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ICARUS

INTEGRATED COMMON ALTITUDE REFERENCE SYSTEM FOR U-SPACE

This document is part of a projectthat has received funding from the SESAR Joint Undertaking under
grant agreement No. 894593 of the European Union’s Horizon 2020 research and innovation
programme.

Abstract

The presentdocumentisthe first draft release of deliverable D3.1“ICARUS Concept Definition: State-
Of-The-Art, Requirements, Gap Analysis” of the ICARUS project. It has been produced under Work
Package WP3 “ICARUS Concept Outline Definition” led by E-Geos.

The main objective of WP3is to collect all the necessary information and analysis to be used for the
identification and definition of the services suitable for the ICARUS Common Altitude Reference (CAR)
system, through an in-depth analysis of the requirements of users and all stakeholders, as well as an
analysis of the state of the art of each technological component.

In this document, the ICARUS conceptis established, an analysisis undertaken of the state -of-the-art
in height systems, digital terrain models (DTM) and geospatial products relevant to the problem, the
requirements of the system/service are derived, and a gap analysisis undertaken onthe components
to be developed. Thiswide range analysisisanecessary inputfor prototyping the system/service.

4 Founding Members
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1 Introduction

The ICARUS project responds to the challenge of findinga Common Altitude Reference System (CARS)
for drones (or Unmanned Aircraft Systems —UAS) and manned aviation flyingin very low-level (VL)
airspaces. It proposes an innovative solution with a Global Navigation Satellite System (GNSS)
altimetry-based approach and the definition of a geodetic-barometric transformation algorithm,
implemented by adedicated U-space service.

ICARUS proposes the use of GNSS receivers with suitable requirements foracommon UAS-UASvertical
reference, and the definition of a new U3 U-space service for altitude transformation for a common
UAS-Manned-aircraft reference, tightly coupled with the interface of existing U-space services (e.g.
Tracking, and Flight Planning services). Finally, the terrain modelinformation above the ellipsoid datum
used in GNSS receivers, including ground obstacle information, is also an important element of the
study.

1.1 Purpose of the document

The objective of this document is to perform a critical review of past and present projects, starting
with the results obtained by previous and current studies and an analysis of the state of the art of the
technological solutions necessary for defining ICARUS concept services. The outcomes collected from
other studies are not sufficient to fill the gap of the problems encountered. In fact, the possible
solution of this challenge involves a multidisciplinary approach (Geodesy / Geomatics / Navigation /
Air Traffic Management (ATM) research) notalways presentin current studies.

This document defines the requirements affecting both a Global Navigation Satellite System (GN SS)-
based altimetry approach in terms of accuracy, precision, continuity and integrity of the service and
the requirements applicableto the Digital Terrain Model (DTM) (including ground obstacles) in terms
of the necessary resolution and accuracy.

To enforce these actions, the U-space community of Unmanned Aircraft Systems (UAS) Pilots, drone
operators, Unmanned Traffic Management (UTM) service providers, general aviation (GA) pilots has
been involved through a dedicated on-line survey (web questionnaire) aimed at assessing the
operational needs related to common altitude referenceissues.

The requirement analysisin thisphase, with the helpof the survey and Advisory Board (AB), identified:

e Navigationrequirementsfor GNSS-based altimetry;

e Requirementsforaccuracy and resolution of the DTM / digital surface model (DSM);

e Navigation Performance (e.g. need fora GNSS Performance monitoring service)

e Operational Requirements;

e Safetyrequirements.
These requirements have been taken into account in specific use cases of particular interest to
highlightthe ICARUS conceptand its added value (e.g. two UAS flying overa city with different home
points — top of a building, ground, one GA flight entering a Geometric Altitude Mandatory Zone
(GAMZ), etc.) to provide a preliminary safety assessment addressed using state-of-the-art
methodologies (i.e. SORA, MEDUSA) and finally to identify the gaps (technological, operational,
procedural, safety, etc.) that need to be filled for full elicitation of the service.
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The main outputs of this phase are therefore: the overall concept definition, through a requirement
analysis for the service envisaged; the identification of gaps to be filled for implementation of the
solution; and a preliminary safety assessment of the use-cases envisaged, including a check for
compliance with current EU regulations.

