenario.
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Figure 24 - Average SNR (left y-axis, solid line) and SIR (right y-axis, dashed line) for VSAT and
handheld terminals in the feed space, pLOS scenario.

Figure 25 and Table 15 report the results obtained in the LOS scenario in the sub-urban case
with beam space precoding; as a reminder, as per 3GPP specifications, in this scenario we are
assuming that all users are in LOS conditions and they experience shadow fading, scintillation,
and gaseous absorptions. It can be noticed that the trends are completely in line with those
observed in the pure LOS scenario. However, in most cases the performance with LOS sub-urban
conditions is better compared to the pure LOS scenario. This might seem confusing, since we are
considering additional losses in the channel propagation and, thus, we might expect a
performance degradation.

To motivate this trend, it is worth to remind that we are separating the estimation and transmission
phases: the channel matrix used to compute the precoding matrix is thus misaligned compared
to that encountered during the actual transmission of the precoded symbols. With MMSE and SS-
MMSE precoding, this misalignment leads to a performance degradation, i.e., to an increased
interference level compared to that achievable with ideal CSI, because the orthogonality of the
precoder columns is not perfectly matched to the channel anymore. Thus, a scenario with a slight
increase in the channel losses is preferable since it slightly reduces the interfering power levels
at the receiver, basically limiting the loss related to the non-ideal CSI knowledge. This is
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substantiated by observing that the most relevant gains with a sub-urban LOS propagation are
obtained with the MPC normalisation (up to 3.2 bit/s/Hz), which limits the SNR, while with SPC
this advantage is more limited (in the order of 0.17 bit/s/Hz): with a larger power allocation per
antenna (SPC), a misalignment between the channel matrix and the precoding matrix can be
more disruptive and, thus, the reduced interference thanks to channel losses is less beneficial.
Finally, it shall be noticed that, with handheld terminals, the gain of the sub-urban case tends to
decrease for increasing power levels: in this case, the limited receiver antenna gain makes the
need for a limited interfering power less critical compared to that for a larger intended power, a
behaviour opposed to that of VSAT terminals.
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Figure 25 - Average spectral efficiency [bit/s/Hz] for the LOS scenario in sub-urban conditions in the
beam space, stand-alone satellite.

Table 15 - Average spectral efficiency [bit/s/Hz] for the LOS scenario in sub-urban conditions in the beam
space, stand-alone satellite.

scenario | MMSE [ MMSE [ MMSE | SS-MMSE | SS-MMSE [ SS-MMSE [ .
SPC | MPC | PAC SPC MPC PAC

0 d;\f\,’?,\TﬂHz 3.1631 | 2.9779 | 0.2602 | 1.2327 11721 0.9452
4 dg\?\%Hz 3.4447 | 3.2050 1.2433 1.1893 0.9453
g d\B{\?VA/\I\-I/-IHz 3.7429 | 3.4531 1.2519 1.2103 0.9453
12 d\/BS\,C,T,\AHZ 1.2559 1.2002 0.9453
O%%%?ﬁ'ﬂz 0.8147 | 0.7300 | 0.8082 | 0.6382 0.5401 06273 | 05673
4%?3%2\7'32 1.0513 | 0.9334 | 1.0290 | 0.7867 0.6742 07595 | 0.7393
8%%’:,‘3,7&',‘12 1.2620 | 1.1391 | 1.2057 | 0.8940 0.8054 0.8405 | 0.8474
12'*3;3&',%"‘:’2 1.4519 | 1.3457 | 1.3270 | 0.9745 0.9144 08812 | 0.9027
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Observing the results in Figure 26 and Table 16 for the feed space, we can notice that this
behaviour is still present for MMSE precoding with MPC and PAC normalisations, both with VSAT
and handheld terminals, with the latter in low power mode. When MMSE with SPC is considered,
or we observe handheld terminals with larger transmission power, the pure LOS scenario is better.
In this case, working in the feed space provides many more degrees of freedom and, thus, the
precoder is able to limit the interference and compensate for the non-ideal CSI at the transmitter
side. With SS-MMSE, almost the same performance is obtained, motivated by the fact that this
precoding approach is based on an approximated location of the users and, thus, more limited
benefits are obtained moving to the feed space.

~

I MMSE-SPC
I MMSE-MPC
[ IMMSE-PAC
I SS-MMSE-SPC
I SS-MMSE-MPC ||
[ SS-MMSE-PAC
I VB

»
T
L

(4]
T

N w &~
I I I

average spectral efficiency [bit/s/Hz]

o D0 Krliel I 1 ||| ||| “

o o o o o o o "
oW ™ Gt Gt i Gt G
8
scenario

Figure 26 - Average spectral efficiency [bit/s/Hz] for the LOS scenario in sub-urban conditions in the feed
space, stand-alone satellite.

Table 16 - Average spectral efficiency [bit/s/Hz] for the LOS scenario in sub-urban condition in the feed
space, stand-alone satellite.

0 dg\?vpl\,\-l/—le 4.9218 | 4.0119 | 0.5461 1.3385 1.2786 0.4766 0.9452
4 dg\?\/'?I\-I;IHZ 5.5475 | 4.4687 | 0.4101 1.3353 1.2954 0.3569 0.9453
3 d\é\?VA/\I\-I;IHz 6.1801 | 4.9660 | 0.3066 1.3220 1.2938 0.2458 0.9453
12 d\és\/'\/A‘I-II;/IHz 6.8245 | 5.5070 | 0.2226 1.3035 1.2826 0.1933 0.9453
O%er\j/?&lgz 0.6943 | 0.6761 | 0.6933 0.5761 0.5266 0.5749 0.5673
4%?3%7&32 0.9313 | 0.8982 | 0.9272 0.7741 0.6872 0.7684 0.7393
8%%%7&'32 1.1452 | 1.0962 | 1.1318 0.9328 0.8136 0.9177 0.8474
1;323\7/%?_'2 1.3637 | 1.2968 | 1.3266 1.0575 0.9177 1.0253 0.9027

When comparing the beam and feed space precoding approaches in the sub-urban scenario, as
reported in Table 17, it can be observed that for VSATs we have a similar trend as that obtained
in pure LOS conditions. However, for handheld terminals it is always better to work in the beam
space for MMSE precoding; thus, in this case, it is more important to obtain an increased
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directivity thanks to a pre-defined beamforming matrix rather than working with more degrees of
freedom or preserve the orthogonality. More specifically, in LOS conditions the channel matrix in
the estimation phase (the one used to compute the precoding matrix) is further misaligned from
the channel matrix encountered during the transmission phase due to the additional losses; this
introduces a priori a loss in terms of the optimal orthogonality in the precoder columns. As a
consequence, in scenarios with a limited received power at the on-ground terminal it is better to
compensate this loss via a pre-determined beamforming (beam space precoding), rather than
trying to optimally weight the signals from all of the antenna feeds. This advantage becomes more
limited for increasing power levels, in particular with MPC and PAC.

Table 17 - Relative gain [%)] of feed space precoding compared to beam space approach, LOS scenario
in sub-urban conditions.

0 d\l?i\?v'?l\-l/—le 5560 | 34.72 | 100.88 8.58 9.09 200.48
4 d\é\?ﬁ,\TAHZ 61.04 | 39.43 | 165.09 7.40 8.92 155.84
6 dboi, | 6512 | 4381 | 18258 5.60 6.90 86.64
Lo deet | 68.83 | 4850 | 153.82 3.79 6.87 62.16
Jhandheld | 1478 | 738 | -14.22 973 -2.50 8.35
4'135%?&'32 1141 | 377 | -9.89 -1.60 1.93 117
8'1%%?&'32 926 | 377 | 613 4.34 1.02 9.19
1;3&3@%342 607 | 363 | -0.03 8.52 0.36 16.35
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Figure 27 - Average spectral efficiency [bit/s/Hz] for the LOS scenario in urban conditions in the beam
space, stand-alone satellite.
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Figure 27, Figure 28, Table 18, and Table 19 provide the results for the LOS propagation in urban
conditions. Similar trends as those reported above for the sub-urban scenario are present:

SPC and MPC provide the best performance for VSAT terminals, with PAC performing
poorly. In particular, its average spectral efficiency is significantly below the non-precoded
system or the MB precoding, for the beam and feed spaces, respectively;

with handheld terminals, PAC provides a performance as good as the MPC and SPC
solutions, since in this case the limited antenna gain at the receiver makes an SNR
increase more relevant for the overall performance.
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Figure 28 - Average spectral efficiency [bit/s/Hz] for the LOS scenario in urban conditions in the feed
space, stand-alone satellite.

Table 18 - Average spectral efficiency [bit/s/Hz] for the LOS scenario in urban condition in the beam
space, stand-alone satellite.

0 dg\?vpl\l\-l/—le 3.1212 2.8577 0.2828 1.2327 1.1721 0.1540 0.9452
4 dg\?vpl\,\-l/—le 3.3563 3.0377 0.1792 1.2433 1.1893 0.1395 0.9453
8 dg\?vpl\,\-l/—le 3.6202 3.2537 0.1242 1.2519 1.2103 0.1317 0.9453
12 dVBSV'VA\/-II;/IHz 3.9009 3.4864 0.0965 1.2559 1.2002 0.1192 0.9453
O%aBr:/c\j/?,\eAIﬂz 0.8200 0.6683 0.8227 0.6382 0.5401 0.6273 0.5673
4%%%?/1'\6/:3'2 1.0641 0.8793 1.0585 0.7867 0.6742 0.7595 0.7393
S%Zr:/(\j/?ﬁlgz 1.2907 1.0642 1.2353 0.8940 0.8054 0.8405 0.8474
1;3&&2%?_'2 1.5016 1.2422 1.3222 0.9745 0.9144 0.8812 0.9027

When comparing the performance with the pure LOS scenario: i) for MMSE precoding with SPC,
the performance is slightly worse; ii) the gain with MPC is more limited; and iii) with PAC, the gain
is slightly improved. In line with this behaviour, for handheld terminals the gains are less evident
and with large transmission power levels, the pLOS scenario is better.
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Table 19 - Average spectral efficiency [bit/s/Hz] for the LOS scenario in urban condition in the feed space,
stand-alone satellite.

Scenario MMSE MMSE MMSE SS-MMSE | SS-MMSE | SS-MMSE MB
SPC MPC PAC SPC MPC PAC
VSAT
0 dBW/MHz 4.8560 | 3.7252 0.5607 1.3385 1.2786 0.4766 0.9452
VSAT
4 dBW/MHz 5.3905 | 4.1338 | 0.4364 1.3353 1.2954 0.3569 0.9453
VSAT
8 dBW/MHz 5.9182 | 4.5744 | 0.3401 1.3220 1.2938 0.2458 0.9453
VSAT
12 dBW/MHz 6.4350 | 5.0489 | 0.2606 1.3035 1.2826 0.1933 0.9453
Handheld
0 dBW/MHz 0.6727 | 0.6375 | 0.6711 0.5761 0.5266 0.5749 0.5673
Handheld
4 dBW/MHz 0.9603 | 0.8968 | 0.9542 0.7741 0.6872 0.7684 0.7393
Handheld
8 dBW/MHz 1.2422 1.1456 1.2225 0.9328 0.8136 0.9177 0.8474
Handheld
12 dBW/MHz 1.5207 1.3788 1.4618 1.0575 0.9177 1.0253 0.9027
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Figure 29 - Average spectral efficiency [bit/s/Hz] for the LOS scenario in dense-urban conditions in the
beam space, stand-alone satellite.

Comparing the beam and the feed space performance for VSAT terminals, the performance is
much better in the feed space; for handheld terminals with large transmission power, the
improvement is still present, but limited. Finally, when handheld terminals are considered with low
transmission power levels, the directivity obtained with beamforming makes the beam space
approach more suitable, as already observed.

To conclude the numerical assessment for LOS conditions, we report the results the beam and
feed space precoding in the dense-urban scenario. The overall trend is aligned with the
observations provided above for the urban and sub-urban scenarios.

