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Executive Summary

Inthi s Deliverable D2.4 fAExpeommenhgl ABséesbtmeh
Bearer for Rai |weantaprdvidaihe pejfornmmmcassesstment of the eligible

ABs, as defined in D2.3 i.e., FSO, HAPS, and LEO. We provide the main outcomes in case of static
and dynamic railway scenas, where different ABs take pladéhe document details the setup and
results obtained frorsimulation and emulatioaf theeligible ABs using the tools in our labs.

For each of the eligible technology we considered its maturity and its availability of the market.
FSO is mature for statienvironment,but many advances are required for dynamic scenarios.
Concerning LEO, some devices are available but the subscription to a connectivity is required for
performing tests on the field and operators do not guarantee the coverage in Europe or the service
itsdf. Finally, HAPSdeployments limited to preliminary experimental settings and no one of them
has been used to realize devices that could be used by one or more HAPS operators to start a
commercial servicelhen someimulations in lalhave been conduatdo their assessment. To this

aim, we considered a realistic environment (also used in the D2.3) related to the mainline Rome
Florence with a real speed profile of the tr&pecifically, FSO technology is the sole one that well

fits into the static scemios (i.e.the trainstation) due to its technical features and the impact on the
railway sector. As main outcome, we can observe that shorter FSO links allow for achieving lower
BER, as well as a degradation of link performancesases in case of atldnal attenuation losses
Finally, in case of dynamic scenarios i.e., mainline, regional, and freight, we will consider a fixed
FSO source and a receiver moving following a path, so that variable FSO link lengths are achieved.
A more realistic dynamic soario has been investigated, comprised of a single and double beam
model, where multiple FSO transmitters are accordingly deployed along the railway track. With
theseschemeswe can demonstrate more stable connectivity links that do not overcome fixed
lengths, thus guaranteeing stable link performamegarding the LEO constellations, Starlink
SpaceXand OneWeb constellatiorsse consideredWhen the LEO satellite is visible from the
ground stationa quite constant satellite service level is evidencedllirsituations. It is fully
compliant with the NetwoHasaService (NaaS), already discussed in the previo@s3 D
deliverable. For each LEO satellite beam aggregated traffic capacitf around 1 Gbps can be
provided.This considerable amount of cafigds very important to managehuge amount of data,

as foreseen in specific ACS traffitassesespecially it 0 mo r sitoatiod &.g.for video data
application in uplink). This makes the LEO technology as a very interesting and competitive AB
with the terrestrial communication technologies (5). Another important implication regards

the possibility ofassuring greater reliability of the connectipmsanaging the corresponding
QoS/QoElevels, andreducing the réransmissions in case of faikg especially in the case of
missioncritical applicationsThe HAPS is currently used as a physical asset hosting the LTE eNB,
and in the future the 5G gNB. HAPS has a reduced altitude from the ground (at 19 km), and it can
be assumed almost a statictsys (affected by a few oscillations). In the three different frequency
bands (identified by the ITAR P.528 propagation model), the traditional UE gives a poor
performance in B1 (69460 MHz) in terms of MCS adoption and the corresponding available
spectraefficiency. From simulations, it emerges the opportunity to use a dedicated enhanced User
Equipment (UE) with higher antenna gain and transmission power, able to use more efficient
Modulation and Coding Schemes (MCS).

The results evidence thapplicability of FSO, LEO, and HAPS to be used as ABs for ACS
applications in railway scenarios. Their technical feasibility allows having a huge capacity for data
transmission. This is very important, especially for the bandwadtisuming ACS applicatienn
tomorrowbs rail way scenari os.
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List of abbreviations, acronyms,and definitions

Acronym Definition

AB Alternative Bearers

ACS Adaptable Communication System

ATPC Automatic Transmit Power Control

AWGN additive white Gaussian noise

BER Bit-Error-Rate

CCDF Complementary Cumulative Distribution
CDF Cumulative Density Function

DL Downlink

DVB-S2 Digital Video Broadcasting Satellite- Second Generation
EIRP Effective Isotropic RadiateBower

eNB Evolved Node B

FSO Free Space Optics

FSPL Free Space Path Loss

GG GammaGamma

GS Ground Station

GSMA Global System for Mobile Communications
GUI Graphical User Interface

HAPS High Altitude Platform System

HDTV High-Definition TV

ITU International Telecommunication Union
KPI Key Performance Indicator

LEO Low Earth Orbit

LN Log-Normal

LoS Line of Sight

MCS Modulation and Coding Scheme

NORAD North American Aerospace Defense Command
OOK On Off Keying
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QAM Quadrature Amplitude Modulation
QoE Quality of Experience
QoS Quality of Service
RBC Radio Block Center
RP Reference Point
SINR Signal to Interference & Noise Ratio
SNR signatto-noiseratio
SNR signalto-noise ratio
TB Traditional Bearer
TLE Two Line Element
TRL Technical Readiness Level
UE User Equipment
UL Uplink
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1. Introduction
Thi s document constitutes the Deliverable D2.
ABsacccording to Shift2Rail Joint Undertaking p
for Railo (Project Acronym: AB4IRIAD/CCAO E2ant Ag
On 22nd July 2020, the European Commission awarded a grant to the ABaigaittmim of the
Shift2Rail / Horizon 2020 call (S2RC-IP2-02-2020). AB4Rail is a project connected to the
development of a new Communication System planned within the Technical Demonstrator TD2.1
of the 2nd Innovation Programme (IP2) of Shift2Rail JUvaated Traffic Management & Control
Systems.
The |1 P2 AAdvanced Traffic Management-speifcContr
Innovation Programmes (IPs), covering all the different structural (technical) and functional
(process) sulsystems relatd to control, command, and communication of railway systems.

1.1 Purpose and scope of the document

This document aims to provide an experimental assessment of the eligible ABs, as defined in D2.3
i.e., FSO, HAPS, and LEO. We provide the main outcomes inafagatic and dynamic railway
scenarios, where different ABs take platiee document details the setup and results obtained from
lab/experimental assessment of the most promising ABs.

1.2 Document organization
The document is orgaGiaed Agreememtg Nwwlmh &rmRIA D

AB4Rai l Consort i2um Alghree ednoecnutme(nRD i s structur ec
Section 2 describes the methodol ogy adopted t
ABs, whil e Semmewoani &8l tehwai |l abil ity of sel ect
technol ogical scouting. I n Section 4 how the
rail way scenarios. Section 5 detail s),t hien stiamur
of system architectur e, model ing and results.
is focused on Low Earth Orbit Satellites (LEC
(HAPS) . Finally, Secti oms 8awnwd aWws ndihegsmai Ap pce

information about the radio propagation model

1.3 Reference Documents

Tablel: Reference Documents.

Document Number | Document Description
RD-1 AB4Rail Grant Agreement Number 10101451P/ITD/CCA - IP2
RD-2 AB4Rail Consortium Agreement

[AB4Rail] GA [10101451FD [2.4 11|92

[Experimental assessment of the most promising] ABs


http://www.inaf.it/it/sedi/sede-centrale-nuova/direzione-scientifica/relazioni-internazionali/nuovo-logo-horizon-2020/view

MR Horizon 2020
" PSIRCE European Union Funding
*

Europe‘s for Research & Innovation

2. Adopted Methodology

The approach defined in AB4Rail regarding the simulation/emulation and experimental acsivities
shown inF i g 1[t].e

Figur AB4Rai |l metd@xpel omgnt @ar A8sessment

AB Technology
|

B ZEnE NO Emulation/Simulation in
are available .
e Lab or Theoretical
on the
e assessment

Lab tests (TRL 4) |

i YES

YES |

Lab tests
validation OK

& End of AB
AB’s devices experimental
suitable for assessment
the test on

field

YES

v

Tests on field (TRL 5)

If the AB device is available in the market, the tests can be carried out in lab in order to assess them
with aTechnology Readiness Leva@lRL) 4. After a successful validation in lab and the AB devices

are ready for the fieltrials, the test activities on field will be arranged in order to assess the AB
devices with a TRL 5.

If the AB device is not available in timearket, thesimulation/emulation activities withtheoretical
assessment can be only performed in lab.