1.2 Acronyms

Acronym Meaning
AB Advisory Board
ABAS Airborne Based Augmentation Systems
API Application Programming Interface
ARAIM Advanced RAIM
ATC Air Traffic Control
ATM Air Traffic Management
ATZ Aerodrome Traffic Zone
BVLOS Beyond Visual Line of Sight
CAN Controller Area Network
CARS Common Altitude Reference System
CTR Control zone
DAA Detect And Avoid
DEM Digital Elevation Model
DIODE D-FlightInternet of Drones Environment
DOP Dilution Of Precision
DREAMS Drone European Aim Study
DSM Digital Surface Model
DTM Digital Terrain Model
EASA European Union Aviation Safety Agency
ECEF Earth-Centered, Earth-Fixed
16 Founding Members
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EDAS EGNOS Data Access Service
EGNOS European Geostationary Navigation Overlay Service
EGNSS European Global Navigation Satellite System
EO Earth Observation
FL Flight Level
FTE Flight Technical Error
GA General Aviation
GAMZ Geometric Altitude Mandatory Zone
GBAS Ground Based Augmentation System
GNSS Global Navigation Satellite System
GPS Global Positioning System
HAS High Accuracy Service
HPL Horizontal Protection Level
IAB ICARUS Advisory Board
ICAO International Civil Aviation Organization
ISA International Standard Atmosphere
KPI Key Performance Index
LPV Localizer performance with vertical guidance
MCMF Multi-Constellation Multi-Frequency
NSE Navigation System Error
NTRIP Networked Transportof RTCM via Internet Protocol
PL Protection Level
PPP PrecisePointPositioning
PVT Position-Velocity-Time
QFE Query Field Elevation
QNH Query: Nautical Height
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RAIM Receiver Autonomous Integrity Monitoring
RNP Required Navigation Performance
RTCM Radio Technical Commission for Maritime Services
RTK Real Time Kinematics
SBAS Satellite Based Augmentation System
SIS Signal InSpace
SISE Signal InSpaceError
SOL Safety Of Life
SORA Specific Operations Risk Assessment
TSE Total System Error
TTA Time-To-Alert
UA Unmanned Aircraft
UAS Unmanned Aircraft System
UEE User Equipment Error
UERE User EquivalentRange Error
URA User Range Accuracy
URE User Range Error
USSP UTM service providers
UtT™Mm Unmanned aircraftsystem Traffic Management
VLL Very-Low-Level
VLOS Visual Line Of Sight
VPL Vertical Protection Level
Table 1-1: List of acronyms
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2 Overall ICARUS Concept Definition

The task is dedicated to the design of ICARUS conceptand to its description through fundamental and
perceptive characteristics, including benefits and justification of the idea, in the frame of the U-space
ecosystemand GNSS services.

2.1 Previous Projects and Inputs

ICARUS will exploit the outcomes of past U-space exploratory research projects, considering their
findings and recommendations, as wellas the lessons learned from U-space demonstrators. The CARS
document issued by EUROCONTROL will be used as the starting point for the ICARUS concept
definition, in combination with otherrelevant documentation identified below.

In particularthe following documents and outcomes will be considered as input for ICARUS project:

e UAS ATM Common Altitude Reference System (CARS) [1]: This discussion document
publishedby EUROCONTROLin 2019 represents one of the maininputs for ICARUS project. To
maintain separation between all users of VLLairspace, itis essential that the altitudes of all of
these aircraft be known unambiguously. However, whereas conventional manned aviation
uses pressure altitude obtained from barometricreadings, UAS often use other systems such
as satellite-derivedaltitudes. While each of these different systems can enable safe separation
onitsown, they can each furnish different altitude values fromeach other. Acommon altitude
reference system needs to be established. This document provides a basis for discussion on
such a system, followingaworkshop and a series of webinars organised by EUROCONTROLIin
collaboration with the European Aviation Safety Agency (EASA). The study concludes with
three options:

o Option 1: barometricmeasurements forall operations at VLL, no U-space services;

o Option 2: GNSS measurements forall operations at VLL, no U-space services;

o Option3: Mixed approach; each airspace users willuse its approved altimetry system,
U-space services will be used fortranslation.

ICARUS will follow up the CARS study, starting from option 3, with the focus on GNSS altimetry
requirements for a common UAS-UAS vertical reference, a UAS-manned-aircraft translation
service, and UAS ground obstacle information provided by U-space services.