Table 20 - Average spectral efficiency [bit/s/Hz] for the LOS scenario in dense urban condition in the
beam space, stand-alone satellite.
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MMSE | MMSE | MMSE | SS-MMSE | SS-MMSE | SS-MMSE
Scenario SPC | MPC | PAC SPC MPC ‘ PAC ‘ NoP
0 dg\?vl?l\T/le 3.1539 | 2.9393 | 0.2711 | 1.2327 11721 0.9452
4 dg\?V?hEHz 3.4176 | 3.1489 1.2433 1.1893 0.9453
8 d\é\?ﬁ,\TAHZ 3.7033 | 3.3857 1.2519 1.2103 0.9453
12 C}/B?/C\/IAHZ 1.2559 1.2002 0.9453
Jhandhele | 0.8249 | 0.7126 | 08200 | 06382 0.5401 0.6273 | 0.5673
4%%?/?/71\7& 1.0687 | 0.9284 | 1.0516 | 0.7867 0.6742 0.7595 | 0.7393
skéasr:/?/r/ﬁgz 1.2888 | 1.1230 | 1.2358 | 0.8940 0.8054 0.8405 | 0.8474
1;3333/%?42 1.4884 | 13164 | 1.3509 | 0.9745 0.9144 0.8812 | 0.9027
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Figure 30 - Average spectral efficiency [bit/s/Hz] for the LOS scenario in dense-urban conditions in the
feed space, stand-alone satellite.

Another interesting aspect to be highlighted is that the performance in dense-urban conditions is
slightly better compared to the urban case and worse compared to the sub-urban case; while the
latter observation makes sense, the former is related to the standard deviation values from TR
38.811 that have to be used for these scenarios, as reported in Table 8: for a urban scenario, this
is always equal to 4 dB, while in the dense-urban case it varies with the elevation angle, but it is
always below this value.

Table 21 - Average spectral efficiency [bit/s/Hz] for the LOS scenario in dense urban condition in the feed
space, stand-alone satellite.

Scenario MMSE | MMSE | MMSE | SS-MMSE | SS-MMSE | SS-MMSE MB
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SPC | MPC | PAC SPC MPC PAC
VSAT 4.8940 | 3.9110 | 05538 | 1.3385 1.2786 04766 | 0.9452
0dBW/MHz | & : : - - . .
VSAT 54863 | 43511 | 04216 | 1.3353 1.2954 03569 | 0.9453
4dBW/MHz | > : : - : : .
VSAT 6.0830 | 4.8310 | 03199 | 1.3220 1.2938 0.2458 | 0.9453
8 dBW/MHz | © : : - - : .
VSAT 6.6867 | 53548 | 0.2361 | 1.3035 1.2826 01933 | 0.9453
12 dBW/MHz : : : . . . .
Handheld
o | 06827 | 0.6605 | 0.6816 | 0.5761 0.5266 05749 | 05673
Handheld
el | 0.9369 | 0.8962 | 0.9322 | 07741 0.6872 07684 | 0.7393
Handheld
g onehelc | 11785 | 11171 | 11634 | 09328 0.8136 00177 | 0.8474
Handheld
Lo mehen | 14238 | 1.3363 | 1.3806 | 1.0575 0.9177 1.0253 | 0.9027

To conclude the assessment for fixed terminals in the stand-alone satellite scenario, we also
consider NLOS propagation conditions in sub-urban, urban, and dense-urban environments. In
this case, the users are not forced to be in LOS conditions, but they might be in NLOS propagation
with a probability related to the environment and the elevation angle, as reported in Table 7. When
the user is in NLOS conditions, in addition to the impairments already present for the LOS
scenario, it also experiences a Clutter Loss.

Table 22 and Table 23 provide the average spectral efficiency for the sub-urban environment in
NLOS conditions, with feed and beam space precoding, respectively. It can be noticed that:

the performance is significantly worse compared to beam and feed space precoding in
pure LOS conditions, with losses in the order of 2 bit/s/Hz and 4-5 bit/s/Hz, respectively.
Also compared to the LOS conditions, this scenario is significantly penalising since the
clutter losses provided in TR 38.811 introduce a significant additional attenuation term;

as already observed in other scenarios, MMSE and SS-MMSE precoding with SPC and
MPC normalisations improving the performance with larger power levels;

with the PAC normalisation, differently from the previous cases, the MMSE precoding
provides a good performance, relatively close to the MPC. When including the clutter
losses, the benefit of increasing the SNR is more impactful compared to the loss in the
precoder orthogonality. This trend is not present for SS-MMSE precoding with PAC, which
still shows a poor spectral efficiency; in this case, the further approximation of the channel
matrix with that at beam center makes the SNR improvement negligible with respect to
the orthogonality loss;

with handheld terminals, the PAC approach is even better than the SPC. This behaviour
is motivated by the extremely harsh propagation conditions: the inclusion of clutter losses
in the order of tens of dBs makes the misalignment between the channel matrix and the
precoding matrix significant. Consequently, with such large losses and without any gain
at the receiver, itis better to equally allocate the power to the users, since the orthogonality
is already disrupted. Moreover, in the feed space, the SPC and MPC approaches are even
worse compared to MB (i.e., non-precoded performance in the beam space) at low power
levels: this further highlights that, in very low SNR regimes at the receiver, it is more
important to increase the SNR rather than properly weighting the symbols for their linear
combination at the transmitter side.
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Table 22 - Average spectral efficiency [bit/s/Hz] for the NLOS scenario in sub-urban condition in the beam
space, stand-alone satellite.

Scenario MMSE | MMSE | MMSE | SS-MMSE | SS-MMSE | SS-MMSE NoP
SPC MPC PAC SPC MPC PAC

0 d\B/\?VA/\I\-I;IHz 1.6437 | 1.6417 | 1.4143 1.2328 1.1722 0.1541 0.9454
4 d\B/\?V'?I-\EIHz 1.8163 | 1.8147 | 1.4462 1.2434 1.1894 0.1395 0.9454
8 d\B/\?V’?I-l\/—IHz 2.0199 | 2.0186 | 1.4336 1.2518 1.2103 0.1317 0.9454
12 dVB?/'\/A/-II;/IHz 2.2480 | 2.2468 | 1.3365 1.2557 1.2001 0.1192 0.9454
Ol-é%r{/?/?l\(jllglz 0.5848 | 0.2545 | 0.6823 0.6383 0.5402 0.6274 0.5673
4|_(|jaBr{/(;jl?l\3lllt—jlz 0.7182 | 0.3992 | 0.8030 0.7868 0.6743 0.7596 0.7394
8%?3?/?/?!\3:32 0.8057 | 0.5805 | 0.8734 0.8942 0.8055 0.8407 0.8475
1;383\?/%?_'2 0.8596 | 0.7592 | 0.9145 0.9747 0.9146 0.8815 0.9028

Table 23 - Average spectral efficiency [bit/s/Hz] for the NLOS scenario in sub-urban condition in the feed
space, stand-alone satellite.

Scenario MMSE | MMSE | MMSE | SS-MMSE | SS-MMSE | SS-MMSE MB
SPC MPC PAC SPC MPC PAC
0 d\é\?VAI\I\-I;IHz 1.5118 | 1.5108 | 1.4372 1.3381 1.2784 0.4765 0.9454
4 d\é\?VAII\-I;IHz 1.7372 | 1.7357 | 1.5784 1.3348 1.2950 0.3567 0.9454
8 d\é\?v’?l\-l/—le 2.0248 | 2.0230 | 1.7178 1.3212 1.2932 0.2456 0.9454
12 dVBSV'VA/-II;/IHz 23735 | 2.3716 | 1.7575 1.3025 1.2819 0.1931 0.9454
0';%%?&32 0.5450 | 0.5450 | 0.5450 0.5762 0.5267 0.5750 0.5673
4%?3?,?/?38'2 0.7355 | 0.7354 | 0.7355 0.7742 0.6873 0.7685 0.7394
8';?3"\]/(\1/?33'2 0.8808 | 0.8807 | 0.8807 0.9329 0.8137 0.9178 0.8475
12Hda§\c/l\2i/llc|l_|z 0.9747 | 0.9745 | 0.9746 1.0577 0.9178 1.0255 0.9028

Finally, it is interesting to notice that the performance in the feed space is much closer to that in
the beam space. This is again motivated by the presence of the clutter loss: with such a difficult
propagation environment, which also deeply perturbs the orthogonality in the precoding matrix,
generating directive beams in desired directions is almost as beneficial as exploiting many more
degrees of freedom in the precoding weights computation. This aspect is particularly relevant in
the urban and dense-urban scenarios, as discussed below.

Table 24 - Average spectral efficiency [bit/s/Hz] for the NLOS scenario in urban condition in the beam
space, stand-alone satellite.

_ MMSE [ MMSE [ MMSE [ SS-MMSE | SS-MMSE | SS-MMSE [ |
Scenario SPC MPC PAC SPC MPC PAC
VSAT 1.1418 | 1.1418 | 1.1679 1.2328 1.1722 0.1541 [ 0.9454
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0 dBW/MHz
VSAT 1.2986 | 1.2986 | 1.2907 | 1.2434 1.1894 01395 | 0.9454
4dBW/MHz | T : : : : : .
VSAT 14731 | 14731 | 14162 | 12518 1.2103 01317 | 0.9454
8 dBW/MHz | & : : : : : .
VSAT 16528 | 1.6528 | 1.5049 | 1.2557 1.2001 01192 | 0.9454
12 dBW/MHz | & : : : : : .
Handheld
oandhel | 05953 | 03013 | 0.6842 | 0.6383 0.5402 06274 | 05673
Handheld
e | 0.7050 | 04570 | 0.8078 | 0.7868 0.6743 07596 | 0.7394
Handheld
gl | 07691 | 06010 | 0.8759 | 0.8942 0.8055 0.8407 | 0.8475
Handheld
Laonciedl | 08011 | 0.7064 | 09083 | 0.9747 0.9146 08815 | 0.9028

Table 25 - Average spectral efficiency [bit/s/Hz] for the NLOS scenario in urban condition in the feed
space, stand-alone satellite.

Scenario MSIVI;SéE MMNI|DSCE MP“iScE SS-Sth\C/I:SE SS';AIVILI\éI:SE ssl-al\//ll\(/:lSE VB
0 d\B/\?VA/,\TAHZ 1.0687 | 1.0687 | 1.0675 1.3381 1.2784 0.4765 | 0.9454
4 d\é\?VAI\I\-I;IHz 1.1243 | 1.1243 | 1.1214 1.3348 1.2950 0.3567 | 0.9454
8 d\é\?VAI\I\-I;IHz 1.2223 | 1.2223 | 1.2151 1.3212 1.2932 0.2456 | 0.9454
12 (;/BS\Q/IAHZ 1.3736 | 1.3736 | 1.3549 1.3025 1.2819 0.1931 | 0.9454
O'jj%r{,‘f',?&'ﬂz 0.5738 | 0.5738 | 0.5738 0.5762 0.5267 0.5750 | 0.5673
4'1""8?,‘3/?&'32 0.7549 | 0.7549 | 0.7549 0.7742 0.6873 0.7685 | 0.7394
8'1%?,‘\’,?&'32 0.8831 | 0.8831 | 0.8831 0.9329 0.8137 0.9178 | 0.8475
12“3;3\2‘:,'&2 0.9563 | 0.9563 | 0.9563 1.0577 0.9178 1.0255 | 0.9028

Table 24 and Table 25 show the performance for a urban scenario, in the beam and feed spaces,
respectively. It can be noticed that, despite the typical behaviours observed so far, the beam
space solution provides a slightly better spectral efficiency with MMSE precoding and VSAT
terminals, while with handheld terminals we have an opposite trend. With SS-MMSE precoding
the performance in the beam and feed spaces are very close. This behaviour can be motivated
by observing that, when the received power is large (large transmitted power and VSAT
terminals), the misalignment between the precoding and channel matrices (estimation and
transmission phases, respectively) has a deeper impact on the performance, which can be slightly
mitigated by the exploitation of pre-determined beams in fixed desired directions, i.e., the
advantage of having more degrees of freedom in the feed space is not useful. When the received
power is more limited, as for handheld terminals, or the precoding algorithm is based on an
approximation, as with SS-MMSE, this trend is not present and the feed space approach is the
best option, even though only slightly.
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Table 26 - Average spectral efficiency [bit/s/Hz] for the NLOS scenario in dense-urban condition in the
beam space, stand-alone satellite.