In particular, after the AB eligibility analysigerformed in the deliverable D32.the results show
the most promising AB arexrée Space Optics §0), Low Earth Orbit (IEO) and Hgh Altitude
Platform Systems (APS) technologies.
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For this reason, the adopted methodology is desciibéd g 21 r e

Figar AB4Rai |l si mmeabhodo/l emyl ati on

w Technology scouting: (i) scouting of available devices
for the selected ABs, (ii) feasibility study for D2.4

N
w Simulation

J

)
wResult analysis

J

)
wOutcomes and findings

J
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3. Commercial availability of selected ABs ¢chnologes

3.1Free Space Optics

The manufactory world related to Free Space Optics (F&Bhologiess huge and comprised of
several companies dealing with Optical Wireless Communicatiens.g @ collects the main
manufactories of FSO devices avhllon thevorldwide market. In order to identify commercial
devices to be used for experimental purposehaxeeselected and contactedveralc o mpani es 6
leaders in FSO manufactory, such as CableFree, EC System, SA Photonics, and SONABEAM. As
a result othis scouting activity, the FSO devices available on the markepargfically designed

for applications irstatic scenarios only.€., to create higikcapacityfixed pointto-point links), and

are notsuitable for mobildransmissionsindeed, even if the autoacking system is available on

the most of FSO devices and compensatey slow movements of the structure on which the
transmission unit is fixed, this is not capable to compensate high frequency vibrations, as occurring
in case of mobile scenariaspecially in railways

Fi gBreSchematic of main manufacture$l|l eRepPptnt
(I'R) /le¥i ghbl Communicatiaon (VLC); [ Ri ght] FSO
IR/VLC FSO
%Fraunhofl’i: ﬁ CVLC tmrssersusmunan "-':QE:':_‘ |nte|> @fsnzy CASIO B onrrointe (' -
/777\\ | S
€D . SIEMENS Qs raivovupen vicud | MPmoton  gpume
: PHILIPS CableFree
INFSOFT IEEE 802.15.7 (€D Bicakions VAR G T
U Cosonkes LasemeiT “Anolinke  LJ
w Nakagawa Laboratories, Inc. l pure . EC SYSTEM
THORVAES i@ Trimble
Nec corporation % VLCC ~ [J system IBSENtelccom ACPTIX  sqBhotanics
i TOYO ELECTRIC CORPORATION  QRENESAS @Slec-f‘le:dAgich Panasonic | A{OM ORPTICS m
- - . [
Y VICA i (@ nextLifi FIRE 8@ @sroapcom @ JE’IE'BS -
| e | OO ifriyTechmalogy Light | [Sonaseam ortLink

ol TAIYO YUDEN

‘edgom’

For instance, CableFree uses directional beams of Infrared light for communication. It exploits the
Automatic Transmit Power Control (ATPC), which is an advanced product feature allowing the
transmitted optical power to be automatically adjusted to enkatd¢he optimum power level is
received at the remote terminal. Sophisticated software within each FSO unit continuously monitors
remote power levels using the unique CableFreeobband telemetrgystem ancdjusts power

by up to 120B (16x). Receivedignal Strength Indicator (RSSI) variations can be caused by
weather effects such as fog, heavy rain, snow or dust stamohalso thermal effects, bracket
movement and lorterm drift. Low RSSI means degraded sigmmahoiseratio (SNR) at the
optical reeiver, resulting in degraded Hirror-Rate (BER), in severe cases causing packet loss
and reduced throughput in data networks.
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ATPC enabled in identical conditions shows almost no variation in the received power. The
controller automatically adjusts thansmitted power levels to ensure optimum signal received at
both ends of the link.

Notice that even in case of full availability of FSO devices tailored for static scenarios, they are
very expensived.g, around 1XEuro for the EC System ELG model,which provides Gbps
full-duplex for distances up to4km, as depicted iir i g 4) [2]e Furthermore, in order to adapt

the FSO available devices to a mobile scenario, significant engineering development and testing
would be needed. The cost to finalize developnmastbeen estiated(with actual technologies)

in the millions of euros, which artearlynot affordable in the AB4Rail project.

From this preliminary scouting activity related to FSO technologyhawederived the following

considerations:

FSO is a mature technolpdor static scenarios, such as fixed pdmpoint connectivity links in

Line of Sight (LoS) mainly used in outdoor scenarios to connect buildings at distance of a few
kilometers, and more in general for Gigabit Ethernet AN segments, lastile netwak
connections, Storage Area Networks, and HDTV Outside Broadirsst.

Due to the lack ofeliable and efficienautotracking system in mobility scenarios, FSO as AB is
suitable for station and yard railway scenarios only, where mobility is very limitgosent.

FSO AB is still in itsinfancy for rail dynamic scenarios, such as mainline, regional, and freight,
and available devices cannot be adopted in such scenarios with a guaranteed connectivity.

Leveraging on the above consideratiomsthe momenof this writing, we can conclude that an
extended simulation campaign modeling FSO links, both in static and mobility scenarios, can be
useful for our purpose of assegsthe performance ¢SO ABin realistic railway scenarios

Fi gar é&at a

EC SYSTEM INTERNATIONAL a.s.

Na Vysluni 201/13
Telefon: +420 277 270 152
ICO 28612744

DIC CZ28612744
www.ecsystem.cz

u

EC SYSTEM

s-h &et BSOfd&Li ce by

EC System.

EL-1GL <« up to 4400m distance —

v Throughput 1 Gbps

¥ Double channel technology with
backup power supply voltage 48V
DC (optionally)

¥ Built-in service channel

¥ Autotracking system (targeting and
aiming)

v IP monitoring

Aecrodynamic protective cover

3.2Low Earth Orbit (LEO) Satellites

The scouting of LEO devices mainly focused orthe available LEOconstellations such as
Starlink SpaceX and Onewelhese LEO satellite operators are already providing the LEO service,
but from a railtrial point of viewseveral issueareto be managedtarlink SpaceX and Oneweb

Bandwidth, Mbit/s

Wavelength, nm

Basic interfaces

Fade margin at a distance of 1 km,dB
Latency time of optical channel, ms
Links distance, m for availability 0,999
Method of keep link direction

Laser safety IEC 80625

Power supply
Category temperature range of outdoor units, C
Dimensions, mm

1250 Full Duplex
1550
Ix 1GSFP
40
< 0,005
4400
Autotracking system

outdoor unit

IM

DC 48+- 12V
-40...450

480x285x300

Weight, kg
outdoor unit

Management, monitoring
OU indication

Service connection
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constellations are going to be expanded in ternt®wérageBoth LEO satellie providers offer a
completemodem kit includinghie satelliteterminal and the anteni§d][4], as shown i1 g & r e
These external deviceshould be installed on board of the train with a direct impact on the
certification procedures.

FigbhrdEO satellite kit: SpaceX (a), OneWeb (Db
(a) (b)

A commercial LEO service subscription is also needédhe moment of this writing the Starlink
service has not started e t . It is envisaged it wildl start
Europe will be covered due toetffiact that European satellite gateways at the ground are still under
construction (see after).

Finally, LEO technologies are navailablein some situations, such as when the train is inside the
galleries or even in some railway scenaiimduding stabns and very large stations with roofs
covering the rail tracks.

For thesereasos the assessment of LEO HTI8igh Throughput Satellitefechnologies will be
carried out using a simulated approach using well tested satelliteatodétailed in the following
of this documentWe would like to suggest to E2Rail to launch a new-ywais (20232024)
experimentaproject to evaluatenthe field the feasibility of using the SpaceX constellati@sed
LEO satellites for railway communications.
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3.3High Altitude Platform Systems (HAPS)

In order to conduct experiments on HAR® involvement of a third pariacting asthe HAPS
operatoris required The HAPS are systems hosting the telco network nodes to offer backhauling
links between satellite and terrestrial netwasksl several and differeRtAPS technologiebave

been studied and proposed umbw, as shown irr i g G[5].e

FigareiffenexthnbAPRPSi es

RAVEN AEROSTAR WILDFIRE SUPPORT Spacetayer  Sles R o

High Altitude Balloons Airships

- a
1 . Stratospheric ~— ((‘ -“,
e HAPS Layer Can Prowde_. . o o R )
* Long Dwell Targeted Flight over Wildfire Events SolacuAvs (
* Unique, High-Altitude Vantage Point for Remote

Sensing and Communications

* Persistence Coverage via Teamed Assets

e High Altitude Balloons (HABs) Offer:

* Relatively Low Cost
* Responsive Deployment
* HighTechnical Readiness

L
1 ®aummuoe
CONTROL
SOLAR SYSTEM
CHARGING
(]
| e

()
THUNDERHEAD PAYLOAD suwoku ONBOARD
INTERFACE FLIGHT
BALLOON

COMPUTER

However, their deployment has been limited to preliminary experimental settings and no one of
them has been used to realize devices that could be used by one or more HAPS operators to start a
commercial service. To thieest of our knowledge, at the moment, no HAPS operator and no
commercial transmission services based on HAPS is available worldwidge, even in the HAPS

case only simulation and theoretical analysis can be performed for assessing their effectiveness in
railway scenarios.

According to the HAPS Alliancis] and to GSMA with papdi7], the HAPS systems seem to be a
very promising technology offering several opportunities to the terrestrial telco operators and to
unmanned aircraft use.
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4. SelectedABs technologiesand railway scenario

In this section, we will introduce the simulation tools, developed for the assessment of performance
of eligible ABs, in case of different railway scenarios and configuration

i Station for railway applications in static conditions

1 Mainline: for railway applications in static conditions. We identified the Rdiloeence
railway line as the reference c48¢

According to the mairieatures ofthe eligible ABs (FSO, LEO and HAPS)we considered two

main railway scenarios, where eligible ABs can be used, and we distinguish the case of presence
and absence of mobility. Specifically, we considéra( static scenario, such as statiafiway
scenario, andi() rail dynamic scenarios, such as mainline, regional and freight.

The three eligible ABs can be applied in differeontexts FSOtechnologyis suitable for both of
stationandmainline.lnstead LEO and HAPS are onlgligible for dynamic railway scenarios (g.g.
mainline). In the static railway scenarios, both LEO and HA&8d be notapplicablebecause of
possible obstructions of the corresponding radio lthesto the shelters in the rail platforms

In the following we illustrate several simulation results concerningor®rmancef FSOin both

static and dynamic scenarid®r HAPS and LEO performance have been carried out only in case
of dynamic scenario3.able? collects the different simulated scenarios and the corresponding ABs
that have been analyzddue to the eligibility analysis carried out in D2.3, notice that in the static
scenario, we limited owimulation assessment to FSO.

Table2: Applicability of ABs into different simulated scenarios.