Final CORUS project ConOps [2]: The Concept of Operations (ConOps) for European
Unmanned Traffic Management (UTM) Systems (CORUS) project encompassed two years of
exploratory research to adoptaharmonised approach tointegratingdronesinto VLLairspace.
CORUS outcomes represent another important input for the ICARUS project. In particular, in
CORUS, itisrecognised that small drones commonlyuse altitudes based on GNSS for practical
and cost reasons, while existing aviation makes use of barometric altitudes. As the CORUS
CONOPS was written, work on the UAS ATM Common Altitude Reference Systemwas ongoing,
therefore the problem was taken into account in the study, but not investigated in detail.
However, the project recognisedthat a GNSS-basedapproach forvertical UAS separation from
the ground requires a calculation of the heightabove ground, possibly achieved by a look-up
table (or map), to give the height of the ground at the current location relative to the same
GNSS ellipsoid. Such look-up tables trade-off accuracy against size, and potentially cost.
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Moreover, the project assumed that this ground-level calculation was performed inside the
UAS (UAS = vehicle +remote piloting station), howeverthe accuracy may vary.

ICARUS will take into account the final CORUS ConOps, considering the possibility of providing
such calculation onthe ground. Moreover, ICARUS will be following CORUS ConOps for:

o Newairspace classifications (X, Y, Z,, Z,) to be used in ICARUS for the definition of the
Use cases;

o U-space service classification (updated with respect to the initial SJU Blueprint). In
particular, ICARUS will consider the new services added to be existing services with
theirown interfacesand high-level definition. The services listed below will be helpful
for a harmonised integration of the altitude translation service offered by ICARUS. A
possible collocation of the service will be proposed in the overall list of U-space
services, as wellas possibleinteractionswithother U-space services needed to provide
input data to feed the altitude translation service.
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Figure 2-1 — U-space services refined by the final CORUS ConOps and possible collocation of ICARUS altitude
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translation service

SJU Exploratory Research projects 2016: The exploratory research projects focusing different
aspects of the U-space ecosystem (with both a “top-down” and “bottom-up” approach),
produced alist of requirementswith particular reference to the following excelfiles (available
to the ICARUS consortium on the STELLAR platform):

o PROJECTU-space requirements ER4 update (based on B3).xIsx

o U-spacerequirements_Baseline3(1_1).xlsx

The list of requirements produced in these studies is analyzed in the Requirement analysis
(chapter6) to identify a possibleset of initial requirements applicableto ICARUS, with respect
to the main objectives of the project. Such an analysis avoids “reinventing the wheel”, in case
the Consortium was not aware that some of the requirements of the initial CARS problem
assessment had already been addressedin previous studies.In any case, the definition of new
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requirementsis expected in ICARUS, especially interms of GNSS-based navigation for altimetry
measurements for UAS-UAS separation.

e 2019 U-space Demonstrators: The main outcomes of SJU U-space Very Large-Scale
demonstrators will be considered, especially during the validation stage of the ICARUS
concept, interms of “lessons learned”. The projects that will be considered are mainly DIODE
and GOF, because of the director indirectinvolvement of many ICARUS consortium partners.

e Concurrent studies and other parallel initiatives: Other initiatives and projects (not only
funded by SJU) will be taken into account during the lifetime of the project. In particular, the
following projects are considered at this stage:

o The SJU DACUS and BUBBLES projects will be monitored to harmonise the progress
of the research activities and results achieved with a common roadmap. The link
between these projects has been already established through project coordinators
and ICARUS consortium members. These “sibling” project members will also beinvited
to the International Advisory Board foreseenin ICARUS.

o GSAprojects: The European Global Navigation Satellite Systems Agency [3] has funded
several application projects fostering the use of Galileo and EGNOS. Some of these
concurrentstudiesinboth the aviation and the U-space/drone domains will be taken
into account during the life of the ICARUS project so that it is always updated about
Galileo and EGNOS added value and differentiators for GNSS based altimetry. At this
stage, two projects are identified for monitoring:

=  H2020 Ampere project [4]: Drones for electric infrastructure monitoring
(ICARUS interest: Added value of MCDF Galileo Receiver installed on drones
for BVLOS operations, ground obstacle and terrain model awareness);
= H2020 Delorean Project [5]: Drones with EGNSS Receivers in Urban VLL
airspaces in the context of Urban Air mobility (ICARUS interest: validation
reportaboutthe performance of EGNSS receiversin an urban environment, in
presence of strong multipath, scattering orinterference)
A direct contact with these projects’ coordinators will be established by the ICARUS
coordinatororConsortium members. The consortium understands that other projects
of particularinterest for ICARUS may start later. The ICARUS technical coordinator will
establish direct contact with GSA to ensure both that ICARUS knows about these
projects, and that they are aware of the ICARUS initiative.

o EC projects: Other projects funded directly by the EC will be considered for cross
fertilisation and mutual interaction. In particular, the following projects are identified
at this stage:

= H2020 5G!drones [6]: 5G technology in support of drone operations through
different use cases. ICARUS interestis about the reliability of the 5G network
for U-space services;

= SUGUS project [7]: accelerating the use of the European GNSS (EGNOS and
Galileo) inthe UAS market. ICARUS interestisaboutthe E-GNSS added value
introduced for U-space services.