scenario | MMSE | MMSE | MMSE | SS-MMSE | SS-MMSE | SS-MMSE | | o
SPC_| MPC | PAC SPC MPC PAC

odbomn | 11539 | 1.1537 | 11547 | 12328 11722 0.1541 | 0.9454
Ao | 12891 | 1.2889 | 1.2446 | 12434 1.1894 01395 | 0.9454
8 d\é\?v’?l\-EIHz 1.4440 | 1.4439 | 1.3383 | 1.2518 1.2103 01317 | 0.9454
Lo dovet | 16092 | 16001 | 14158 | 1.2557 1.2001 01192 | 0.9454
0'1%?,‘3,?&',‘12 05187 | 0.1753 | 0.6585 | 0.6383 0.5402 0.6274 | 0.5673
4'1‘5‘8?,‘\’,?,\7'32 0.6361 | 0.2901 | 0.7813 | 0.7868 0.6743 07596 | 0.7394
8';%%?&',‘_"2 0.7136 | 0.4236 | 0.8512 | 0.8942 0.8055 0.8407 | 0.8475
12“;&'3\%'&2 0.7581 | 0.5531 | 0.8865 | 0.9747 0.9146 0.8815 | 0.9028

Table 27 - Average spectral efficiency [bit/s/Hz] for the NLOS scenario in dense-urban condition in the
feed space, stand-alone satellite.

scenario | "ope | 'We | 'pac | spc. | wpc | pAc. | M
0 d\é\?vp;l\-l;le 1.0911 | 1.0911 | 1.0888 1.3381 1.2784 0.4765 0.9454
4 d\é\?VAII\-I;IHz 1.1606 | 1.1606 | 1.1560 1.3348 1.2950 0.3567 0.9454
8 d\é\?VAI\I\-I;IHz 1.2578 | 1.2577 | 1.2470 1.3212 1.2932 0.2456 0.9454
12 (;/BS\/'\/A/-II;/IHZ 1.3914 | 1.3914 | 1.3626 1.3025 1.2819 0.1931 0.9454
0%%%?&'32 0.4811 | 0.4811 | 0.4811 0.5762 0.5267 0.5750 0.5673
4%%%?332 0.6570 | 0.6570 | 0.6570 0.7742 0.6873 0.7685 0.7394
8%%%?&'32 0.7970 | 0.7970 | 0.7970 0.9329 0.8137 0.9178 0.8475
12Hdag\(/j\2i/ll?_|z 0.8870 | 0.8870 | 0.8870 1.0577 0.9178 1.0255 0.9028

Table 26 and Table 27 show the results in terms of average spectral efficiency for the dense-
urban scenario. The same trend introduced above for the urban scenario is present: with a large
received power level, the beam space approach is better compared to the feed space.

A final observation related to the NLOS scenarios is that, differently from LOS propagation, the
harsher is the environment, the worse becomes the performance. In fact, in this case the standard
deviation in urban scenarios is smaller compared to that in dense-urban ones; thus, in NLOS the
dense-urban scenario is the worst and the sub-urban scenario is the best.

2.2.1.2 Public Safety terminals

In this section, we report the numerical results obtained with moving UEs in the same
configurations and scenarios as those reported above for fixed terminals.

In particular, we consider a scenario with Public Safety terminals that move at vy, = 250 km/h.
In the limited time interval between the estimation and the transmission phase with CPC, which
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is expected to be even lower with a DPC architecture® where the precoding coefficients are
computed on-board, there is a position error that leads to a further misalignment in the channel
matrix used in the estimation phase and that in the transmission phase. With this type of terminals,
the distance travelled in this interval is equal to 1.156 meters. It is thus reasonable to expect that
the impact of the users’ movement is negligible on the system performance compared to the other
sources of non-ideal CSI (in particular the different realisations of the stochastic terms). As
reported below, this is indeed the outcome of the analysis with Public Safety terminals.

For the sake of completeness, below we report the performance tables in the beam and feed
spaces for pLOS and NLOS propagation conditions (the two extreme propagation conditions). By
comparing these results with the corresponding tables in the fixed terminal section, the Public
Safety terminals provide a performance that is at most equal to that of fixed terminals or, in the
worst case, with a rate degradation in the order of 10~* bit/s/Hz, thus substantiating the above
observations.

Table 28 - Average spectral efficiency [bit/s/Hz] for the pLOS scenario in the beam space with Public
Safety terminals, stand-alone satellite.

ccenaria | MMSE [ MMSE | MMSE | SS-MMSE | SS-MMSE | SSMMSE |
spc | MPCc | PAC SPC MPC PAC

odbany | 31105 | 27331 | 01456 | 1.2313 1.1708 0.1539 | 0.9451
4 d\é\%’\TAHZ 3.3663 | 2.9283 | 0.1044 | 1.2417 1.1879 0.1394 | 0.9451
8 d\é\?\%Hz 3.6402 | 3.1478 | 0.0858 | 1.2501 1.2087 0.1316 | 0.9451
Lo oot | 39163 | 3.3797 | 00760 | 12540 1.1985 0.1190 | 0.9451
O"('j%r:f,?&'gz 0.8403 | 0.6671 | 0.8265 | 0.6381 0.5400 06271 | 0.5671
4'36‘8?,‘\1,?,3'32 1.0884 | 0.8893 | 1.0453 | 0.7864 0.6740 07592 | 0.7301
8'3%?,‘3,?&'32 13078 | 1.1250 | 1.2030 | 0.8937 0.8051 0.8402 | 0.8472
12'*3‘&33,%‘,’42 15061 | 1.3371 | 1.2962 | 0.9741 0.9141 0.8808 | 0.9025

Table 29 - Average spectral efficiency [bit/s/Hz] for the pLOS scenario in the feed space with Public
Safety terminals, stand-alone satellite.

) MMSE | MMSE | MMSE | SS-MMSE | SS-MMSE | SS-MMSE
Scenario SPC | MPC | PAC SPC MPC PAC MB
VSAT
0 dooi, | 53619 | 37546 | 03947 | 13360 1.2765 04767 | 0.9451
VSAT
Ao, | 59666 | 4.1748 | 02039 | 13325 1.2929 03568 | 0.9451
VSAT 6.5930 | 4.6456 | 0.2116 | 1.3189 1.2909 02456 | 0.9451

8 These aspects are extensively discussed in D3.2.
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8 dBW/MHz
VSAT 7.2407 | 5.1716 | 01472 | 1.3003 1.2797 01931 | 0.9451
12 dBW/MHz | © : : : : : .
Handheld
o | 07192 | 06705 | 0.7166 | 05760 0.5265 05748 | 0.5671
Handheld
e | 0.9960 | 0.9059 | 0.9854 | 0.7739 0.6870 07682 | 0.7391
Handheld
g onehee | 12701 | 11302 | 1.2366 | 0.9325 0.8134 09175 | 0.8472
Handheld
Lo oeen | 15574 | 1.3550 | 1.4706 | 1.0571 0.9174 1.0251 | 0.9025

Table 30 - Average spectral efficiency [bit/s/Hz] for the NLOS scenario in sub-urban condition in the beam
space with Public Safety terminals, stand-alone satellite.

Scenario MSI\Q)SCE MMNFI)SCE Mpl\f\séE SS-SI\I/:I)I\éSE SS';/II\/IIDI\éSE SSI-DhghéSE NoP
0 d\é\?v/?l\qu 1.6437 | 1.6417 | 1.4143 1.2328 1.1722 0.1541 | 0.9454
4 dg\?v/?I\T/le 1.8163 | 1.8147 | 1.4462 1.2434 1.1894 0.1395 | 0.9454
8 dg\?VA/\I\-I;IHz 2.0199 | 2.0186 | 1.4336 1.2518 1.2103 0.1317 | 0.9454
12 dVBSV'\/A\/-II;/IHz 2.2480 | 2.2468 | 1.3365 1.2557 1.2001 0.1192 | 0.9454
O%aBr{,‘\j,?,\eﬂ'ﬂz 0.5848 | 0.2545 | 0.6823 0.6383 0.5402 0.6274 | 0.5673
4'338%7,\7'32 0.7182 | 0.3992 | 0.8030 0.7868 0.6743 0.7596 | 0.7394
8%%%7&',22 0.8057 | 0.5805 | 0.8734 0.8942 0.8055 0.8407 | 0.8475
12'*3&‘3\7/‘,9\/"?42 0.8596 | 0.7592 | 0.9145 0.9747 0.9146 0.8815 | 0.9028

Table 31 - Average spectral efficiency [bit/s/Hz] for the NLOS scenario in sub-urban condition in the feed
space with Public Safety terminals, stand-alone satellite.

Scenario MMSE [ MMSE | MMSE | SS-MMSE | SS-MMSE | SS-MMSE | -
SPC MPC PAC SPC MPC PAC

VSAT

0 dBW/Mpg | 15118 | 15108 | 14372 | 1.3381 1.2784 0.4765 | 0.9454
VSAT

4 dBWIMHz | L7372 | 17357 | 15784 | 1.3348 1.2950 0.3567 | 0.9454
VSAT

8 dBWMHy | 20248 | 20230 | 17178 | 13212 1.2932 0.2456 | 0.9454

VSAT 2.3735 | 2.3716 | 1.7575 | 1.3025 1.2819 0.1931 | 0.9454
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12 dBW/MHz

Handheld
0 dBW/MHz
Handheld
4 dBW/MHz
Handheld
8 dBW/MHz
Handheld
12 dBW/MHz

0.5450 | 0.5450 | 0.5450 0.5762 0.5267 0.5750 0.5673

0.7355 | 0.7354 | 0.7355 0.7742 0.6873 0.7685 0.7394

0.8808 | 0.8807 | 0.8807 0.9329 0.8137 0.9178 0.8475

0.9747 | 0.9745 | 0.9746 1.0577 0.9178 1.0255 0.9028

Table 32 - Average spectral efficiency [bit/s/Hz] for the NLOS scenario in urban condition in the beam
space with Public Safety terminals, stand-alone satellite.

0 dg\?vl?h-l;le 1.1418 1.1418 1.1679 1.2328 1.1722 0.1541 0.9454
4 dg\?vpl\l\-l/—le 1.2986 1.2986 1.2907 1.2434 1.1894 0.1395 0.9454
3 dg\?vpl\l\-l/—le 1.4731 1.4731 1.4162 1.2518 1.2103 0.1317 0.9454
12 dVBSVC\/-II;/IHz 1.6528 1.6528 1.5049 1.2557 1.2001 0.1192 0.9454
oljjaBQ/?/?&lgz 0.5953 | 0.3013 | 0.6842 | 0.6383 0.5402 0.6274 | 0.5673
4%%%7,\6/:3'2 0.7050 0.4570 0.8078 0.7868 0.6743 0.7596 0.7394
S%Eér:/c\j/?&lﬂz 0.7691 0.6010 0.8759 0.8942 0.8055 0.8407 0.8475
1;;?3&‘,%?_'2 0.8011 0.7064 0.9083 0.9747 0.9146 0.8815 0.9028

Table 33 - Average spectral efficiency [bit/s/Hz] for the NLOS scenario in urban condition in the feed
space with Public Safety terminals, stand-alone satellite.

scenario | "Spe | "wpe | 'pac | spc. | “wpc | pac | M®
0 d\l?i\?VA/\I\-I;IHz 1.0687 | 1.0687 | 1.0675 1.3381 1.2784 0.4765 0.9454
4 d\é\?VA/\I\-EIHZ 1.1243 | 1.1243 | 1.1214 1.3348 1.2950 0.3567 0.9454
3 dg\?vpl\l\-l/—le 1.2223 | 1.2223 | 1.2151 1.3212 1.2932 0.2456 0.9454
12 dVB?NA/-|I;/|H2 13736 | 1.3736 | 1.3549 1.3025 1.2819 0.1931 0.9454
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Jaandheld | 05738 | 05738 | 05738 | 0.5762 0.5267 0.5750 | 0.5673
Jandneld | 07549 | 0.7549 | 07549 | 0.7742 0.6873 0.7685 | 0.7394
ghandheld | 0gg31 | 0.8831 | 0.8831 | 09320 0.8137 09178 | 0.8475
ahenaheld | 0.9563 | 0.9563 | 0.9563 | 10577 0.9178 1.0255 | 0.9028

Table 34 - Average spectral efficiency [bit/s/Hz] for the NLOS scenario in dense-urban condition in the
beam space with Public Safety terminals, stand-alone satellite.