Scenario FSO | HAPS LEO
Static (station) P N/A N/A
Dynamic (mainline, regional, and freight) | P P P

In the static scenario, we assume no mobility occurs and connectivity links are static, with a
transmitter and a receiver placatgiven known positions; in rail dynamic scenarios, we assume
mobility is present and can affect link performanioce, (link variability andmaintenanck In the

latter case, we consider dynamacliolinks, with transmittesreceiver distances thatrcaary with

time and so thepath loss.
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5. Free Space Optics

5.1Considered scenaris

TheF | g nand~ i g &depict the system architectures of the considered scenarios that will be
simulated sections. Specifically, in the station railway scenario, we assume both the FSO
transmitterand the photodector are mounted on the top of the train and are held in fixed positions.
For this scenario, we assume the FSO connectivity link is stable and does not suffer for mobility
issues and no vibrations and significant thermal changes. This situation vegltgéfie realistic
scenario of FSO connectivity links, which work efficiently for static scenarios. In case of dynamic
scenariof- i g 8deseribes ardin moving along the railway track while it is connected to a fixed
FSO transmitter. We observe thifathe train is approaching the FSO transmitter, the connectivity
link will show different distances and then we can expect different attenuation Ibvksesin

detail, in the next sections, the dynamic scenario will be also enhanced through a variable
depl oyment of multiple FSO trdnxmidtdot €rosi,neicn i 6
along the railway track.

Figlure&ystem architecture for the static scena
are Iin fixed positions.

Onboard
Photodetector

Qi

m FSO LoS link

FSO transmitter

Fi g8reSystem architecture for the dynamic scetl
mobi beodbkBtector mounted-bdnvartablmre, comea®ct aws

Onboard
Photodetector

<>‘ Onboard
L - FSO LoS link Photodetector
)+ FSOLoS link

~

Moving train (@)

~
Moving train
FSO transmitter FSO transmitter

(a) ®)

In order to render the railway scenarios more realistic we also considered the train-sphsdy
profile as previously introduced in AB4Rail D3.3 Deliveralfpecifically, we assume different
lengths of railway segment, and for each of them we have the corresponding maximum allowed
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train speed, together with the acceleration and deceleration valges. e depicts the considered
train speed profile versus time along different railway segments, considering a time window of

o0 uminutes; specifically, we can obtain the travelled distance versus time profile as stowrginu r e
10
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5.2 Overall System architecture

In this section, we introduce the design of our MatLab simulatahéperformance evaluation of
FSO connectivity link. It is comprised of different component blocks, each of them developing a
task in the overall entb-end FSO connectivity link. Specifically, we assume a laser source sending
a data flow toward a photodetector receiver, at a fixed distance. The damission occurs along
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a free space optical channel, where we can introduce different attenuation models in order to depict

a realistic scenario with atmospheric attenuation loss.

The system block diagram of the simulation procedure is illustrated ing 1 faad itincludes

the following blocks:

1. Data source this is the first step for data transmission and considers the generation of a
flow of random binary bits.e., random input data for the FSO system. The generated bits

are then resampled and converted in electrical signal;
2. Electrical/optical (E/O) conwerter: Knowing the average output optical powerand

extinction ratio-, we compute the high and low power levels, corresponding to bits 1 and 0

considering the On Off Keying (OOK) modulation;

3. Free space optical channein this block, we calculate trehannel coefficients, which are
then multiplied by the optical power generated from step 3. The outcome is the optical
received power at the receiver side. The channel coefficients depend on the given scenario
modeled, such as a clean channel where nauwt®n is considered or a turbulence/fog
channel where atmospheric attenuation lssmtroduced. We will deeply describe the
different channel attenuation models in the next sectamtording to the theoretical models

introduced in9];

4. Optical to electrical (O/E) converter. in this block, we convert the received optical power
to electrical signal. We also consider the presence of additive W@#atessian noise
(AWGN), modeled by means of a random normal distribution with mean value 0 and

variance as the square root of noise power;

5. Received binary bits A threshold level is set based on the average value of the received
electrical signal. By compeng the midpoint of each received bit with the threshold, the

received bit is determined to be 0 or 1.

® wn

tector receiver.

Free space
optical channel

Channel fading coefficients,
turbulence, pointing error

Generate random

B E/O converter

Data Source

ystem bl ock diagram

T

AWGN

of

O/E converter

t he

dat a

Received binary
bits

trans

Our Matlab simulator presents a simple Graphical User Interface (GUI) where the user can set
different configuration parameters. For instance, we can setup the FSO link length, the input power

with OOK modulation, and define the channel fading coefficidsased on if turbulence

attenuation,i() pointing error, andii{) fog/smoke attenuation. Specifically, for different setups, a
dropdown menu is displayed, as depictedrin g U 2le our simulator, it is possibl® tthoose
different FSO link lengthsi.€., in the range [500, 1500] m). A similar approach is used for the

[AB4Rail] GA [10101451FD [2.4)
[Experimental assessment of the most promising] ABs

21|92


http://www.inaf.it/it/sedi/sede-centrale-nuova/direzione-scientifica/relazioni-internazionali/nuovo-logo-horizon-2020/view

MR Horizon 2020
" PSIRCE European Union Funding
*

Europe‘s for Research & Innovation

attenuation channel, and a warning window appears for different attenuation channel models we
aim to introduce.

Figu2eFl owchart of the simulated blocks for a

(%]

Select turbolence:

moderate
strong
&) Yes
. Are you assuming a Pointing error?
@ Select One )
o Yes No Cancel
//'
Select the distance of the link
® Yes
1000
1500 . g Are you assuming a Turbulence channel? >
Close -
Yes No Cancel

OK Cancel

5.3 Considered models

5.3.1 The atmospheric turbulence models

There exist different atmospheric turbulence models that try to describe the attenuation loss
resulting from atmospheric variations. Indeed, solar radiation absorbeddaythe h 6 s sur f ac e
air around the eart hos daeraltitudec This waomerhae layeraesutiee r  t
as less dense and rises to mix turbulently with the surrounding cooler air, then causing the air
temperature to fluctuate randomly. Turbulence can cause air inhomogeneities, which can be viewed
as discrete cellsyamely eddies, of different temperature, acting like refractive prisms of different
sizes and indices of refraction.

The F i g O Bdepicts the atmospheric channel with turbulent eddies, which introduce random
distortion to an input wave that is propagating along the ch@h&pecifically, the smallest and

the largest of the turbulence eddies are indicateld asd Lo, typically of the order of a few
millimeters and several meters, respectively. These eddids agomweak lens and result in a
randomized interference effect between different regions of the propagating beam. As a result, an
output wave will be affected by a randomized interference effect between different regions of the
propagation beam, then caugithe wavefront to be distorted in the overall process. Specifically,
the interaction between the laser beam and the turbulent medium results in the scintillation effect
of the optical beam, which results in fading of the received optical power, and thestea
performance degradation.

Notice that the scattering effect caused by the turbulent eddies does not result in loss of energy from
the beam. This assumption is valid for plane and spherical waves, considering the plane wave is
generally applicable taser beams propagating over a long distance.
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Figu3eAt mospheric channel with turbul ence
Velocity
Input wave N I I Output wave
—+—— (3
LO > ( “,‘ //
(N |
v \ ) [
A \ (/ [ /)
:’ \ “? (/74
(/ / / 7
N )
\ \
) é > ‘/
1N
¢\ J
Atmospheric channel

In atmospheric turbulence, an important parameter for characterizing the amount of refractive index
fluctuation is the index of refraction structure parameéterintroduced by Kolmogorov, as a
function of the wavelength, the atmospheric altitude, aageimperature. A commonly used model

to described is the HufnageWValley, which define®) according to the level of turbulence.,

weak, moderate, and strong. Specifically, for the link near the groundleveltaken to be ~1.7

x 10 and~8.5 x 10 m'?3 for during daytime and at night, respectively. Al§o, typically

ranges from 10? m'?2to 101" m' 2" for the strong turbulence and weak turbulence, respectively,
with a typical average value being' ¥om' 2 for moderate turbulence level.

There exist two models for describing the probability density function (pdf) of the irradiance
fluctuation in a turblent atmospheric channes., (i) Log-Normal (LN) and Gamm&amma (GG)
turbulence models.

In the region of weak fluctuations, the irradiancepd® can be well modeled by means of the LN
distribution, which can be expressed as

where’O a denotes the expectation @énd, is the logirradiance variance, commonly referred

to as the Rytov parameter, defined,as p& ¢ Q7 0 T whereQis the wavenumber arid
is the horizontal distance travelled tine optical radiation.

The GG turbulence model is based on the modulation process where the fluctuation of light
radiation traversing a turbulent atmosphere is assumed to consist cEeatal(scattering) and
largescale (refraction) effects. Both sriiadnd largescale eddies are assumed to be modeled by
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means of Gamma distribution, and consequently, the normalized received irrd@sadetned as
the product of two statistically independent random proce&sasd ‘O, respectively, that i€

‘0O0. They both arise from the largeale and sma#cale turbulent eddies, respectively, and both
follow the gamma distribution whose pdfs are as follow:

no ——A@BH Oh with'O ] ™

N0 ——A@BH Ohwith O m} ™

By means of mathematical manipulation, we can derive the following GG irradiance distribution
functioni.e,,

cl 1 T —
YN + ¢l 1O

where| and! represent the effective number of larged smaliscale eddies of the scattering
process, respectively. Alse, Jis the modified Bessel function of the second kind of cgdamd

3 Dis the gamma function. If the optical radiation at the receivasssimed to be a plane wave,
then the two parametersand! that characterize the irradiance fluctuation pdf are related to the
atmospheric conditions, respectively according to the following equations:

™ -
A e T PN
®
I AQ it p 8

p T 1 7

To summarize, we can express the channel impulse response in case of LN and GG turbulence
models, respectively as follows

" Qp
Q rop!
where'Qj, A @80and'Qj, —'OOare the channel impulse responses in caséNodrid

GG turbulence models, respectively.