Other projects and initiatives of a particular interest for the project can be also taken into account
duringthe progress of ICARUS.
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2.2 U-Space Description and Objectives

The rapid evolution of Unmanned Aircraft System (UAS) technology is making these suitable aircraft
for a plethora of different applications in the civil environment, spanning from infrastructure
surveillance to environment monitoring, from goods delivery to emergency services, as well as other
non-professional recreational uses. Many of these applications work in operational scenarios in Very
Low Level (VLL) airspace below 120 m of altitude. This requires that UASs be:

e compliantwith stringentreliability, safety and security requirements,
e compliantwithavionicstandards and procedures,
e fullyintegratedinto non-segregated airspace.

The growing European drone market shows significant potential: it is estimated that this market will
represent €10 billion p.a. by 2035 and over €15 billion p.a.by 2050. The impact of civil missions (either
for governments or for commercial businesses) is expected to generate the majority of this value as
related services are anticipated to represent avalue of more than €5 billion p.a. by 2035, showing their
importance in the market.

There isstrong pressure on VLL operations, wherethe marketis drivenby new business opportunities
(e.g. data services and mobility) and Europe is helping drive what is becoming a global industry by
introducing the U-space concept.

The European Union has developed the U-space vision to facilitate the phased introduction of
proceduresand “a set of services designed to support safe, efficient and secure access to airspace for
large numbers of drones”, to encourage the growth of the UAS industry and the use of these aircraft
in Europe [8].

U-space is an enabling framework designed to facilitate any kind of routine mission, in all classes of
airspace and all types of environment - even the most congested —while addressing an appropriate
interface with manned aviation and air trafficcontrol (ATC).

The delivery of U-space relies upon the following key principles:

e Ensurethe safetyof all airspace users operatinginthe U-space framework, aswell as people
on the ground.

e Provide a scalable, flexible and adaptable system that can respond to changes in demand,
volume, technology, business models and applications, while managing the interface with
manned aviation.

e Enable high density operations with multiple automated drones under the supervision of fleet
operators.

e Guarantee equitableand fairaccessto airspace forall users.

e Enable competitive and cost-effective service provision at all times, supporting the business
models of drone operators.

e Minimise deployment and operating costs by building, as much as possible, on existing
aeronautical services and infrastructure, including GNSS (Global Navigation Satellite System),

as well asthose from othersectors, such as mobile communication services.
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e Follow a risk-based and performance-driven approach when setting up appropriate
requirements for safety, security (including cyber-security) and resilience (including failure
mode management), while minimising environmental impact and respecting the privacy of
citizens, including data protection.

U-space services will evolve and scale up as the level of automation of UAS increases [9]. The
progressive deployment of U-spaceisforeseenin anincremental manner: each new phase will propose
a new set of services while including an upgraded version of the services already existing from the
previous phase (Figure 2-2).
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Figure 2-2: Evolution of U-space

e U1l: U-space foundation services provide e-registration, e-identification and geo-fencing.

e U2: U-space initial services support the management of drone operations and may include
flight planning, flight approval, tracking, airspace dynamic information, and procedural
interfaces with airtrafficcontrol.
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e U3: U-space advanced services support more complex operations in dense areas and may
include capacity managementand assistance for conflict detection. Indeed, the availability of
automated ‘detect and avoid’ (DAA) functionalities, in addition to more reliable means of
communication, will lead to a significantincrease of operationsinall environments.

e U4: U-space full services, particularly services offering integrated interfaces with manned
aviation, support the full operational capability of U-space, and rely on a very high level of
automation, connectivity and digitalisation for both the drone and the U-space system.