0 dg\?vpl\l\-l/—le 1.1539 1.1537 1.1547 1.2328 1.1722 0.1541 0.9454
4 dg\?vp/\l\qu 1.2891 1.2889 1.2446 1.2434 1.1894 0.1395 0.9454
8 dg\?v'?h;Hz 1.4440 1.4439 1.3383 1.2518 1.2103 0.1317 0.9454
12 dVBSV'\/A\/-II;/IHz 1.6092 1.6091 1.4158 1.2557 1.2001 0.1192 0.9454
O%aBr:/(\j/?,\eAIﬂz 0.5187 0.1753 0.6585 0.6383 0.5402 0.6274 0.5673
4%%%75"'(_12 0.6361 0.2901 0.7813 0.7868 0.6743 0.7596 0.7394
8%%%?&'32 0.7136 0.4236 0.8512 0.8942 0.8055 0.8407 0.8475
1;3&&2%&2 0.7581 0.5531 0.8865 0.9747 0.9146 0.8815 0.9028

Table 35 - Average spectral efficiency [bit/s/Hz] for the NLOS scenario in dense-urban condition in the
feed space with Public Safety terminals, stand-alone satellite.

MMSE | MMSE | MMSE | SS-MMSE | SS-MMSE | SS-MMSE

Scenario spc_| MPC | PAC SPC MPC PAC MB
odoan | 10011 | 1.0011 | 1.0888 | 1.3381 1.2784 0.4765 | 0.9454
4o | 11606 | 1.1606 | 1.1560 | 1.3348 1.2950 0.3567 | 0.9454
6 dboi, | 12578 | 12577 | 12470 | 13212 1.2932 0.2456 | 0.9454
Lo doetny | 1.3914 | 1.3014 | 1.3626 | 1.3025 1.2819 01931 | 0.9454
Jhandhele | 04811 | 04811 | 04811 | 05762 0.5267 05750 | 0.5673
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Handheld

4 dBW/MHz 0.6570 | 0.6570 | 0.6570 0.7742 0.6873 0.7685 0.7394
Handheld

8 dBW/MHz 0.7970 | 0.7970 | 0.7970 0.9329 0.8137 0.9178 0.8475
Handheld

12 dBW/MHz 0.8870 | 0.8870 | 0.8870 1.0577 0.9178 1.0255 0.9028

2.2.1.3 Observations

The extensive numerical assessment performed with a stand-alone satellites provides a valuable
insight on the performance of SS-MMSE and MB precoding compared to the optimal MMSE
solution. In particular, many trade-offs have been identified, which can be summarised as follows:

Precoding algorithm
MMSE is always providing the largest spectral efficiency values;

SS-MMSE precoding shows an acceptable performance, also considering that it
is based on pre-computed channel coefficients, i.e., it does not need a continuous
reporting of CSI vectors from the UEs to the gNB. Almost independently from the
propagation scenario (pure LOS, LOS, NLOS) and environment (sub-urban,
urban, dense-urban), SS-MMSE precoding always leads to an average spectral
efficiency in the order of: i) 1.2 — 1.25 bit/s/Hz in the beam space with SPC and
MPC, while with PAC it is in the order of 0.1 — 0.15 bit/s/Hz; ii) 1.3 — 1.33 bit/s/Hz
in the beam space with SPC and MPC, 0.2 — 0.5 bit/s/Hz with PAC;

MB precoding in the feed space and the non-precoded system in the beam space
are completely equivalent, as long as no beam-hopping scheme is implemented.
In terms of average spectral efficiency, these algorithms perform better only of the
SS-MMSE solution with PAC, with 0.5 — 0.95 bit/s/Hz.

Normalisation

SPC and MPC normalisations provide the best solution in scenarios characterised
by a large power at the receiver, i.e., scenarios where interference is significant;
these scenarios are those with VSAT terminals and pLOS or LOS propagation. In
fact, in these situations the orthogonality of the precoding matrix is fundamental to
properly manage the significant interference at each user terminal;

in scenarios with a limited received power (NLOS or handheld with low
transmission power), the PAC normalisation provides a good solution with MMSE.
In these conditions, rather than preserving the orthogonality, it is more impacting
the enhancement of the intended signal power, independently from the channel
conditions, guaranteed by a PAC approach.

In general, for the stand-alone scenario we can conclude that MMSE precoding (or other similar
solutions) is worth to be further investigated because SS-MMSE precoding is significantly
degrading the performance in many relevant scenarios. As for the normalisations, MPC and PAC
provide, depending on the scenarios as discussed above, a performance close to that of SPC.
They are to be preferred since they guarantee that each antenna feed is not emitting a
transmission power above its maximum.

2.2.2 Dual satellite scenario

In this Section, we perform the numerical assessment in the same scenarios as the stand-alone
case, with two satellites covering the same service area as shown in Figure 3. It shall be recalled
that, with more than one satellite, two additional normalisation schemes were introduced in D3.2
and briefly outlined in the previous sections: the satellite-based SPC and MPC, denoted as sSPC
and sMPC, respectively. These schemes were introduced to take into account that, for a swarm
of satellites, the application of the traditional SPC and MPC approaches is not realistic: in that
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case, in fact ,the satellites in the swarm should be able to exchange power. Taking this aspect
into account, in the following we do not report the results with SPC and MPC, but only those with
sSPC and sMPC (in addition to PAC, which can be implemented without modifications).

Finally, in order to guarantee a fair comparison in terms of allocated power, the results reported
below are still as a function of P; 4.5, Which now represents the power density allocated to the
entire swarm. Thus, the maximum power density available from one satellite is Py o5 —
10log;o Ns, With Ng being the number of satellites, and the total power density from the entire
swarm is equal to that of a single satellite.

2.2.2.1 Fixed terminals

As for the stand-alone scenario, we first evaluate the performance in pure LOS conditions, i.e.,
without scintillation, shadow fading, gaseous absorption, and clutter losses. Figure 31 shows the
average spectral efficiency and Table 36 reports the corresponding values in a heatmap for beam
space precoding. The following trends can be identified:

MMSE precoding always provides the best performance, followed by the SS-MMSE and
MB algorithms. In particular, the gap between MMSE and SS-MMSE is significantly larger
for VSATSs, while with handheld terminals there are very close. This trend is in line with
the stand-alone case;

with respect to the normalisations, sSPC is always the best option as SPC was in the
stand-alone scenario. SMPC provides a performance quite close to that of sSSPC and PAC
is closer to them only for handheld terminals. Again, as observed with one satellite, a
normalisation which preserves as much as possible the orthogonality is to be preferred
when interference is large, while PAC provides a close, or even better, performance when
the received power is low and an increased SNR level is needed. Differently from the
stand-alone scenario, PAC with VSAT terminals provides a slightly better performance;

in terms of transmission power, it is interesting to note that with VSAT there is no
significant benefit in increasing it and with handheld terminals the advantage rapidly
saturates the maximum achievable spectral efficiency. This behaviour is motivated by the
peculiarity of the scenario geometry; in fact, we are considering a service area which is
approximately in the middle of the two satellites coverage areas. In this scenario, users
are seen from one satellite with a reduced angular distance and, moreover, there is a
symmetry in the channel coefficients from the two satellites that poses some issues in the
matrix inversions required to compute precoding; thus, when the precoder tries to improve
a generic user’s signal, it is more difficult to simultaneously limit the interference it
generates towards other users. As a consequence, the precoder can increase the SINR
for an increasing transmission power to a certain limit, after which the performance
basically saturates and, if the power is further increased, it might also worsen.

The above trend is further substantiated by observing that, often, the performance with PAC is
much better in the dual satellite scenario compared to the stand-alone case. As mentioned for the
stand-alone scenario, this normalisation starts to be effective when interference is less relevant
compared to the need of an increased SNR; in this case, the precoder is not able to further limit
interference and, thus, the increase in the SNR is beneficial.
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Figure 31 - Average spectral efficiency [bit/s/Hz] for the pLOS scenario in the beam space, dual satellite
scenario.

Table 36 - Average spectral efficiency [bit/s/Hz] for the pLOS scenario in the beam space, dual satellite

scenario.
scenario | 'spc | swpc | PAC | sSPC. | sMPC |  Pac . | NOP
0 d\é\?ﬁ,\TAHZ 29734 | 27940 | 1.1048 | 0.7573 0.7453 05883 | 0.4691
4 dg\?v’?&Hz 29792 | 2.8290 | 1.0929 | 0.7540 0.7428 05841 | 0.4691
6 dbo o | 29827 | 28484 | 10881 | 0.7527 0.7418 0.5825 | 0.4691
1 d\gsvﬁlTMHz 2.9844 | 2.8580 | 1.0862 | 0.7522 0.7414 0.5818 | 0.4691
O%%Q,?,?&'ﬂz 0.7437 | 0.6351 | 0.7367 | 0.5708 0.5234 0.5651 | 0.2443
ﬂ%ﬁ?&'ﬂz 0.9085 | 0.8019 | 0.8925 | 0.6421 0.5916 0.6323 | 0.3068
SkéaBQ,‘\m'ﬂz 1.0066 | 0.9165 | 0.9783 | 0.6380 0.6032 0.6265 | 0.3425
12H§Q35‘/i/'ﬁ_|z 1.0456 | 0.9611 | 0.9947 | 0.5878 0.5661 05758 | 0.3595

When comparing the performance of the dual satellite scenario with the stand-alone scenario,
there are some interesting trends to be commented:

in high interference condition (VSAT terminals and handheld terminals with P, 50,5 > 4
dBW/MHz), the stand-alone scenario provides a better performance with SPC and MPC.
In particular, for larger transmission power levels and VSAT terminals, the gap in the
average spectral efficiency can be as large as 1 bit/s/Hz (MMSE SPC). For handheld
terminals, it can be approximately half of this value. For VSATs and PAC, the dual satellite
scenario is significantly better (approximately one order of magnitude);

in low interference conditions (handheld terminals with P, 4., < 4 dBW/MHZz), the dual
satellite scenario provides a slight advantage, in the order of 0.1 — 0.2 bit/S/Hz;

when no precoding is implemented, the performance in the dual satellite scenario is
always half of that obtained in the stand-alone case.
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Figure 32 - Average spectral efficiency [bit/s/Hz] for the pLOS scenario in the feed space, dual satellite
scenario.

Table 37 - Average spectral efficiency [bit/s/Hz] for the pLOS scenario in the feed space, dual satellite

scenario.
scenario | spC | smpc | PAC | sSPC. | sMPC | PaC | MB
o d\B/\?VA/\I\-EIHz 45362 | 41402 | 1.5454 | 1.2211 1.2063 0.8246 | 0.9430
. dg\?v/?n;Hz 44904 | 41727 | 14762 | 12120 1.2056 0.8159 | 0.9430
6 dboi, | 44656 | 41984 | 14450 | 1.2081 1.2055 0.8122 | 0.9430
" d\gs\/@TMHZ 44542 | 42150 | 1.4319 | 1.2065 1.2054 0.8107 | 0.9430
okéasrb?/f/ﬁlﬂz 0.6453 | 0.6213 | 0.6442 | 0.5342 0.5123 05337 | 0.4542
ﬂ%ﬁ?&'ﬂz 0.8781 | 0.8349 | 0.8737 | 0.7157 0.6774 07133 | 05012
8%%%?332 1.0885 | 1.0268 | 1.0760 | 0.8499 0.7995 0.8442 | 0.6920
aandneld | 1.2649 | 1.1878 | 1.2350 | 0.9159 0.8640 0.9066 | 0.7556

These performance trends are present in the feed space as well, for which the results are
summarised in Figure 32 and Table 37. The better performance of sSPC and sMPC compared to
PAC confirm that, in high interference scenarios, the preservation of the orthogonality of the
precoder columns is critical. However, the fact that in these scenarios the stand-alone satellite
provides a better performance is interesting, as discussed above.