5.3.2 Fog/smoke attenuation model

The attenuation loss due to fog particles is due to the reduction of the visibility near the[§found
Different types of fog result in different levels of optical losses, and these are mainly due to the
distribution of the fog particles, their size, and location. Specifically, fog level varies from dense o
light fog, corresponding to visibility ranging from 50 up to 770 m. In case of denseheg
attenuation is 318B/km, while it decreases to 18.3 dB/km in case of light fog.

The fog/smoke attenuation model is represented according to the following equation
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where0 [m] is the link length anfl is a parameter defined as
T I f@ic
W VU Tt

with @w[m] as the visibility,_ [m] as the wavelength anpldefined as
p®» El @ v Ma
@ El QA » v A
n e ™t A g o ¢Qa
o T Al QA w pQa
Vg n Al o m™mQa

5.3.3 Pointing error

The pointing error occurs when there is a lack of perfect alignment of the laser transmitter and the
receiver][9]. Of course, for short FSO linksd., <1 km), this might not be an issue, but for longer

link ranges, this can certainly not be neglected. The causes of misalignments are mainly due to
building sway or strong wind effects on the FSO link head stand, thus affecting the FSO link
performance.

F i g L &hows the receiver apertureand albseram f oot print at the rec
We assume the laser source has a Gaussian beam profile and the photodetector is circular with
aperture radiusa It follows that the power 10s€ due to an instantaneous radial displacement

i between the beam centroid and the detector center is given as

i
Q 6A®D;—

where0 is the equivalent laser beamwidth at the receiveGaisdhe fraction of power collected
by the detector when there is no pointing errer,( ).

If we consider that the elevation and horizontal displacement components of the radial displacement
1 are independent and identically distributed Gaussian random variables, then the radial
displacement at the receiver can be modelled according to a églyl distribution, whose
probability density function (pdf) is given by:

i i
Qo —Agbp —

” C ”

where, s the jitter variance at the receiver. By combinting last two equations, we obtain, the
pdf of power loss due to pointing error can be exgedsas follows:

Qi e 0 h

withm "Q 0 ,and” 0 7g, as the ratio of the equivalent beamwidth at the receiver to the
pointing error displacement standard deviation.
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After describing the mairattenuationmodels that introduce power loss due to atmospheric
conditions, we can express the overall channel model as the production of differentutiontib
i.e.,

M AGDPD QIQ JQh

where Q p, Q p, andQ p in case of no turbulence, pointing error, and fog/smoke
attenuation, respectively.

To summarizeTable 3 enlists all the channel impulse responses achievable in case of different
attenuation loss models.

Table3. Different attenuation models of FSO link and the corredipgchannel impulse responses.

Attenuation model Channel impulse response
Clear channel Q A@bi
Atmospheric turbulence Qj A @ &0
oy %"0"0
Fog/smoke Q AgB 0h
Pointing error [
: o sAzo L

5.4 Simulation Results

In this section, we will deal with the assessment of the performance of eligible ABs, in case of the
previousy introduced railway scenarios and configuration parameters.

As shown inTable4, in order to assess the performance of FSO AB, mainly expressed in terms of
Bit Error Rate (BER), we considered two different scenarios depicting atpegmoint LOS link

i.e., fixed, and mobile link, for differentt@nuation loss models.€., turbulence, pointing error,
fog/smoke channel, and clear channel).
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Specifically, we first assumed a static peiodpoint FSO LOS link for which we evaluated the

BER in case of clear channel, turbulence channel, pointing andifog/smoke channel. Then, we

also assessed the case of FSO connectivity link when the receiving photodetector is neqving (
mobile scenario). This second scenario well depicts the case of a train moving along the track and
is connected to a FSO tremitting sourcei fe., laser).

Table4. Schematic ofhe simulated scenarios under different attenuation models, and the expected
results

Scenario Channel model ExpectedResults
9 Fixed pointto-pointlink | § Clear channel (n¢ § BER
1 Mobile point-to-point link additional attenuation)

91 Turbulence channel
Pointing error
1 Fog/smoke channel

=

5.4.1 Fixed point-to-point FSO link

We first evaluated a clear FSO channel, where no attenuation is added except that of the
connectivity link length. This model is not realistic in practice, as some attenuation losses are
always present mainly due to atmospheric and weather conditionsvelpwe completeness, we
evaluated the scenario of a fixed petopoint FSO between a laser source and a receiver
photodetector at a distancelof 1500 m, as depictedini g L 5Table5 liststhe main parameters

used for the simulation results.

Table5. Main parameters usedtime simulator.

Parameter Value

Link length [m] [500, 1500]
Wavelength [nm] 1550
Optical power [mMW] 5

Background light power [mW]| 0.01
Receiver aperture diameter [n 0.005
Responsivity [A/W] 0.5
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Figus eBER vs. SNR in. . case of <c¢clear channel
clear channel, @1500m
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/
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ml 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1

-10 -5 0 5 10 15 20
SNR [dB]

F i g 1 presentshe BER vs. SNR in case of clear channel at link length of 1500 m. We observe
values lower than 1®at SNR = 10 dBln

Fi g L §a and (b) we present the BER versus SNR for a static F§80lihk, considering a
turbulence channel depicted according to the Gai@arama model, in case of variable link length

(i.e., L =500 and. = 800, respectively). We observe that, as expected, by increasing the link length
the BER for a fixed SNR increasesd, for SNR = 23dB, BER = 1% and BER = 10, forL =

500 andL = 800, respectively) and then performance get worseudn scenario, we also add the
pointing error that causes misalignment between the laser source and the photodetector receiver
(see
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Fi g 1) At SNR=23dB forL = 500 m, BER = 1%, while the same value is achieved for SNR
= 21dB in case of increasing link lengté., L = 800 m.

Figu6 eBER vs. SNR in caselLsf500r blu=h a&dcCt bnp.h aBln

and red |Iines refer to theoretical and simul a
(a) (b)
Turbulence channel (Gamma-Gamma model) Turbulence channel (Gamma-Gamma model)
with o2 = 2.23 with o2 = 5.29

1 T Ty 100:'\““ R L

BER

0 5 10 15 20 25 30 -5 0 5 10 15 20 25

SNR [dB] SNR [dB]
Fi guYT eBER vs SNR in case of tur bwl &Md®e mc mamn
L= 800 m. Bl ue and red | ines refer to theoret
E)) (b)
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Similar results apply to the scenario of fog/smoke channel, as depicted in
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F 1 g 1 8Again, we considered BER versus SNR in case of different L&3elngth. In

Fi g 1 &ayand (b), BER has been obtained in case #2000 and. = 2400 m, respectively.

For shorter length, BER reaches lower values as compared to the case of longer distances. For
instance, at SNR = 17 dB, BER reaches$®1@hile for the same value ht= 2400m, BER is 10

4

To summarize, for comparison purposes selected the most significative scenarios in order to
show the performance of FSO AB, in casé ef 1500 m and for different attenuation modets

LN turbulence channel, and pointing error channel. In all such scenarios, we also assumed a
visibility higher than 50km so that fog/smoke attenuation can be neglécted. U @ardF 1 g ur e

2 (@epict the BER in case of pointing error, and turbulence channel, respectively. We can observe
that for a given SNR = 10 dB, the BER is approximatel{*16r the FSO link with pointing error,

which is quite snilar to the value obtained in case of weak turbulence, as depidted im 21 {ak

In case of increasing turbulence, for SNR = 10 dB the perforengekworse and the BER is lower

than 10! in case of moderate and strong turbulence, as observed im @ 0(l8) and (c),
respectively.

Figu9eBER vs. SNR [dB] in case &af pB6DOGMIing er
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To summarize, we report the main outcomes of the simulated scenarios in the follewiag.

We have enlisted the results achieved from previouslatmons, in case of different attenuation
losses. We observe achievable BER in case of different SNR and communication links. As
expected, for higher distances the BER will suffer from higher attenuation.
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Table 6. Main simulation results expressed as BER in case of static scenario, for different
attenuation models, link length, and SNR.

Static Scenario

Link length [m] | Attenuation model BER | SNR
1500 Clear channel 10" | 10dB
1500 Pointing error 10" |10dB
1500 Moderate/strong turbulence 10'' | 10dB
500 Turbulence channel 102 | 23dB
800 Turbulence channel 10"t | 23dB
500 Turbulence channel w pointing errg 102 | 23 dB
800 Turbulence channel w pointing errg 102 | 21 dB
2000 Fog/smoke 10> |17 dB
2400 Fog/smoke 10'* |17 dB

5.4.2 Mobile point-to-point FSO link

We are now interested in the simulation results in case of a variable link length, as occurring in case
of a mobile poirto-point scenario, as early depicteddn g & In this case, we present the BER
variation experienced along the path, that is for variable FSO link length, in case of turbulence
channel.F i g @ ddepicts the behavior of BER in such scenarios. As expected for increasing
lengths the BER increases; worse performaiscebtained with a strong turbulence channel,
followed by a moderate turbulence scenario, with BERO'* and BER 10'?, respectively. In

F i g 2 Ibkwe show the BER trend along the distance variations of a receiver photodiode that is
from 1000 to 2000n, for moderateurbulence attenuation. Also in this case, we observe that for
increasing connectivity link, BER shows increasing values, reaching approximatelatii

¢ TU T

Fi g2t eBER variati ccmsal omonfg (tahe weatkh i(b) moder a
channel, respectively.
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The second scenario depicts a mobile scenario where a regbotedetector is moving along a
fixed path, in case of moderate turbulence attenuation, so thabshednnectivity link can vary

from L = 500 up toL = 1500 m. In this case, we evaluated the received power along the path, as
shown inF i g 2 2We observe a variation from around°® to 4.75 10'8, obtained forL =

500 m and. = 1500 m, respectively. On the other side, increasing the link lengtiepasitlering

a path fromL = 1000 m td_ = 2000 m, the received power is from 14°to 0.2 10°.