ICARUS proposes the definition of a new U-space service (U3) for transformation of geodetic height
measurementto the barometricreference systemandvice-versa, based on the introduction of GNSS-
based altitude measurementfordrones, tightlycoupled with theinterface of existing U-space services
(e.g. Tracking, and Flight Planning services). Icarus is considered a U3 service because it will allow
complex operations to be supported in dense areas, giving assistance for obstacle conflict detection
and avoidance, and leading to a significant increase in operations in all environments including the
most challengingonese.g.those inurban areas. The users of the ICARUS service will be remote pilots
competent to fly VLOS or BVLOS UAS operations in the Specific category, ultralight and GA pilots
potentially sharing the same VLL airspace and the drone itself, considering the increased level of
automation and connectivity expected at U-space level 3. ICARUS may also enhance the capacity of
the airspace, while giving a common altitude reference for airspace users, especially in an urban
environment where such promising businesses as package delivery and drone taxi applications could
be seeninEuropein the comingyears.

The CORUS U-space Concept of operations (ConOps)dividesthe whole VLLairspace intothree different
volumes, called X, Y, and Z that differ for the services being offered, and their access/entry
requirements. The services offered limit the types of operation that are possible. In particular, the
provision of conflict resolution services is the most significant difference betweenthe volumes. In
particular (see Figure 2-3):

e In X volumes, no conflict resolution service is offered and the remote pilot has full
responsibility forensuring safe operation.

e In Y volumes, only pre-flight (“strategic”) conflict resolution is offered, which means, in
essence, thatthe operation plans are coordinated to avoid collision.

e In Z volumes, in-flight (“tactical”) conflict resolution is offered in addition to strategic
resolution, meaning thatinformation about the positions and motions of otheraircraftis used
to guide the drones to avoid conflict.
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Figure 2-3: VLL Airspace types

This difference has a large impact on how drones should fly in these airspaces. The national aviation
authorities, ordelegated entities, will be in charge of definingthe volumes and theirlimits. Different
services will be available in different types of airspace from different U-space phases. Some of these
are mandatory, or at least strongly recommended, while others are offered if needed.

SERVICE U-SPACE
PHASE

Registration Ul Mandated Mandated Mandated
e-identification Ul Mandated Mandated Mandated
Geo-awareness U1 Mandated Mandated Mandated
Drone Aeronautical u2 Mandated Mandated Mandated
Information Publication

Geo-fencing provision U2 Mandated Mandated* Mandated
Incident / accident u2 Mandated Mandated Mandated
reporting
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SERVICE U-SPACE X Y Z
PHASE
Weatherinformation u2 Mandated Mandated Mandated
Positionreport U2 Recommended Mandated* Mandated
submission sub-service
Tracking U2 Optional Mandated* Mandated
Drone operation plan U2 Optional Mandated Mandated
processing
Emergency U2 Optional* Mandated* Mandated
management
Monitoring U2 Optional Mandated* Mandated
Procedural interface U2 Optional+ Mandated+ Mandated
with ATC
Strategic conflict U2 No Mandated Mandated
resolution
Legal recording u2 Optional+ Mandated* Mandated
Digital logbook u2 Optional+ Mandated* Mandated
Traffic information U2 Optional Mandated Offered
Geospatial information u2 Optional Optional Mandated*
service
Population density map U2 Optional Optional Mandated*
Electromagnetic U2 Optional Optional Mandated*
interference
information
Navigation coverage u2 Optional Optional Mandated*
information
Communication U2 Optional Optional Mandated*
coverage information
Collaborative interface u3 Optional+ Mandated+ Mandated
with ATC
Dynamic capacity u3 No Mandated* Mandated
management
Tactical conflict U3 No No Mandated
resolution
Table 2-1: U-Space Services and VLL Airspace
+when needed *where available
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2.3 Problem statement and project purposes

The ICARUS project has the ambition of proposingan innovative and feasible solution to address the
challenge of usinga common altitude reference inside VLL airspaces, with the definition of a new U-
space service anditsvalidationinareal operational environment.

Traditionallyin manned aviation there are currently three acknowledged methods of determining the
altitude of an aircraft using a pressure difference with respect to a known datum, using standard
equipment, within the International Standard Atmosphere (ISA); see Figure 2-8.

e QFE - isthe atmospheric pressure at a specified datum such as an airfield runway threshold
(heightabove the local airport "home point", the HEIGHT is the vertical distance of an aircraft
above whatever SURFACE (buildings, mountains, alake, etc.))