© DYNASAT Consortium 2020-2023 Page 60 of 82 -



D3.4: Bandwidth Efficient Techniques evaluation

DYNASAT ™

MMSE SPC single |
MMSE MPC single |
0.9 MMSE PAC single
MMSE sSPC dual
MMSE SMPC dual
MMSE PAC dual |

Cumulative Distribution Function
°
o

/ MMSE SPC single

MMSE MPC single

MMSE PAC single
——— MIMSE sSPG dual
MMSE SMPC dual
—— MMSE PAC dual

Cumulative Distribution Function
e o o o © e o @
N @ R @m @ w4 @ @

]

0 =T — L
-30 -20 -10 o 10 20 30
SNR [dB] SIR [dB]

(a) SNR [dB] (b) SIR [dB]

Figure 33 — Comparison of stand-alone and dual satellite scenarios: SNR and SIR CDFs with VSATS in

the beam space and MMSE precoding.
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Figure 34 - Comparison of stand-alone and dual satellite scenarios: SNR and SIR CDFs with handheld

terminals in the beam space and MMSE precoding.

To substantiate these considerations, Figure 33 and Figure 34 compare the SNR and SIR for the
stand-alone and dual satellite scenarios in the beam space with VSATS; for the sake of clarity,
we only report the CDFs for the MMSE algorithm, but for the SS-MMSE solution similar trends
can be obtained. It can be noticed that, in terms of SNR, the dual satellite scenario provides a
better performance, in particular with VSAT receivers; however, the SIR performance is poorer
compared to the stand-alone scenario for sSPC and sMPC: given the geometry of the system
(and also partially due to the slight loss in orthogonality with these normalisations), the dual
satellite scenario is more critical in terms of interference limitation.
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We can now focus on the LOS scenario. The average spectral efficiency in sub-urban conditions
is provided in Figure 35, Table 38, and Table 39. The trends are in line with those reported above
for the pure LOS scenario; the only difference is that the performance with handheld terminals is
always better with the stand-alone satellite. Clearly, in LOS conditions the performance is worse
compared to the pure LOS scenario. The same trends can be observed for the feed space.
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Figure 35 - Average spectral efficiency [bit/s/Hz] for the LOS scenario in sub-urban conditions in the
beam (left) and feed (right) spaces, dual satellite scenario.

Table 38 - Average spectral efficiency [bit/s/Hz] for the LOS scenario in sub-urban conditions in the beam
space, dual satellite scenario.

ccraio | WISE | HEE |V [ SSNSE [ SOUNEE | SSE | v
0 dEML 74 11146 | 0.7530 0.7411 0.5881 | 0.4695
4 dioz ‘ 1.0954 | 0.7501 0.7396 0.5840 | 0.4695
& dEIMH2 ‘ 1.0875 | 0.7489 0.7390 0.5824 | 0.4695
12 dBWIMH2 ‘ 1.0844 | 0.7484 0.7387 0.5817 | 0.4695
Jaanehee | 06276 | 05283 | 06240 | 04827 0.4299 0.4787

Jandheld | o.sige | 0.7070 | 08078 | 05788 0.5156 0.5706

ghandheld 1 o.0461 | 0.8476 | 09262 | 0.5901 0.5520 0.5889 | 0.3263
lanaheld | 1.0034 | 09200 | 0.9712 | 0.5650 0.5340 0.5543 | 0.3526

Table 39 - Average spectral efficiency [bit/s/Hz] for the LOS scenario in sub-urban conditions in the feed
space, dual satellite scenario.
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scenario | '{ebe | Smpc | PAC | ssPC | awPC | pac. | MB

0 d\l?i\?vpl\l\-l/-le 4.4878 | 4.0778 | 1.6103 | 1.2187 1.1949 0.8235 | 0.9430
4 d\é\?\,’?,\T,IHZ 4.4200 | 41104 | 15072 | 1.2100 1.1996 0.8149 | 0.9430
8 d\é\?v’?,\TAHZ 43801 | 4.1382 | 1.4584 | 1.2062 1.2019 08113 | 0.9431
1 O}SVA,T,\AHZ 43608 | 4.1584 | 1.4372 | 1.2047 1.2029 0.8098 | 0.9431
O%%Q,‘\’,?&'ﬂz 0.5148 | 0.4995 | 0.5144 | 0.4278 0.4055 0.4276 i
ﬂ%ﬁ,ﬂ?ﬁ'ﬂz 07515 | 0.7190 | 0.7493 | 0.6259 0.5802 0.6243 | 0.5218
8%%?,‘3,7&',‘12 0.9750 | 0.9231 | 0.9678 | 0.7900 0.7224 07853 | 0.6453
12“323\';/%‘&'2 1.1685 | 1.1000 | 1.1498 | 0.8818 0.8068 0.8734 | 0.7305

Figure 36 shows the results in the beam space (on the left) and the feed space (on the right) in
the LOS scenario with urban conditions. The heatmaps with the corresponding spectral efficiency
values are provided in Table 40 and Table 41. While the general trends are the same as those
discussed for pure LOS and LOS in sub-urban conditions, in this case the advantage of the stand-
alone satellite is larger; this can be motivated by observing that in LOS conditions, the urban
scenario has larger values of the standard deviation of the shadow fading, which are also
independent of the elevation angle. Thus, the impact on the SNR (which is where the dual satellite
system has an advantage) is extremely detrimental and the gap from the stand-alone scenario is
more evident. It is also interesting to notice that, in the feed space, the performance is particularly
bad for low transmission power levels and then it rapidly increases.
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Figure 36 - Average spectral efficiency [bit/s/Hz] for the LOS scenario in urban conditions in the beam
(left) and feed (right) spaces, dual satellite scenario.

Table 40 - Average spectral efficiency [bit/s/Hz] for the LOS scenario in urban conditions in the beam
space, dual satellite scenario.
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scenario | ebe | Smpc | pAC | ssPC | aMPC | pac. | NoP
0 d\é\?v'?l\-l;le 2.2801 | 2.2060 | 0.9956 | 0.6911 0.6851 0.5682 | 0.4673
4 d\é\?\%Hz 22729 | 2.2280 | 0.9791 | 0.6882 0.6836 05643 | 0.4674
8 d\é\?\mHz 22704 | 22413 | 0.9723 | 0.6871 0.6830 05627 | 04674
1 d\éSWA,TMHZ 22696 | 2.2482 | 0.9696 | 0.6866 0.6828 05621 | 0.4674
O';%Q,?,?&'ﬂz 0.6261 | 0.5098 | 0.6188 | 0.4907 0.4453 0.4868 | 0.2189
ﬂ%ﬂ,ﬂ?&'ﬂz 0.7590 | 0.6468 | 0.7486 | 0.5587 0.5068 05517 | 0.2902
S'jjaBr{,‘\j,?&'gz 0.8236 | 0.7286 | 0.8101 | 0.5566 0.5193 05483 | 0.3397
12'*3&3\7/3‘,’42 0.8271 | 0.7550 | 0.8074 | 0.5093 0.4857 05014 | 0.3673

Table 41 - Average spectral efficiency [bit/s/Hz] for the LOS scenario in urban conditions in the feed
space, dual satellite scenario.

Scenario | MMSE [ MMSE [ MMSE | SS-MMSE | SS-MMSE | SS-MMSE | | o
SSPC_| sMPC | PAC SSPC SMPC PAC

0 d\é\m\qu 3.6453 | 34190 | 1.5214 | 1.1663 1.1412 0.7984 | 0.9425
4 dgsvl?,\T,le 35569 | 3.4141 | 1.4190 | 11571 1.1462 0.7896 | 0.9425
8 d\é\?\,‘/\,\TAHZ 3.5092 | 3.4185 | 1.3698 | 1.1532 1.1486 0.7859 | 0.9426
1 dVBSVC/LHZ 3.4871 | 3.4250 @ 1.3483 | 1.1516 1.1497 0.7844 | 0.9426
o%asr:/(\j/?ﬁlgz 05538 | 0.5335 | 0.5530 | 0.4652 0.4446 04648 | 0.4212
4'3?3@‘3,7&';12 0.7828 | 0.7433 | 0.7797 | 0.6439 0.6031 0.6420 | 0.5717
8"(;&8?,‘\’,7&'32 0.9885 | 0.9300 | 0.9797 | 0.7863 0.7264 07811 | 0.6925
12'*3&3@%% 11344 | 1.0652 | 1.1145 | 0.8577 0.7914 08489 | 0.7735
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Figure 37 - Average spectral efficiency [bit/s/Hz] for the LOS scenario in dense-urban conditions in the
beam (left) and feed (right) spaces, dual satellite scenario.

Figure 37, Table 42, and Table 43 report the results in the LOS dense-urban scenario. The trends
are similar to that already discussed for the sub-urban and urban scenarios.

Table 42 - Average spectral efficiency [bit/s/Hz] for the LOS scenario in dense-urban conditions in the
beam space, dual satellite scenario.

seonaro | WASE | MecE | YSE | ST | ST | SSINSE | o
0 d\é\?\ﬁ,\TAHZ 1.0901 | 07277 0.7192 05824 | 0.4689
4 d\é\?\,/?,\T,'HZ 1.0723 | 07247 0.7176 05783 | 0.4690
8 d\é\?\,/?,\T,'HZ 1.0650 | 0.7235 0.7170 05767 | 0.4690
12 (;fg%,ThAHZ 1.0620 | 07231 0.7167 05761 | 0.4690
O%%w?&'ﬂz 0.6261 | 0.5172 | 0.6202 | 0.4856 0.4354 0.4815
4%%?/?/?1\3:52 0.7906 | 0.6773 | 0.7789 | 0.5709 05122 0.5629
8%?3@‘\1,?&'5'2 0.8835 | 0.7868 | 0.8665 | 0.5812 0.5386 0.5717
12”333&‘/%%2 0.9055 | 0.8312 | 0.8817 | 0.5402 0.5130 05307 | 0.3586

© DYNASAT Consortium 2020-2023 Page 65 of 82



D3.4: Bandwidth Efficient Techniques evaluation DYNASAT *

Table 43 - Average spectral efficiency [bit/s/Hz] for the LOS scenario in dense-urban conditions in the
feed space, dual satellite scenario.

cenario | MMSE | MMSE | MMSE | SS-MMSE | SS-MMSE | SS-MMSE |
ssPC | sMPC | PAC sSPC SMPC PAC

odbam o | 41338 | 38330 | 15023 | 1.2012 1.1775 0.8158 | 0.9429
A dg\?v’?,\T/le 40511 | 3.8481 | 1.4906 | 1.1922 1.1819 0.8071 | 0.9429
8 dg\?v/?nT/le 40062 | 3.8649 | 1.4426 | 1.1884 1.1841 0.8034 | 0.9430
1 dVBSVC/TMHZ 3.9853 | 3.8782 | 1.4217 | 1.1868 1.1851 0.8019 | 0.9430
O'ﬂg{,ﬂ?&'ﬂ _ | 05287 | 05119 | 05281 | 0.4407 0.4189 0.4405 | 0.3888
4%%?/?/?1\3'32 0.7633 | 0.7286 | 0.7608 | 0.6328 0.5887 06311 | 0.5423
S'jjg,c\mﬂz 0.9806 | 0.9269 | 0.9728 | 0.7890 0.7243 07841 | 0.6679
12H§§€§,§/'|‘f_|z 11533 | 1.0859 | 1.1342 | 0.8724 0.8011 0.8638 | 0.7535

To conclude the analysis for fixed terminals in the dual satellite scenario, we also consider NLOS
propagation conditions in the sub-urban, urban, and dense-urban environments, which include
the clutter loss in addition to the impairments in LOS propagation.

Table 44 and Table 45 show the performance in sub-urban conditions. The trends in terms of
normalisations and precoding algorithms are aligned with those in other. However, the
comparison with the stand-alone system is now different:

MMSE precoding with the sSPC and sMPC normalisations provides a better performance
in the dual satellite scenario, in particular for VSATS;

MMSE with PAC is worse with VSATs and handheld terminals with low transmission
power;

with SS-MMSE precoding, the stand-alone satellite scenario is again better with sSPC
and sMPC with both terminals, and with handheld terminals for PAC solutions.