Fi g22 eReceived power with moderate turbulence
a transmitting FSO soulr=c eSmtObrFn kR D 6 moptdhK=har & r (
100mM@ o= 2@0O0

(a) (b)
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Finally, we present the achievable data rate and the received intensity in case of moderate
turbulence channel for variable FSO link length.

F 1 o 2 ®resents the obtained results, where we can observe that for increasing link length the
achievable data rate suffers of a slight reduction fr& Mbps to 52 Mbps, in case df = 1000

m andL = 2000 m, respectively. Similarly, the received intensitgvger for higher distances and
smaller SNR values.
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To summarize the main outcomes from the dynamic scenario, we report the values of achievable
BER in the followingTable7. We have enlisted the resudtshieved from previous simulations, in

case of different attenuation losses, considering a dynamic path of the train, so that the connectivity
link length varies from 1000m to 1500m. We observe the signal propagation is more affected in
case of strong tbulence, followed by moderate turbulence scenario. Also, notice acceptable
performance (i.e., BER < are for pointing error and fog/smoke attenuation model, as well weak
turbulence that can reach up to BER =10

Table 7. Main simulation results expressed as BER in case of dynamic scenario, for different
attenuation models and link length.

Dynamic Scenario
Link length [m] | Attenuation model BER
[1000, 1500] Moderate turbulence [10°, 107
[1000, 1500] Strong turbulence [103, 10Y
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[1000, 1500] Weak turbulence [107, 10°]
[1000, 1500] Pointing error [10°, 104
[1000, 1500] Fog/smoke [10°, 104

5.4.3 Altern ative scenario for FSO mobile linki dual beam link

One main issue in the mobile peiatpoint FSO link scenario is how to maintain LoS links, while
the receiver photodetector is movirftill in the context of dynamic railway scenario, we now
introduce the scenario of single and daptical beams, the ti@r has already been described in
D2.2. The importance of investigating FSO link performance achieved with this alternative
dynamic scenario reflects into an interest mainly for regional and freight railway scenarios,
especiallythe latter being characteed by long trains whose length can be even of few kms. In
such a scenario, both for single and dutical beam schemes, we aim to deploy several BSs along
the railway track, according to different BS inthstances, so that in each position the tiain
connected to the closest BS, for which FSO link performance are acceptable.

Assuming the train profile vs. time early introduced in Fig. 5 and 6, in order to avoid disconnections
and maintain FSO LoS links, we consider a uniform distribution of muRi(@ transmitters along

the railway track, for a total distance ofo Ukkm. As a first outcome, in case of single optical beam,
we observe thdbr a base stationgRYS) inter-distanceéQ p 1 1oy the number of BSs deployed
along the rail track is 35 and it follows that FSO connectivity links are guaranteed with a minimum
length of 500 m, which does not overcome 700 m, as depicted in
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F 1 g2 4This upper bound is a good traoié for providing effective link performance. In general,

F i g 2 shows the maximum achievable LoS FSO connectivity link lengths in case of dynamic
railway scenario. For reducing the FSO indestance, the number of FSO transmitters increases,

but the maximum achievable link length is lower bounded to 706 m.ldw®slthat the same
performance are obtained in case of 35 and 70 FSO transmitters deployed along the rail track. On
the other hand, for increasing the BS irdestance, the maximum achievable link length increases

but with a following likely reduction gberformance.

Table8 collects several values of FSO intistance, which correspond to a different number of
BSs deployed along the rail track, aslvees the maximum achievable LoS FSO link length. We
can conclude that in order to experience FSO connectivity links of maximum lengtii m, we

can deploy 35 BSs at intdistanceQ p 1t Tt Same performance are achieved for 70 BSs at
shorter interdistance Q v 1 m. It follows that, as expected higher the number of FSO
transmitters, lower is the intglistance and higher the performance due to shorter FSO link lengths.

Fi g24eStbreqlne appr oachnndaotSi WiStOy | i nk | ength [ K
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Table8. FSO interdistance [m] corresponding to different number of BSs and maximum achievable

FSO link lengths.
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=urope’s
BS inter-distance,® | Number of BSs Maximum achievable FSO
[m] link length [m]
500 70 706
1000 35 706
1500 24 901
2000 18 1117

We can now extend this scheme and consider aapimlal beam approach, that consists in
equipping the train of two transceivers, one placed at the front of the train, and the second one
placed at the back diie train. This approach still ensures continuous communications between the
ground and train. The dutiinsceivers scheme in a grottoetrain communications system has

been initially presented if10], where the single BS is equipped with two transceivers pointing to
opposite directions and in particular FSO laser beams of the BS are transmitted forwardly and
backwardly, so that the total coverdgegth of each BS is remarkably extended (doubled at least).
However, the two coverage areas of the single
thus forming @lackout areaamong them. By installing two transceivers on each tagicordngly,
deployed at some distance on the train i.e., respectively on the front and the back of the train, we
can maintain continuous growtattrain FSO communication links. Thanks to this strategy, it was
proven that the number of the BSs is strongly reduaile maintaining FSO stable connectivity

links.

The schematic of dualptical beam is depicted i i g 2 Hwhere two transceivers are deployed

on both the train and BSs. Each BS is equipped with two transceivers (i.e., one pointing forward
and the other pointing backward), and connected to thedifitér core network. At the transmitter

side, the geometric model of the FSO optical beam is depict

F i g 2 gfrem D2.2 The height of the FSO transmitter is the same as that of the transceivers on
the train, which is set as 4 m above the ground level. lddna] is the length of the track covered

by a laser beam of the BSiis the divergence angle of the laser sounddch decides the radius

of the optical beam) [m] is the vertical distance between the BS and the tiackh) pm,0

[m] is the horizontal distance between the BS.

FigaseSchematic of FSO hetwork architecture,

Fiber-optic core network

Wi-Fi Access Point
for mobile users

Fi g2t eGeometric optical beam in an FSO | ink.
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N

The dualoptical beam scheme is well representeé in g 2 ywhere we observe the following
correspondence of parameters used,Q ¢0 is the extension of the blackout zone of the BS,
while the (half) BS coverage'® 'Q 0. Notice thai is the distance among the two antennas
on the train andQ is the blackout distance between two adjacent BSs that is important for
determining their intedistance, which is expressed as

Q O ¢Q 0Qh
where we have assumed that the blackonezaf the two BSs has the same extension.

In order to increase the intdistance among BSs and then to reduce their number, we can include
the length of the train in selectif@ by assuming the train is equipped with more dual beam
antennas at distane® among each other, with the constraint Q. In

F i g 2 @we observe the intelistance of BSs can be increased by an amount proportional to the

l ength of the train by deploying more dual b
time instant we have at least one antenna connected to one beam of the source BSs before the train
enters the coverage area of the next BS. In general, in case of long trains, one or two antennas of
the same train can be connected to the left and right beatms sdurce BS.

Fi g7 eFSO scheme in case of dual transceivers
d
blackout blackout blackout
L2 L2 L2
<
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Figa8 eExtendindi shan88 bwteccounting for the

Source BS Target BS

In case of duabptical beam, we observe that the FSO connectivity links are still guaranteed, with
the same maximum link length achieved with the single beam approach, and the same number of
BSs. However, we notice more stability of connectivity linkse ¢twthe lower frequency of link
variations. As an instance, in

Fi g2 ceforQ p v mmwe observe 10 peaks for the maximum link lengthfrt m, while
in

F 1 0 2 4cp21 peaks are recorded corresponding to the same maximum link length. Lower is the
number of peaks, higher is the link stability, meaning more stable connectivity links. Similar
considerations apply to the other result§in g 2 9 e

[AB4Rail] GA [10101451FD [2.4) 41]92
[Experimental assessment of the most promising] ABs


http://www.inaf.it/it/sedi/sede-centrale-nuova/direzione-scientifica/relazioni-internazionali/nuovo-logo-horizon-2020/view

&2

*

AR Horizon 2020
* *: European Union Funding
* for Research & Innovation

=urope’s Rail

g9 eDoludwdam approach. LoS FSO
: (b) 35, (c)trZadn,smandei s)
spectively

[AB4Rail] GA [10101451FD [2.4]
[Experimental assessment of the most promising] ABs

connectivity |
d48d-8S5Set naspovalil

(b)

42192


http://www.inaf.it/it/sedi/sede-centrale-nuova/direzione-scientifica/relazioni-internazionali/nuovo-logo-horizon-2020/view

* %o

WL Horizon 2020
- . *: European Union Funding
*

for Research & Innovation

=urope’s
Number of FSO transmitters: Number of FSO transmitters:
35

=0.75 70 ‘ : — £0.75 : —
X 4
8 8
= 07 = 07
T ol
g g
£ 0.65/ £ 0.65/

©
< <
£ <
2 06r 2 06
= =
8 0.55/- 8 0.55}
2 ?
%) 0
o o
-4 05 J 05 . 1 . . .

0 35 0 5 10 15 20 25 30 35
Tlme [mln Time [min]
() (d)
Number of FSO transmitters: Number of FSO transmitters:
24 18
EO.QS T T — -g-l.2 T T T T
=2 ——d =1500m = —d 2000m
% 0.9r 1 $11l |
@ 0.85r @
£ o8 g b |
® 0.75F = 0.9+ i
= =
; 0.7 50.8* i
= 0.65 =
g ' Zo7 1
g 06f 3
0.6+ 4
ﬁ 0.55F @
2 2
3 05 | | | . . 105
0 5 10 15 20 25 30 35 0 5 35
Time [min] Tlme [mln]

Finally, taking into account the geometrical model from

F 1 g 2 pwe aim to derive the received power level at the train transceivers—Latenote the
half divergence angle (i.e., ¢— ), and then the tilt angle of the beam, denoted bgan be
expressed a5 —¢ 1, which is the angle between the optical axis of the beam and the

horizontal axis that is parallel to the track. We can compute the estimated divergence angle of the
laser beam as

7 00

'S 00 0

and the beam radiug a Gaussian beam, denotedigscan be expressed as
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wherel is the beam waist of the laser source at the transmitter pmfis the wavelength of the
laser beam.

According to such configuration, we can compute the receiveetipat a given distande [m]
along the track as

. c0 O

"o

A@bci 0 h

whered [W] is the transmitting power from the FSO laser sourcetand [m] is the collection
area at the receiver, which is modeled as

(@}

€
O

~

h

m\

i

whered  [m?]is the area of the photodetectbiis the refractive index of the optical concentrator,
and’ is the halfangle FOV of the receiver.

F i g 3 @epicts the received power versus the time spent for the train to move along a given path,
for different values ofy [m] and FSO intedistanceQ[m] i.e.,'Q v 7thy 1 T We observe

that longer is the horizontal distarite lower is the received power level. Furthermore, fluctuation

of the received power are experienced in case of lower number of FSO transmitters, due to longer
connectivity links and then more atterioat

As a main result, we can observe that even if the mobile scenario is more challenging due to
mobility issues and link matainment, we observe that by accordingly deploying FSO transmitters
along the railway track we can keep performance at a cansthre. This can be observed from

the received power level vs. the time window.

Fi gBdeReceived power | evel versus time interyv
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6. Low Earth Orbit Satellites

6.1LEO System Architecture

TheF i g 8 ishiows the overall system architecture considered in the analysis for both SpaceX
and OneWeb LEO satellites.

Fi gBteLEO System architecture.

LEO satellite

*

Internet

.4

P

LEO OBU LEO Ground Station RBC

i

The tran is equipped with the LEO terminatalled LEO On Board Unit (OBU). It allows the
connection with the LEO satellite in orbit. The LEO satellite is also connected to the Radio Block
Center (RBC) through an Internet connection.

The userterminalto-satellite (upstream) and sateliteuser terminal jownstream paths have

been analyzedeparatelyn this documentWe assume the satellite-earth station gateway link is
managed by the LEO operator ame assume it should not be a problenterms of link reliability

and available system capacity for collecting all data from the users connected to the LEO satellites
Finally, thelink from the LEO ground station to thBRBC server is realized through énternet or
privatelink. We are notnterested in the assessment of performance of this link.
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TheF i g 8 Bhews the LEO SpaceX coverage nagpeportedh [11].

Fi gB2eLEO SpaceX coverage map.

At present 12th August2022), theonly active SpaceXjround stationgjfateways arastalled inthe
United Statesoil. TheSpaceXprogram is for the commissioniramd realization of ther satellite
ground stations witlyatewag in Europe. In any case, no gatewaiwisaged to bestalled in
Southern Europe (including ItaBnd Spaih[12] in the next future

This fact is confirmed looking & i g 8 &hewng the(actual) locations abpaceX gatewasyy
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Fi g3 3eLEO SpaceX gateway | ocations.

bl Starlink gateways
i This map was made with Google My Maps. Create your own.

i '—' ”

Map data @2
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6.2 Radio propagation models

Since the SpaceX ar@néVNeb documentatianhdetailing the modulation and access schemes used
is reservedto assess performanirethe scientific literature thBigital Video Broadcastin@pVB-
S2 satellite communication system is used for link budget calculation[E3 {14].

The hypothesis ofonsideringDVB-S2 transmission technologg reasonable because it is a very
stable and known technologin addition, DVBS2 dso allows tweway satelliteuser terminal
communications and vice versa.

Regarding he atenuation models,in addition to the free space loss characterizing thetdJE
Satellite linkthe atmospheritoss is used to account fink degradatiordue to adverse gaseous
effects The International Telecommunication Union (ITU) models considered for atmospheric
attenuation are described in the recommendationRTRI61813[15].

AS in DVB-S2 everSpaceXand On&Veb can use adaptive modulation and coding schemes (MCS)
to dynamically adapt transmission in accordanevéh the availableSignatto-Interference plus
Noise Ratio C/(N+l)) soto maximize the spectral efficiency achievableathsituation.

6.3 Methodology

The main performance parameter to be considered in performance assessmeaignsilitearier

to-interferenceplusnoise ratio i.e. C/(N+l) which can be directly related to the Eb/(NQwfBere
Eb is the energy per bit, NO is the spectral density and 10 is the interfersrcgy, andhen to the
MCS that can be selected to maximize transmission capacity forUsaclEquipment (E)-to-

Satellite distance. The C/(N+l) can be evaluated from link budget calcul&tiahe following
subsections the methodology adopted for link budget calculation is described.

6.3.1 Workflow

Theperformance evaluatiaactivitiesof SpaceX and OneWeb LEO HTS systdrase been carried
outin accordance with theorkflow described inth& i g 8 4 e
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Fi g4 eWor kfl ow of adopted methodol ogy.

Railway line
LEO ground station LEO Satellite LEO Satellite
geodetic coordinates scenario constellation TLE file

LEO simulation
(Matlab satellite
toolbox

Analysis of
results

The work started with the identification of the railway line,the RomeFlorencdine(F i g3 ) e

(accommodatingnainline, regional, freight railway linesyyhich has been considered to derive
results inthe previous deliverable2.3.

Fi gB5Reomel orence .rail way | ine

= 2 hr 52 min
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We have identified some points along the limeterms oftheir geodetic coordinatesThe

latitude/longitude coordinates of these pointssti@wn inTableO.

Table9. Railway line points:ist of geodetic coordinates along the Rell@rence railway line.

Station km Latitude T Longitude [Degree]

RomaTermini 0 41.90134, 12.50034

GRA 10 42.02098, 12.52562

Settebagni 3 42.010617444766076, 12.52147119262065!
Riano 5 42.09461901523065, 12.538950332815373
Capena 7 42.13304909449124, 12.546239722893903
Sand @ste 7 42.234413374687422.507209805810147
Borghetto 10 42.33956298043416, 12.460174589539339
Scalo Teverina 4 42.37685648366756, 12.443351772070113
Orte Scalo 12 42.433642113880175, 12.39185336139929;
Bassano in Teverina |5 42.47771690799268,2.341384915142111
Attigliano 6 42.52716598095498, 12.300560689491748
Sant'Angelo 8 42.60369165947424, 12.24035476056048
Tordimonte 10 42.701410189222315, 12.15976718587696
Orvieto 5 42.728648129157605, 12.11217439854051
Allerona 11 42.805638772848155, 12.01312592495917¢
Ponticelli 13 42.91801512566852, 11.97849276939934
Chiusi Scalo 11 43.014486739925104, 11.93248752066572

Montepulciano Stazione

15

43.100591865365764, 11.88980087665434

Bettolle 8 43.233743824125156, 11.87426386159956
Castiglion Fiorentino |14 43.338361369624096, 11.86261109983031
Arezzo 15 43.47592731434826, 11.797549853039794
Montevarchi 15 43.53157022931632, 11.632469078067437
San GiovannValdarno |10 43.591629721992035, 11.54247287168080¢
Figline Valdarno 9 43.65113420132002, 11.467388305781936
Leccio 5 43.69819121622599, 11.435343211280822
Bagno a Ripoli 12 43.77116184016206, 11.330468370112502
Coverciano 4 43.7778229953591241.276574349730424
Le Cure 2 43.78854498702862, 11.262403228942343
Firenze S.M. 2 43.76737, 11.27318

Total distance 238 km

We assume theadio Block Center (RBC) server is located in Bolognd its coordinates alisted
in Tablel10[16].
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Tablel0. List of geodetic coordinates of RBS server located in Bologna.

RBC Location km Latitude T Longitude [Degree]
Bologna @ntrale 300 |44.3012,11.2018

The main parameters tfie SpaceX and OneWalEO satellite constellations are extracted from

the correspondingTwo-Line Element (TLE) filewhich can be freely downloaded j&8]. For
performanceassessment we assume the satellite is visible at one of the considered location points
in Table 9 and Table 10 when the value ofniti;simum elevation anglées 15°. Below 150 we
assume the satellite is obscured and cannot be useddging transmissions

The RomeFlorencerailway ling the geodetic coordinates dfie points along the lineand
informationon LEO satellite constellatioms the TLE files ae theparameters requirdd compose
the LEO satellite scenaribat can be processed with thiatlab Satellite Toolboso to derive all
the necessamgata to evaluate the link budget and then the C/(N+I).

The reference Time interval considered for simulation is 1 day (24 hdes)SINR ratio is then
calculated, also taking into account the ifes¥nce contributiongl3].