Table 44 - Average spectral efficiency [bit/s/Hz] for the NLOS scenario in sub-urban conditions in the
beam space, dual satellite scenario.

conaio | MMSE | MMSE | MMSE | SS-MMSE | SS-MMSE | SSMMSE | =
sSPC_| sMPC | PAC SSPC sMPC PAC

oamone | 27421 | 25800 | 10752 | 0.7418 0.7307 0.5828 | 0.4685
Jabont | 27409 | 26165 | 10558 | 0.7389 0.7292 0.5788 | 0.4685
o qbon | 27415 | 26384 | 10478 | 07377 0.7285 0.5771 | 0.4686
Lo den | 27421 | 26498 | 1.0446 | 0.7373 0.7283 0.5765 | 0.4686
JHandheld | 06226 | 0.5219 | 0.6180 | 0.4837 0.4320 0.4796 | 0.2038
JHandheld 1 0.g031 | 0.6808 | 0.7906 | 05755 0.5139 0.5674 | 0.2784
Gandheld | 09101 | 0.8183 | 0.8976 | 05926 0.5468 0.5825 | 0.3287
ylanaheld | 0.9660 | 08832 | 0.9326 | 0.5566 0.5267 05461 | 0.3552
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Table 45 - Average spectral efficiency [bit/s/Hz] for the NLOS scenario in sub-urban conditions in the feed
space, dual satellite scenario.

cenario | MMSE | MMSE | MMSE | SS-MMSE | SS-MMSE | SS-MMSE |
ssPC | sMPC | PAC sSPC SMPC PAC

odbam | 42933 | 39253 | 15878 | 1.2059 1.1821 08171 | 0.9421
A d\é\?v’?,\TAHZ 42132 | 3.9428 | 1.4806 | 1.1972 1.1868 0.8085 | 0.9422
8 dg\?v/?nT/le 41665 | 3.9610 | 1.4288 | 1.1934 1.1801 0.8049 | 0.9422
1 dVBSV@TMHZ 41439 | 3.9759 | 1.4060 | 1.1919 1.1901 0.8035 | 0.9422
O'ﬂfé{,ﬂ?&'ﬂ _ | 05202 | 05020 | 05196 | 0.4341 0.4122 04338 | 0.3796
4%%?/?/?1\3'32 0.7544 | 0.7200 | 0.7520 | 0.6288 0.5839 0.6272 | 0.5293
S'jjaBr{,‘\j,?,\eﬂ'ﬂz 0.9709 | 0.9182 | 0.9635 | 0.7897 0.7232 0.7849 | 0.6520
12H§§S\7,i,'l‘f_|z 11532 | 1.0859 | 1.1346 | 0.8783 0.8046 0.8699 | 0.7363

Similar considerations hold also for the urban environment shown in Table 46 and Table 47 for
the beam and feed spaces, respectively. The only difference compared to the sub-urban case is
that the PAC normalisation is always performing slightly better with a stand-alone satellite in the
beam space, but not in the feed space.

Table 46 - Average spectral efficiency [bit/s/Hz] for the NLOS scenario in urban conditions in the beam
space, dual satellite scenario.

Scenario | spc | ewpc | PAc | sspc | Sswpc | pAc | NP
0 dg\?v'?l\-l/—le 2.2632 | 2.1897 | 0.9891 | 0.6889 0.6829 0.5670 | 0.4670
4 d\ém\TAHZ 2.2559 | 2.2116 | 0.9726 | 0.6860 0.6815 0.5631 | 0.4670
8 d\é\?VA/\I\-I;IHz 2.2534 | 2.2249 | 0.9658 | 0.6849 0.6809 0.5616 | 0.4671
12 d\gS\IVIA)-IKAHz 2.2525 | 2.2318 | 0.9630 | 0.6844 0.6806 0.5609 | 0.4671
o"é‘"‘ér:,‘\j,?&'gz 0.6254 | 0.5085 | 0.6180 | 0.4909 0.4458 04870 | 0.2198
4'3%@?,7&'32 0.7569 | 0.6442 | 0.7464 | 0.5581 0.5064 0.5509 | 0.2909
8'3%%7&',‘12 0.8205 | 0.7250 | 0.8068 | 0.5553 0.5182 0.5469 | 0.3403
12'*:,;‘3@%% 0.8234 | 0.7509 | 0.8037 | 0.5077 0.4842 04997 | 0.3679

© DYNASAT Consortium 2020-2023 Page 67 of 82 -



D3.4: Bandwidth Efficient Techniques evaluation DYNASAT *

Table 47 - Average spectral efficiency [bit/s/Hz] for the NLOS scenario in urban conditions in the feed
space, dual satellite scenario.

cenario | MMSE [ MMSE [ MMSE | SS-MMSE | SS-MMSE | SS-MMSE | , o
SSPC_| sMPC | PAC sSPC SMPC PAC

odban | 36193 | 33956 | 15154 | 11635 1.1383 0.7974 | 0.9420
4 dg\?v’?,\T/le 3.5304 | 3.3898 | 1.4124 | 1.1543 1.1434 0.7886 | 0.9421
8 dg\?v/?nT/le 3.4824 | 33937 | 1.3629 | 1.1504 1.1458 0.7849 | 0.9421
12 dVBSVC/TMHZ 34601 | 3.3999 | 1.3412 | 1.1488 1.1469 0.7834 | 0.9421
O'ﬂg{,ﬂ?&'ﬂ , | 05546 | 0.5340 | 05537 | 0.4666 0.4461 0.4662 | 0.4232
4%%?/?/?1\3'32 0.7829 | 0.7431 | 0.7798 | 0.6445 0.6040 0.6426 | 0.5733
8'3%?,‘\’,?&';12 0.9876 | 0.9288 | 0.9786 | 0.7861 0.7265 0.7809 | 0.6937
12H§§S§,§J|‘LZ 11321 | 1.0629 | 1.1122 | 0.8569 0.7908 0.8480 | 0.7744

Similar considerations hold for the dense-urban scenario, which is reported in Table 48 and Table
49 for the beam and feed spaces, respectively.

The better performance in NLOS conditions with MMSE precoding is related to the above
mentioned geometry of this type of coverage. In particular, the relative position of the users with
respect to the two satellites and the smaller separation in the angular domain among the users
lead to channel matrices that show some slight correlation among their rows. This leads to a
worse performance compared to the stand-alone case, in general. However, when there are
impairments that disrupt this built-in symmetry, the performance with multiple satellites is
improved. This does not apply to the SS-MMSE precoding, but it shall not be surprising: this
algorithm is based on an approximation of the user CSI with that of the beam center; with two
satellites, we are doubling the CSI elements in both the beam and the feed space and, thus, the
misalignment with respect to the real channel matrix is too large.

Table 48 - Average spectral efficiency [bit/s/Hz] for the NLOS scenario in dense-urban conditions in the
beam space, dual satellite scenario.

conario | MMSE [ MMSE [ MMSE | SS-MMSE | SS-MMSE | SS-MMSE | | o
sSPC sMPC PAC sSPC sMPC PAC

0 dg\?vl?h-ngz 23008 | 2,2096 | 0,9917 | 0,6944 0,6874 0,5639 | 0,4659
4 dg\?v/?nT/le 22921 | 2,2328 | 09737 | 0,6915 0,6859 0,5600 | 0,4659
g dg\?vl?,\T,le 22889 | 22471 | 0,9662 | 0,6904 0,6853 0,5585 | 0,4659
12 dVBSV'\IA/-II;/IHz 22877 | 2,2546 | 0,9632 | 0,6899 0,6851 05578 | 0,4659
O'jj%r{,‘e,?&'ﬂz 0,6188 | 0,5050 | 0,6107 | 0,4887 0,4424 04845 | 0,2182
ﬂ%r{,‘\m'ﬂz 0,7590 | 0,6419 | 0,7434 | 0,5603 0,5066 05526 | 0,2895
8'3%%?&'32 0,8319 | 0,7317 | 0,8093 | 0,5612 0,5225 05522 | 03391
12H§§3&‘/i/'ﬁ_|z 0,8405 | 0,7653 | 0,8107 | 0,5157 0,4911 05071 | 0,3667
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Table 49 - Average spectral efficiency [bit/s/Hz] for the NLOS scenario in dense-urban conditions in the
feed space, dual satellite scenario.

cenario | MMSE | MMSE | MMSE | SS-MMSE | SS-MMSE | SS-MMSE |
sSPC | sMPC | PAC sSPC sMPC PAC

odban | 36727 | 34393 | 15204 | 11619 1.1378 0.7946 | 0.9408
4o | 35758 | 34265 | 14116 | 11529 1.1424 0.7860 | 0.9409
6 dboni, | 35219 | 34255 | 13576 | 1.1491 1.1447 0.7823 | 0.9410
Lodoety | 34962 | 34200 | 1.3334 | 1.1475 1.1457 0.7809 | 0.9410
S | 05495 | 0.5262 | 05486 | 0.4620 0.4414 04616 | 0.4171
Jandheld 107770 | 0.7356 | 07730 | 0.6420 0.6006 0.6401 | 0.5649
o onened | 09760 | 0.9181 | 0.9673 | 0.7869 0.7260 0.7818 | 0.6856
Ly anchell | 11223 | 1.0851 | 1.1020 | 0.8605 0.7932 0.8516 | 0.7676

2.2.2.2 Public Safety terminals

In this section, we report the numerical results obtained with Public Safety UEs in the same
configurations and scenarios as those reported above for fixed terminals.

Differently from the behaviour observed with the stand-alone satellite, in this case there is a slight
benefit (in the order of 1073 at most) in having a moving user. This trend, documented by the
tables below showing the performance in the beam and feed spaces with pure LOS and NLOS
conditions, further substantiates the considerations for the dual satellite scenario: given the
geometry of the system, which leads to a limited correlation in the channel matrices compared to
the stand-alone scenario, any impairment or phenomenon that introduces a misalignment might
be beneficial to the system.

Table 50 - Average spectral efficiency [bit/s/Hz] for the pLOS scenario in the beam space with Public
Safety terminals, dual satellite scenario.

0 dg\?\,’?’\TAHZ 2.9776 | 2.7977 | 1.1052 | 0.7583 0.7462 0.5887 | 0.4691
4 dg\?v/?nT/le 2.9836 | 2.8329 | 1.0933 | 0.7550 0.7437 0.5845 | 0.4691
8 dg\?v/?nT/le 2.0871 | 2.8524 | 1.0885 | 0.7537 0.7427 0.5828 | 0.4691
1 d\gs\mwm 2.9889 | 2.8620 10866 | 0.7532 0.7423 0.5821 | 0.4691
O'g%ﬂf,?&'ﬂz 0.7447 | 0.6360 | 0.7378 | 0.5713 0.5238 0.5656 | 0.2443
4%%?/?/7;\6/& 0.9102 | 0.8034 | 0.8942 | 0.6429 0.5923 0.6331 | 0.3068
8'3%’1,‘3,7&',‘12 1.0090 | 0.9186 | 0.9805 | 0.6390 0.6041 0.6274 | 0.3425
12'*3&3@%‘,’42 1.0485 | 0.9637 | 0.9972 | 0.5890 0.5672 0.5769 | 0.3595

Table 51 - Average spectral efficiency [bit/s/Hz] for the pLOS scenario in the feed space with Public
Safety terminals, dual satellite scenario.
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scenario | '{ebe | Smpc | PAC | ssPC | awPC | pac. | MB
0 d\é\?\%Hz 45412 | 41441 | 15458 | 1.2219 1.2071 0.8247 | 0.9429
4 d\é\?\%Hz 4.4955 | 41769 | 1.4766 | 1.2128 1.2065 0.8160 | 0.9430
8 d\é\?\%Hz 4.4708 | 4.2027 | 1.4454 | 1.2089 1.2063 0.8124 | 0.9430
1 d\éSWA,TMHZ 44594 | 42194 | 14322 | 1.2074 1.2063 0.8109 | 0.9430
O';%Q,?,?&'ﬂz 0.6460 | 0.6219 | 0.6448 | 0.5346 0.5127 05340 | 0.4547
ﬂ%ﬂ,ﬂ?&'ﬂz 0.8790 | 0.8358 | 0.8747 | 0.7161 0.6778 07138 | 0.5917
S'jjaBr{,‘\j,?&'gz 1.0899 | 1.0281 | 1.0773 | 0.8505 0.8001 0.8448 | 0.6924
12'*3&3\7/3‘,’42 1.2668 | 1.1896 | 1.2370 | 0.9167 0.8648 0.9075 | 0.7560

Table 52 - Average spectral efficiency [bit/s/Hz] for the NLOS scenario in sub-urban condition in the beam
space with Public Safety terminals, dual satellite scenario.

scenario | ebe | smpc | PAC | ssPC | aMPC | pac. | NoP
0 dgaﬁ,\TAHz 2.7442 | 2.5823 | 1.0760 | 0.7430 0.7318 0.5830 | 0.4685
4 d\B/\?vﬁl\T/le 27428 | 2.6188 | 1.0566 | 0.7401 0.7303 0.5789 | 0.4685
8 d\é\?\%Hz 2.7433 | 2.6407 | 1.0486 | 0.7389 0.7297 05773 | 0.4686
1 dVBSWA,TMHZ 27439 | 2.6521 | 1.0454 | 0.7385 0.7294 0.5766 | 0.4686
o%%%?&lgz 0.6241 | 05232 | 0.6195 | 0.4839 0.4322 04799 | 0.2038
4%%?/?/7332 0.8049 | 0.6914 | 0.7925 | 0.5759 0.5142 0.5679 | 0.2784
S'jjaBr{,?,?,\‘jl'ﬂz 0.9211 | 0.8201 | 0.8996 | 0.5932 0.5474 05832 | 0.3287
12H§‘é’33/‘§2?42 0.9680 | 0.8851 | 0.9347 | 0.5574 0.5274 05470 | 0.3552

Table 53 - Average spectral efficiency [bit/s/Hz] for the NLOS scenario in sub-urban condition in the feed
space with Public Safety terminals, dual satellite scenario.