6.3.2 Details onSpaceX e On#/eb LEO constellations

The Two-Line Element (TLE) isa methodology for encoding satellite data format. It contains the
list of satellite orbital elements. According to the geometric formulas, we can estimate the satellite
state in terms of position and velocityhe satellite data in the TLE file are enco@dedording to

the North American Aerospace Defense Command (NORA@yenclature and are allocated on

two different lineq17]. The followingTable11 describe the encoded data format.

Tablell TLE file details: Line 1 (a), Line 2 (b).

@
Line 1
Column | Description
1 Line Number of Element Data
03-07 Satellite Number
8 Classification (U=Unclassified)
1011 International Designator (Last two digits of launch year)
12-14 International Designator (Launch number of the year)
1517 International Designator (Piece of the launch)
1920 Epoch Year (Last two digits of year)
21-32 Epoch (Day of the year and fractional portion of the day)
34-43 First Time Derivative of the Mean Motion
4552 Second Time Derivative of Mean Motion (Leaglidecimal point assumed)
54-61 BSTAR drag term (Leading decimal point assumed)
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63 Ephemeris type
6568 Element number

Checksum (Modulo 10)

69
(Letters, blanks, periods, plus sign§; minus signs- 1)
(b)
Line 2
Column | Description
1 Line Number of Element Data
37 Satellite Number
9-16 Inclination [Degrees]
1825 Right Ascension of the Ascending Node [Degrees]
27-33 Eccentricity (Leading decimal point assumed)

3542 Argument of Perigee [Degrees]

4451 Mean Anomaly [Degrees]

5363 Mean Motion [Revs per day]

64-68 Revolution number at epoch [Revs]

69 Checksum (Modulo 10)

Example: Starlink SpaceX
1 44713C 19074A 22213.84145833 .00010689 00000+0 73602138
2 44713 53.0562 333.6845 0001336 83.9430 132.654%6394655 12

The cited TLE files on Starlink SpaceX andéWeb are available on Celestrak reposifd8] and
can be imported in th8atellite toolbox to simulate the movement of satellites over their orbits
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6.3.3 Satellite Toolbox

The Satellite Toolbox is the Matlab toolbox specifically designed for satellite simulations and
analysis. It can import the satellite TIfites, and it allows to analyse the satellite data with high
accuracyGiven one point on earth (e.g.reference pat), the toolbox allows to derive the azimuth,

the elevation angle and the range of any one of the satellites in the constellation with respect to the
selected reference poirih addition, he Satellite Communications Toolbaxplements the ITER
propagabn modelsP.618[19].

TheF i g 8 fgives a graphical representation of satellite orbitsulated and analyzed using
Satellite Toolbox.

Fig3édeSatellite Tool box Graphic User I nterfac

50

May 12 2020
13:00:00 UTC

<« 1l »
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634 LEO constell at i on skkeyRPeiformancealbdicaons:(KPBi m and

The main scope of simulatiofer the consideredEO HTS satelliteconstellations is the calculation
of the C/(N+l) along the Romé&-lorence railway linén the considered reference points

Starting from the SpaceX and Okleb TLE files, we have considerethe distribution of the
satellites covering the considered railway line during an entirg2¥ayours) Satellite data (see
after) are calculated considering a sampling time, (he. distance between two consecutive time
instants) of about 2min.

The man satellite parameters are then calculated to proceed with the link budget estimation.

The C/(N+1) is related to thavailableBit Rateby means of the best MCS that can be seleated

the upstreanor downlink The following Key Performance Indicators (KPIs) are considered for
analysing the behaviour of the satellite constellation with time and for achievitigkhmidget
analysis.All the parameters listed below can be obtained starting from the calculatidwe:of
azimuth elevationandrange of each satellite with respect to each one of the selected reference
points (RPs).

1.

Trend over time of the elevation angle range, pathloss in free space and the visibility range of
each satellitendfor eachRP;
Best caeandworst casdor LEO satellite
- Rangeof the lest satellitavith time overthe entire day (24 hoursthe best satellite is
the visible satellite at minimum range from the reference point at each time instant;
- Best satellitgoropagatiordelaystatistics
- Worst satellite delay statisticehé worst satellite is the visible satellite with thighest
range from theonsideredeference point (RP) at the grognd
Distribution of visibility intervals of all satellites for ea&P,; the visibility inteval is evaluated
for each satellite and it is the duration of the time interval starting when the single satellite
becomes visiblé.e., its elevation is above or equal to 150) and ending when the satellite returns
below the minimum elevation anglieg(, below15°),
Distribution of the visibility intervals of the best satellite for e&f(this interval is evaluated
considering at each time instahe bessatellitewith respect to the considered RP)
Link budgetused forthe assessment of tlE(N+I)
For eachRP we have evaluated thiek budgetconsidering at each time instattie best
satellite theworst satellite andnefipersistend satellite As persistent satellite we mean the
satellite with the longest duration of its visibility time intervdth respect to the RP. In
practice we assume tlsatellitemodem at the RP remains connected to the same satellite
for the entire duration of its visibility time. At the end of the visibility time interval the
modem selestanother satellite and remainsmmected to it for the entire duration of its
visibility time and so on.
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6.3.5 link budget calculation and Modulation and Coding Scheme (MCS)

The link budget calculation is based on the following forni0g [21]:

AT e qye A4 54 9 g4 4
Where:
Prx [dBm]: received power
Prx [dBm]: transmitter output power
Grx [dBi]: transmitterantenna gai
Ltx [dB]: transmitter loss
FSPL[dB]: path lossusuallyfree space loss
Lwm [dB]: lossesfading, body lossatmospheric loss etc.
Grx [dBI]: receiverantenna gain
Lrx [dB]: receiver losses

From the previous formula, tlealculation of minimum Bit Rate is based on the sgepasmarized
inFi g8 7e

Fig87eMini mum Bit rate calculation methodol og

wCalculation of SINR

wCalculation of F{NO+10) ratio

wCalculation of E(NO+10) ratio

J

wSelection of Modulation and Coding Scheme (MCS) for&2/
communication

wCalculation of minimum Bit Rate ]
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As shown in thepreviousFigure starting from theC/(N+l) calculation,we proceed with the
calculation of ratio between the energy fpansmitted symbol and single sided noise power spectral
density (Es/(NO+I0))and Es is the energy per useful symbol andHs10*logl0Q(spectral
efficiency) After, we calculateatio between the energy per information bit and single sided noise
power spetral density Eb/(No+lo)).

According to[22] we selected the modulation and coding scheme (MCS) based on the target margin
(in dB) (see after)Giventhe spectral efficiencfi.e., the MCS) and the transmission bandwitité
available bit rates:

Spectral efficiency * bandwidth = Available Bit Rate

To better clarify theseonceptswe consider the followingxample
- From the link budgetalculationwe obtain a&/(N+I) ratio of13.5 dB
- According to the values listed in theble 12Table 12 with the reference values of Es/NO and
Eb/NO corresponding to the/(N+I1) value of 135 dB, we observe:
o If we select thd6APSK 2/3MCS, Eb/(NO+10)is equal td.4 dBand in the same column we
observe thab.9 dB is the minimum value &b/(NO+I0)ratio necessarto select this MCS.
This implies that the obtaindithk marginis givenby the following calculation:
(9.45.9)dB=3.5dB
o Still considering C/(N+l) =135 dB, we could select other MCSsalthoughthe resulting
margin is going to decreadexample. In case df6 APSK 5/6MCS, the minimum requested
value ofEb/(NO+I0)ratio is 75 dB. Thevalue ofEb/(NO+10)corresponding to the considered
C/N value is8.4 dB.It means the margin decreases and it given by the following calculation:
(8.47.5)dB =0.9dB

TheTablel2 shows a graphical representation a$ txample
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Tablel2. C/N values in case of DVE2 SNR 16APSK and 32APSK.

Spectral Efficiency Normal 16APSK 32APSK
Block Mode Pilots ON» | (" 2 574613) 2.896320 3.000495 | (3221863) | 3439530 3.482680 3.623332 3.866247 4030589 4.302894 4.356875
CodeRated- | 23 314 45 TSE 819 9110 314 4I5 5/6 819 /10
(Co+No)No | CIN=EsiNo Eb/No EbiNo Eb/No EbiNo EbiNo EbiNo Eb/No Eb/No Eb/No EbiNo Eb/No