MMSE | MMSE | MMSE | SS-MMSE | SS-MMSE | SS-MMSE

SSPC | sMPC | PAC SSPC SMPC PAC MB

Scenario
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VSAT

0 b, | 42962 | 39282 | 15885 | 12071 1.1832 08173 | 0.9421
4 d\é\?v’?,\T,le 42160 | 3.9457 | 1.4814 | 1.1984 1.1880 0.8087 | 0.9422
g dg\?v/?nT/le 41691 | 3.9639 | 1.4295 | 1.1947 1.1903 0.8051 | 0.9422
1 dVBS\’,C/TMHZ 4.1464 | 3.9788 | 1.4067 | 1.1931 1.1914 0.8036 | 0.9422
O'ﬂ,%ﬂ,?,?&'ﬂz 05213 | 0.5040 | 0.5208 | 0.4343 0.4124 04340 | 0.3797
ﬂ%ﬂ,ﬂ?&'ﬂz 0.7560 | 0.7216 | 0.7537 | 0.6291 0.5841 0.6275 | 0.5295
s'jjaBr{,‘\j,?,\eﬂ'ﬂz 0.9729 | 0.9202 | 0.9655 | 0.7900 0.7235 07852 | 0.6521
12'*5&‘%%‘,’42 1.1556 | 1.0882 | 1.1370 | 0.8787 0.8049 0.8702 | 0.7364

Table 54 - Average spectral efficiency [bit/s/Hz] for the NLOS scenario in urban condition in the beam
space with Public Safety terminals, dual satellite scenario.

Scenario | Jspc | ewpC | PAc | sspc | Sswpc | pAc | MNP
0 dgaﬁ,&Hz 2.2644 | 21912 | 0.9896 | 0.6898 0.6838 0.5673 | 0.4670
4 d\é\?VAI\I\-I;IHz 22570 | 2.2130 | 0.9731 | 0.6870 0.6824 0.5634 | 0.4670
8 dVB‘?NA,LH 2.2544 | 2.2261 | 0.9663 | 0.6858 0.6818 05618 | 0.4671

12 dVBS\NA/-l(/IHz 2.2535 | 2.2330 | 0.9636 | 0.6853 0.6815 05612 | 0.4671
o%%%?&lgz 0.6268 | 0.5097 | 0.6195 | 0.4913 0.4461 0.4874 | 0.2198
ﬂ%@?ﬁ&'ﬂz 0.7585 | 0.6457 | 0.7480 | 0.5585 0.5069 05514 | 0.2909
8%%%?&'32 0.8223 | 0.7265 | 0.8086 | 0.5559 0.5188 0.5476 | 0.3403
12?23\7/%% 0.8252 | 0.7525 | 0.8054 | 0.5085 0.4849 0.5005 | 0.3679

Table 55 - Average spectral efficiency [bit/s/Hz] for the NLOS scenario in urban condition in the feed
space with Public Safety terminals, dual satellite scenario.

: MMSE | MMSE | MMSE | SS-MMSE | SS-MMSE | SS-MMSE
Scenario sSPC | sMPC | PAC SSPC SMPC PAC MB
VSAT
odbonut | 36214 | 33978 | 15161 | 1.1644 1.1392 07976 | 0.9420
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4 d\é\?VAI\I\-I;IHz 35324 | 3.3921 | 14132 | 1.1553 1.1443 07888 | 0.9421
8 d\é‘?’,\,A,LH 3.4843 | 3.3961 | 1.3637 | 1.1514 1.1468 07851 | 0.9421
1 dVBSVC,TMHZ 3.4619 | 3.4023 | 1.3420 | 1.1498 1.1479 07836 | 0.9421
O"(;aBQ,‘\’,?,\E/’I'gZ 0.5557 | 0.5352 | 0.5549 | 0.4669 0.4464 0.4665 | 0.4232
4%%%7&'32 0.7845 | 0.7446 | 0.7814 | 0.6449 0.6043 0.6430 | 0.5733
sljj%r:/?/?ﬂgz 0.9896 | 0.9307 | 0.9806 | 0.7865 0.7269 0.7814 | 0.6937
12H§§3\7/ﬂ‘i|z 1.1344 | 1.0650 | 1.1144 | 0.8574 0.7913 08486 | 0.7744

Table 56 - Average spectral efficiency [bit/s/Hz] for the NLOS scenario in dense-urban condition in the
beam space with Public Safety terminals, dual satellite scenario.

scenario | {spc | swpC | PAC | ssPC | eweC | pac | NoP
0 dg\?VAI\I\EHz 2.3024 | 22112 | 09921 | 0.6953 0.6883 0.5641 | 0.4659
4 d\é\?v?l\T/le 2.2936 | 2.2343 | 0.9740 | 0.6924 0.6868 0.5602 | 0.4659
8 dVBS\‘,@LH 2.2904 | 2.2484 | 0.9666 | 0.6913 0.6863 0.5586 | 0.4659
12 d\gs\‘,C,LHZ 2.2892 | 2.2559 | 0.9636 | 0.6908 0.6860 0.5580 | 0.4659
Oﬂgf\mﬂz 0.6202 | 0.5062 | 0.6122 | 0.4890 0.4427 0.4848 | 0.2182
4'3%%?&'32 0.7607 | 0.6433 | 0.7452 | 0.5607 0.5070 0.5530 | 0.2895
8'3%%7&',22 0.8338 | 0.7333 | 0.8112 | 0.5617 0.5230 0.5528 | 0.3391
12"'3&3\7,?\/"?42 0.8424 | 0.7670 | 0.8125 | 0.5164 0.4918 0.5078 | 0.3667

Table 57 - Average spectral efficiency [bit/s/Hz] for the NLOS scenario in dense-urban condition in the
feed space with Public Safety terminals, dual satellite scenario.

MMSE | MMSE | MMSE | SS-MMSE | SS-MMSE | SS-MMSE

Scenano | sspc | sMPpc | PAC | sSPC SMPC PAC MB
VSAT
0 i, | 36747 | 34412 | 15200 | 11628 1.1387 0.7947 | 0.9408
VSAT
4o, | 35779 | 34285 | 14120 | 11539 1.1433 0.7861 | 0.9410
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8 dVBS\‘,C/LH 3.5241 | 3.4275 | 1.3580 | 1.1501 1.1457 0.7825 | 0.9410
12 d\g‘?ﬁ/TMHZ 3.4983 | 3.4310 @ 1.3339 | 1.1485 1.1467 0.7810 | 0.9410
o%%%?ﬁlgz 0.5506 | 0.5273 | 0.5497 | 0.4622 0.4417 04618 | 0.4170
4'3%%7&'32 0.7786 | 0.7371 | 0.7755 | 0.6423 0.6009 0.6404 | 0.5649
8'3%%7&',‘12 0.9779 | 0.9200 | 0.9693 | 0.7873 0.7264 0.7822 | 0.6855
lec"j‘QS\;‘/ﬂ?_'z 1.1246 | 1.0573 | 1.1052 | 0.8609 0.7936 0.8521 | 0.7675

2.2.2.3 Observations

Based on the exhaustive numerical assessment performed in the dual satellite scenario with the
shared service area, several interesting trade-offs have been identified, as summarised hereafter:

Precoding algorithm

MMSE is always providing the largest spectral efficiency values;

SS-MMSE precoding shows an acceptable performance, also considering that it
is based on pre-computed channel coefficients, i.e., it does not need a continuous
reporting of CSI vectors from the UEs to the gNB. With slight variations related to
the considered propagation scenario, SS-MMSE precoding provides an average
spectral efficiency in the order of: i) 0.5 — 0.75 bit/s/Hz in the beam space with
sSPC and sMPC, while with PAC it is in the order of 0.5 — 0.6 bit/s/Hz; ii) 1.1 — 1.2
bit/s/Hz in the feed space with sSPC and sMPC and 0.7 — 0.8 bit/s/Hz for VSAT
terminals, 0.45 — 0.9 bit/s/Hz for handheld terminals;

MB precoding in the feed space and the non-precoded system in the beam space
are not equivalent as in the stand-alone case, but still a non-precoded system in
the feed space is not meaningful. In terms of the average spectral efficiency, only
in the feed space the MB solution provides a performance better that SS-MMSE
precoding with PAC.

Normalisation

The sSPC and sMPC normalisations provide the best solution in scenarios
characterised by a large power at the receiver, i.e., scenarios where interference
is significant, up to the maximum interference that can be managed by the
precoder. As seen for the stand-alone case, in these situations the orthogonality
of the precoding matrix is fundamental to properly manage the significant
interference at each user terminal. When the precoder cannot manage the
increased interference level, the performance saturates;

in scenarios with a limited received power, i.e., handheld terminals, the PAC
normalisation provides a performance close to that of sSSPC and sMPC, and, in
some cases, even better. In these conditions, rather than preserving the
orthogonality, it is more impacting the enhancement of the intended signal power,
independently from the channel conditions, guaranteed by a PAC approach.

In general, also for the dual satellite scenario we can conclude that MMSE precoding (or other
similar solutions) is worth to be further investigated because SS-MMSE precoding is significantly
degrading the performance in many relevant scenarios. As for the normalisations, MPC and PAC
provide, depending on the scenarios as discussed above, a performance close to that of SPC.
They are to be preferred since they guarantee that each antenna feed is not emitting a
transmission power above its maximum.
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Finally, comparing the stand-alone and dual satellite scenarios, the latter provides a significantly
better performance in pure LOS and LOS propagation conditions. This is motivated by the
peculiarity of the dual satellite scenario, discussed above, which leads to a more difficult
interference limitation procedure for the precoder, due to the implicit symmetry in the geometry
and, in particular, due to the reduced angular distance between different users. In this context,
other scenarios exploiting more than one satellite shall be taken into account in the next steps so
as to exhaustively characterise this type of system. In particular, the hot-spot scenarios introduced
in Figure 4 for the stand-alone case can be considered with multiple satellites as well; in addition,
also a scenario in which each satellite in the swarm is covering its own service area, instead of a
shared one, will be considered. In these scenarios, it is expected that the issues leading to a
worsening in the performance will be limited.
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3 MULTI-CONNECTIVITY TECHNIQUES: PRELIMINARY RESULTS

In this section, we briefly report the preliminary results for the multi-connectivity techniques
selected to be demonstrated in the DYNASAT project. The used simulator is also briefly described
with assumptions. We report the preliminary results produced with the current implemented
simulator within a simple scenario. The simple scenario is for Proof-of-Concept (PoC) and testing
purposes. More results are produced with new versions of the simulator presented later in project
and reported in D3.5 and D3.6, when simulator and scenario modelling are more advanced.