98 93 52 47 44 42 40 39 37 34 33 3.0 29
10.1 97 55 50 48 46 43 42 41 38 36 33 33
104 10.0 59 5.4 5.1 4.9 4.6 46 44 4.1 39 3.6 36
107 10.3 6.2 57 54 52 49 49 47 44 43 40 39
110 10.6 65 6.0 57 56 53 52 50 48 46 43 42
113 11.0 6.9 6.3 6.1 59 56 55 54 5.1 49 46 46
116 1.3 72 |= 6.7 6.4 6.2 59 59 57 54 52 50 49
119 116 75 | 70 67 6.5 6.2 62 60 57 56 53 52
122 1.9 78 |<T 73 7.0 68 66 65 63 6.1 59 56 55
125 12.2 31 |= 76 7.3 7.2 6.9 68 67 64 62 59 59
128 126 8.5 79 77 754 — 72 71 70 6.7 6.5 6.2 6.2
134 12.9 88 83 8.0 78| = 75 75 73 7.0 68 6.5 65
134 ey 9.1 86 83 81| & 78 78 76 73 74 6.9 68
137 ( 135 )= o4 89 86 8 L%. 8.1 8.1 79 76 75 72 74
140 138 97 92 8.9 f 85 84 82 80 7.8 75 74
143 14.1 10.0 95 9.2 9.1 88 87 85 83 8.1 78 77
146 14.4 10.3 938 95 94 9.1 90 89 36 84 8.1 8.1
149 14.8 10.7 10.1 9.9 97 94 93 92 39 87 84 84
15.2 15.1 11.0 104 10.2 10.0 97 96 95 92 9.0 8.7 8.7
155 15.4 1.3 10.8 10.5 103 10.0 10.0 98 95 93 9.0 20
158 15.7 116 11.1 108 106 10.3 103 10.1 98 96 93 93
16.1 16.0 119 114 11.1 10.9 10.6 10.6 104 10.1 99 9.7 96
164 16.3 12.2 1.7 114 1.2 10.9 10.9 10.7 10.4 10.2 10.0 99
16.7 16.6 125 12.0 1.7 1.5 11.2 11.2 11.0 10.7 106 10.3 10.2
170 16.9 128 12.3 120 118 11.5 11.5 11.3 11.0 10.9 10.6 10.5
173 17.2 13.1 126 12.3 121 11.9 11.8 11.6 1.3 11.2 10.9 10.8
176 17.5 134 129 126 124 12.2 12.1 119 1.7 115 11.2 11.1
179 17.8 137 13.2 129 12.7 12.5 124 12.2 12.0 11.8 115 114
182 18.1 14.0 135 132 131 12.8 127 125 12.3 121 118 1.7
18.5 18.4 14.3 13.8 13.5 134 13.1 13.0 12.8 12.6 124 12.1 12.0
188 18.7 14.6 14.1 138 137 13.4 13.3 13.2 12.9 12.7 12.4 124
19.1 19.0 149 144 14.1 14.0 13.7 136 13.5 13.2 13.0 12.7 12.7
194 19.3 15.2 14.7 144 14.3 14.0 13.9 13.8 13.5 13.3 13.0 13.0
197 19.7 15.5 15.0 14.8 14.6 14.3 14.2 14.1 13.8 136 133 13.3
200 20.0 15.8 153 151 14.9 14.6 14.5 14.4 14.1 13.9 13.6 13.6

6.4 Starlink and OneWeb LEO constellation performance assessment and linkudget
calculation

The following Table 13 summarize the main parameters used to calculate the LEO satellite link
budget in case of SpaceX and @reb, both in uplink and downlink.

The papelf13] is based on a constellation dating back to 2018, while our analysis is based on a
constellation updated in July 202&2¢ have used the mastcentTLE files), wherethe number of
SpaeX satellites has been increased and laoorbit and polasatellites have been added.
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Table 13. Parameters used for the link budget calculation in case of SpaceX and OneWeb LEO
constellations: downlink (a), uplink (b).

(C))
Parameter OneWeb SpaceX Unit
Frequency 12.7 12.7 GHz
Bandwidth 0.29 0.125 GHz
EIRP 34.6 36.7 dBW
MCS 16 APSK 2/3 |16 APSK 3/4 |-
Roll-off Factor 0.1 0.1 -
Atmospheric loss 0.41 0.53 dB
LEO Rx Antenna Diameter 0.7 0.7 m
LEO RX antenna gain 38.3 37.7 dBi
System Temperature 350.1 362.9 K
Rx C/ASI 25 25 dB
Rx C/XPI 20 22 dB
HPA C/3IM 30 25 dB
Rx Eb/(NO+10) 5.9 6.7 dB
Req. Eb/NO 5.2 5.9 dB
Link Margin 0.82 dB
Shanno Limit 1.46 dB
Data rate 674.3 Mbps
(b)
Parameter OneWeb SpaceX Unit
Frequency 14.25 145 GHz
Bandwidth 0.25 0.125 GHz
Tx antenna Diameter 0.48 0.48 m
EIRP 39.4 39.4 dBW
MCS 256 APSK 32/45 | 256 APSK 3/4 |-
Roll-off Factor 0.1 0.1 -
Atmospheric loss 29 2.9 dB
LEO Rx Antenna Diameter| 0.48 0.7 m
LEO RX antenna gain 37.8 40.9 dBi
System Temperature 350.1 535.9 K
Rx C/ACI 27 27 dB
Rx C/ASI 27 27 dB
Rx C/XPI 25 25 dB
HPA C/3IM 30 30 dB
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6.5 SpaceX and OneWeb performance assessmesimulation results

Results presented in this Section refer EOLsatellites flying over the Italian area during the day.
The RPs are selected along the Rdfitanze railway line.

TheF i g 8 &hews thenumber of visibléSpaceX and OneWeb LEO satellites during the day
when considering the RP located in RoM#& have observed that this number remains practically
unchanged when cowfgring the other RPs along the line.

Fi gB8 eNumber ofsviEObS &t @lulriithg t he day: SpaceX

(@) (b)
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As fromF i g 8 gduring the dayhe visible satellites are thoséove 150 degree of elevation
angle During their daily movement, the satellites pass from a low elevation angle to a maximum
and therthe elevation angle starts to decreae both cases, SpaceX and OneWeb, for the Rome
Florence section, there is a rather constant trend in the average number of satellites visible
throughout the day, with 380 satellites in the first case, and 8 in the secaise. The numbers of

the two operators depend on the satellite launch plans and their relative operationskiorottis.
reasonthe number of visible OneWeb satellites is lower than SpaceX. This difference will be
reduced with time when the numbersatellites of OneWeb will increase.
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InF i g 8 &hows theange(km) of apair of LEO Satellites visiblén a certain time interval of
the day fomone RP in Rome. @&h SpaceX and OneWelnstellations have been considered.

FigB9eRange distance of a couple of LEO Sat el
Station: SpaceX (a), OneWeb (b).
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It should be observed thdistances can vary between a maximum distance of abed® km
(SpaceX) or 1,900 km (OneWeb) and a minimum distance of 500 km (SpaceX) and about 1,200 km
(OneWeb).The orbits of SpaceX satellite are closer to the earth.

InF 1 g 4 @veshow the Elevation angle of a couple of LEO Satellites visible during theoday f
the RP in Rome corresponding to the range situation in Figured®.f& SpaceX and OneWeb
have been considered

FigabeEIl evati on angle of a couple of LEO Sate
Station: SpaceX (a), OneWeb (b).
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As expected, elevatiangles vary from a minimum of 15 ° (below which the satellite is not visible)
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(in the case of Spacex, otherwise 30 ° in the case of OneWeb) up to a maximum of 60° or 70°, in
the case of from SpaceX or OneWeb respectivEie maximum elevation angle corresponds to
the minimum distance of the satellite from the ground.

In F i g 4 iwe plot he Range of a single LEO $#ite visibleat the same time of theag from
the RP inRome andanother RP irBologna Both SpaceX and OneWaelnnstellations have been
considered

FigdfieRange distance of the samdrioBOt $at a@li Ifif

Ground Stations (Rome and Bologna): SpaceX (a
() (b)
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From the figure it emerges that the same satellite is seen hydlensidered RPalmost at the
samerange In fact, since the distance between Rome and Bologna is about 400 km, the same
satellite is visible, for example, a@8nat 1500 kmn Bolognaand 1200 km irRomein the case of
SpaceXwhile it is visible at 1900 knn Romeand at 2150 knm Bolognain the case of OneWeb
between 1:30 and 2:Gn

In F i g 4 #&wve plot theElevation angle othe LEO Satellitecorresponding to the situations in
Figures 39a and 39b.
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FigdaRPeEl evati on ang3et eolfl itthee vsiassmeb |l leEQ ur i ng t
Ground Stations (Rome and Bol ogna): SpaceX (a
(a) (b)
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From these Figures it can be seen thatsame satellite is visible, for example, at 8 am the elevation

Time of the Day [h]

angle of the sallite has a value of about 22rf Romeand about 15 ° iBolognain the case of
SpaceX, while it is visible at about 32°’Romeand at 26in Bolognain the case of OneWeb at a
time between 1.30 am and 2 ahfis derives from the fact that the distance between thé&k&g
is not very large as compared to the range of the satellite

Thecalculated range with time of the single visible satellite can be used to evaluate the propagation

delayU as

U=range/c

and c is the light speed resulting in propagation delays in the order of some ms for-tbhe UE

Satellite link and vicerersa.

InF i g4 Iveeplottherange of the best and worst LE@ible satellitesduring the dayor SpaceX
and in a limited time interval faneWeb.
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InF i g 4 Bhows theangesf thebestsatelliteare indicated itblackwhile the worst satellite is
indicated inred In blue we have indicated the distance of the sebast available satellite for
SpaceX i.e.the second satellite which is closer to the RRhe case of SpaceX, the closest satellite
(best) during the day is located at a variable distance between 300 km and 600 km, the farthest
satellite (worst) between 1,300 km and 1,550 km (argbme cases ever600. Therange of the

S e ¢ 0 n dsat@llteevariesthetween 300 and 800 km.

In the case of OneWeb, the farthest satellite (worstagnd 2200 km while the closest one (best)

is between 500 km and 1600 km.

In Figure44 we plot theCumulative Density Function (CDF) of tlmmeway propagation delay
corresponding to the visibility time of thest andf theworst LEO satellite during the daoth
SpaceX and OneWaeatpnstellations have been considered.

Fi ga4 eCumul ative Density Function (CDF) of th
worst LEO sdueihgtehegidapl eSpaceX (a), OneWeb

() (b)
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