3.1 Simulator description

The multi-connectivity performance is evaluated by means of dynamic system level simulations.
A so called 5G NTN system level simulator based on ns-3 has been used which models:

e The system from PHY to application layer

¢ End-to-end system

e 5G TN/NTN air interface

o A network of nodes (UEs, gNBs, satellites) and their connectivity
e With a packet level resolution

The system level simulator is described in [6]. The modelling relies heavily on 3GPP NTN
specifications in [1] and [3]. The system level simulator is also explained in the D5.1. The
extension done to the simulator in this project

3.1.1 Assumptions

Transparent satellite payload (gNB on ground)
Priority for NTN-NTN MC (no TN-NTN)

Both inter-beam single satellite NTN-NTN MC and inter-satellite NTN-NTN MC candidate
use cases

Multi-connectivity targeting at increased data rate at the terminal (instead of e.g., reliability)
MC for handheld terminals

S-band frequencies

MC is assumed to use different frequency bands

Two satellites in case of NTN-NTN are considered as a sufficient simulation scenario size
Stationary (non-mobile) UEs

eMBB traffic types, e.g., “full buffer” -type traffic

LEO satellites — Note, that LEO satellites are in fact moving with respect to earth, but we
consider the LEO satellites to be stationary. The reason for this is that if assuming moving
LEO satellites, we would need to multiple additional aspects as well: e.g., mobility
management, multiple LEO satellites. This should not be a major problem assuming quite
short simulation durations.

3.1.2 The simple scenario
The simple scenario, i.e., the PoC simulation scenario (see Figure 38) consists of one satellite

with two beams. The beams are overlapping and have different frequencies. Furthermore, 20
stationary UEs are initially connected only to the satellite’s beam 0.
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% *  SAT0/BeamO/cellld=1

SATO0/Beaml/cellld=2

Figure 38. Simulation scenario with a single satellite having two overlapping beams and 20 UEs initially
connected to beam O.

The reasonings behind the selection of this scenario are manifold. Firstly, it can be used to clearly
show that the throughput can be improved when the unutilized second beam is used as an SN
for the UEs. Secondly, when testing more advanced MC algorithms that bring their own
complexities to the simulations and their results’ analysis, a simple scenario can reduce
unnecessary complexity. Finally, as a simple scenario, it is well suitable to be used in regression
testing. Simulations will be run with 1) MC off and 2) MC on. That s, in the second case, the UEs
will have a secondary connection to the second beam. In the scenario’s traffic model, a remote
host sends UDP traffic, that traverses through the satellite, to the UEs. 2000 UDP packets, each
of size 100 B is sent to each user within 2 s of simulation time (after 1 s of warmup time). Moreover,
the simulations with MC off and on will be run with five drops each, i.e., with different random
number generator seeds used in the generation of random values in the simulation, e.g., where
the UEs are placed.

TR 38.821 [1] provides calibration cases for System Level Simulators (SLS). In the simulations,
case 10 from Table 6.1.1.1-9 that uses satellite parameter set 1 (see Table 6.1.1.1-1), is
considered.

3.1.3 Preliminary results

One of the Key Performance Indicators (KPI) that can be used to estimate the performance
enhancements in the DYNASAT project include experienced data rate. Downlink application call
throughput in kbps per UE and the corresponding CDF can be seen in Figure 39 and Figure 40,
respectively. It can be observed that the throughput for each UE increases when MC is turned on
(i.e., every other packet is sent by the MN and every other is directed to the SN and sent by it to
the UE). Node with id 16 gained the most benefit when using MC with ~132% enhancement to
throughput, from ~205 to ~475 kbps. Worst throughput gain was experienced by the Node 25:
~41%, from ~395 to ~555 kbps (note, that it already had the best throughput of all the nodes).
The system'’s total throughput improved by ~87%, from ~5095 to ~9530 kbps. The variance in the
throughput between the UEs can be explained by their different locations in the area of the beams
and the differing Modulation and Coding Schemes (MCS) UEs use depending on the signal
strength. MCS defines how many bits is sent in a resource element. Note, that the system is
overloaded such that not all the data is received by the UE during the simulation, neither with MC
turned off nor on.
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Figure 39. Downlink application call throughput (kbps) per UE, 2000 UDP packets of 100B sent to each
UE.
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Figure 40. CDF of application call throughput, 2000 UDP packets of size 100B sent to each UE.

Another KPI of interest is the percentage of the capacity demand actually served. In the
simulations, the total actual capacity demand was 32000 kb (2000 packets x 100 B X
20 users). When MC was turned off, the actual capacity served was 10187.4 kb
(2s x 5093.7 kbps), whereas when MC was turned on, it was 19062.2 kb (2s X
9531.1 kbps). So, the percentage of the capacity demand actually served went up from 31.8%

t0 59.6%.

3.1.4 Performance scenarios

Three potential MC scenarios have been identified for the multi-connectivity performance
evaluations, see Figure 41.

1. Single satellite neighbouring multi-beam MC
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2. Multi-satellite overlapping coverage FRF1 MC
3. Multi-satellite overlapping coverage FRF3 MC

* » »

Figure 41. Multi-connectivity scenarios (a) Single satellite neighbouring multi-oeam MC, (b) multi-satellite
overlapping coverage FRF1 MC, (c) multi-satellite overlapping coverage FRF3 MC.

The objective is to evaluate the multi-connectivity with some of these scenarios with some
modifications later in the project. In the first phase evaluations are done with ‘Single satellite
neighbouring multi-beam MC. Later evaluations with multi-satellite scenarios are included.
Results produced with these scenarios are presented later in D3.5 and D3.6.
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4  CONCLUSIONS

4.1 MU-MIMO

This document provides a detailed description of the simulator structure and KPIs for the short-
term and benchmark MU-MIMO techniques designed in D3.2. For the MMSE (benchmark), SS-
MMSE, and MB precoding algorithms, an exhaustive simulation campaign has been performed
and reported in the document, allowing to identify some interesting trends that will serve as a
baseline to identify the next steps in the task activities. It is worth to recall that the simulator and
the related evaluations were obtained at system-level, under the assumption of a full buffer and
uniform traffic distribution, which allowed to not consider scheduling aspects, in this first
preliminary assessment.

More specifically, two scenarios have been considered: a stand-alone satellite scenario, in which
a single satellites implements precoding with full frequency reuse, and a dual satellite scenario,
in which two satellites cover the same service area (the same beam centers, in particular) with
precoding and full frequency reuse. In general, the following trends have been identified:

MMSE precoding is always the best solution, as also expected from the techniques design
in D3.2 and from the scientific literature;

the SS-MMSE approach is an interesting solution, since it avoids the need for accurate
CSl vectors at the transmitter. The performance is acceptable, but in many scenarios it is
quite distant from the MMSE performance;

MB precoding is the worst in the vast majority of the scenarios, as expected since it is a
beamforming technique that shall be combined with beam-hopping in order to provide a
good performance.

Comparing the performance in the stand-alone and dual satellite scenarios, some very interesting
system-level behaviours were found. In particular, the stand-alone scenario provides a
significantly better performance in pure LOS and LOS propagation conditions. This is motivated
by the peculiarity of the dual satellite scenario, extensively discussed in the document, which
leads to a more difficult interference limitation procedure for the precoder, due to the implicit
symmetry in the geometry and, in particular, due to the reduced angular distance between
different users. In this context, other scenarios exploiting more than one satellite shall be taken
into account in the next steps so as to exhaustively characterise this type of system. In particular,
the hot-spot scenarios introduced in for the stand-alone case can be considered with multiple
satellites as well; in addition, also a scenario in which each satellite in the swarm is covering its
own service area, instead of a shared one, will be considered. In these scenarios, it is expected
that the issues leading to a worsening in the performance will be limited.

In conclusion, while additional scenarios will be considered in order to better identify the solutions
in which two or more satellites are beneficial, MMSE precoding provides a significant performance
benefit compared to the other solutions. Thus, despite its complexity in terms of CSI estimation
and provision at the transmitter side, this technique shall be further designed and evalutated for
the long-term analyses. To this aim, in the next steps also the Location Based MMSE algorithm
designed in D3.2 will be considered, which is expected to provide a performance still below that
of MMSE, but significantly better than SS-MMSE or MB precoding.

4.2 Multi-Connectivity

This document provides brief description of the simulator used for the demonstration of the multi-
connectivity techniques. The preliminary results are presented as proof-of-concept and to
indicated progress of the simulator development. Later in the project extensive results with the
enhanced simulator is presented in D3.5 and D3.6.
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5 ANNEXA: LINK-LEVEL SIMULATOR

5.1 Software requirements

The simulation software has been implemented by using Matlab R2018b and the following
versions up to R2020a. It relies on the 5G toolbox 1.0 (R2018b) for the simulation of the physical
downlink shared channel (PDSCH) and the signal synchronization block (SSB) options, the 5G
toolbox 1.1 (R2019a) for the physical uplink shared channel (PUSCH) option, and 2.0 (R2020a)
for the physical random access channel (PRACH) option.

5.2 Main features and key performance indicators

The simulation software is fully compliant with the NR standard and has the following main
features:

e Simulation of the physical downlink/uplink shared channel (PDSCH/PUSCH)

The transmitted symbols are partitioned to payload (useful bits) and pilots (demodulation
reference signals (DMRS), known symbols). The signal synchronization block burst (SSB
burst) can be also transmitted, accordingly to the 5G NR protocol configurations, by reserving
a dedicated number of resource elements in the time-frequency transmission grid. The
simulation is performed on a slot-wise basis. Hybrid-ARQ has been modified to consider
increased round-trip delay of the satellite link.

e Physical random access channel (PRACH)

The 5G standard random access procedure relies on the uplink transmission of specific
sequences following the specifications of 3GPP TR 38 series. There are several possible
formats and transmission occasions within the NR frame structure, given the context. The
detection of PRACH should be compliant with specific requirements and must allow the
estimation of the timing delay and frequency offset to enable the frame synchronization.
Performance is determined in terms of detection rate, false alarm rate, and cumulative
distribution function of estimated timing and frequency.

e Processing at transport and physical channel level

The processing at transmitter and receiver side can be divided in two levels. Encoder and
decoder are software objects (DLSCH/ULSCH transport channel processing), which take care
of data segmentation, CRC encoding, LDPC encoding and rate matching implementation. The
functions nrPDSCH/Decode and nrPUSCH/Decode (physical channel processing) take care
of scrambling, modulation and layer mapping.

e Channel estimation

At the receiver side, the signal is assumed to be already synchronized, whereas channel
estimation can be performed either ideally (i.e., not performed on the pilot symbols, as channel
coefficients are taken from the channel generator function directly), or by exploiting the DMRS,
which can be configured as envisaged by the standard; equalization is then performed on the
true channel coefficients or on the estimated ones.

e Satellite payload

The payload is supposed to be transparent, therefore the chain IMUX-amplifier-OMUX is
implemented. Three kind of amplifier nonlinearity are available, namely linearized,
conventional and SSPA. The signal is oversampled to be processed by the nonlinear
characteristic, and then undersampled for the following processing.

Phase noise tracking
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The phase noise, generated according to loadable phase masks or by the Wiener model with
proper variance, can be tracked by exploiting one or more subcarriers as pilot symbols, to
implement the presence of the phase tracking reference signals (PTRS), in each OFDM
symbol or in one every two. The estimation of the common phase error (CPE, a phase rotation
common to all subcarrier within one OFDM symbol) is effective only for medium to high SNRs.

e Signal synchronization block (SSB)

To test the synchronization capabilities in a satellite environment, the generation of SSB
bursts has been implemented. In this case the simulation is run on a half-frame-wise basis,
as the receiver explores a whole half-frame to search for possible synchronization blocks. If
the signal can be successfully synchronized the downlink control information (DCI) block is
decoded (it is encoded with polar codes).

The following KPIs can be evaluated given the scenario:
e Bit error rate (BER).

e Block error rate (BLER).

e Aggregate results on throughput.

e Synchronization analysis (physical cell-ID detection (PCID), false alarm rate, residual
frequency and timing offset at 90% PCID SNIR).

¢ Different channel models for each orbit.
o Hybrid ARQ performance under high RTT.
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