Height above airfield
Rectilinear trajectory of the plane (Altimeter at QFE) M’
L —_— e

Airfield v

Figure 2-4: QFE reference calculation

By settingthe QFE value of an airport, the altimeter will show, all the time, the HEIGHT above
that airfield. On the ground at the airfield, the altimeter will show 0 ft (zero). The higher the
airportelevationis, the loweris the QFE;

e QNH-istheatmosphericpressureat meansealevel(may be eitheralocal, measured pressure
oraregional forecast pressure (RPS)). When set on the altimeterit reads altitude above a given
reference meansealevel (MSL). Altitude (ALT) isthe vertical distance of an aircraft above the
MSL. For objects and obstacles on the surface of the earth, the word ELEVATION (ELEV) is used
instead of altitude.

Founding Members 27

O

EUROPEAN UNION ~ EUROCONTROL



EDITION 00.01.11

Altitude

.. . Altimeter at QNH
Rectilinear trajectory of the plane ( QNH)

Airfield

Mean Sea Level Airfiled Altitude

Figure 2-5: QNH reference calculation

e Flight Level (FL) - A Flight Level (FL) is the vertical distance of an aircraft above the ISOBARIC
SURFACE of 1013.25hPa (hectopascals) or 29.92 inHg (inches of mercury). A surface of
constant atmospheric pressure relative to a specific pressure datum, 1013.2hPa (defined as
OFL), and separated from other such surfaces by specific pressure intervals. One FL is the
pressure differential of a 100ft altitude change inthe International Standard Atmosphere [ISO,
1975].

Flight Level
(altimeter set at 1013hPa or 29.92 inHg)

Rectilinear trajectory of the plane

Airfield

Isobaric surface 1013.25 hPa "

Figure 2-6: FL calculation

When maintaining a flight level, all aircraft have the same reference in order to maintain separation
betweenthemwith that same reference, but you must know that the aircraft altitude (when following
a flightlevel) changes slowly in conjunction with the local QNH.
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Figure 2-7: FL changes

These approaches cannot be used for UAS because:

e asmalldrone may take off and land almost from everywhere (“Home Point”), reducing in this
way the original significance of QFE settings;

e barometric pressure altitude is not very accurate in VLL airspace, atmospheric pressure is
difficultto measure over cities due to high temperature gradients: buildings generally radiate
heat, in particularwhenthereare large air-conditioning units on top of them, whereas nearby
parks and lakes could be cool. This could considerably affect the measurement of barometric
altitude on UAs/aircraft;

e airpressure is not constant but changes over time, so the (regional) QNH does as well. If air
pressure is used for de-confliction between different airspace users, UAs may need to be able
to change their QNH-setting in-flight;

e the certified resolution of the barometric measurementin airplanesis 25ft, which is very
coarse forusein VLL;

e inanormal aircraft the sensors are far away from the propellers, while in a drone the rotors
could be quite close to the pressure sensors causing constant changes in pressure and thus
difficulties in measuring air pressure.
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Figure 2-8: different height/altitude measurement options

Takingthese considerationsin mind, the ICARUS projectaims to answerthe following questions:

e whichtechnology should be used to measure the altitude at which a UA is flying, and to what
precision, accuracy and integrity values?

e which procedural mitigations can be putin place to harmonisethe common altitude reference
problem fordrones, and otherusers of the same VLL airspace?

e which reference datum should be used to ensure that every user of a given airspace is flying
inthe same altitude/height reference system?

ICARUS aimsto addressthis challenge by proposinga new approach based on GNSS-based altimetry,
providing information to UAS pilots and GA pilots on the actual vertical distance to ground,
barometric/GNSS-based altitude translation and flight planning information with regard to ground
obstacles and buildings.

ICARUS provides the answerto the previous questions with aservice isbased on:
e the introduction of GNSS-based altitude measurement for the challenge of a UAS / RPAS
vertical commonreference datum;
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e the provision of a tailored U-space service for ground obstacle mapping and terrain profile
information;

e the provision of a height transformation service (geodetic measurement to barometric
reference system and vice-versa) as a possible solution for UAS-GA flight integration in VLL
airspace.

How will ICARUS work?
e providing remote pilots or drones with the detailed terrain model (DTM) underneath their
planned trajectory (Strategic phase-U-Space Flight Planning);

e providing remote pilots or drones with the actual vertical distance from ground (DTM,
including buildings and obstacles);

e sharing common altitude datum with other flying drones, in combination with the U-space
Tracking service;

e warning general aviation /ultralight pilots flying in VLL airspace about the presence of new
“geocentricmandatory zones” (GMZ, i.e. zoneswhereit will be mandatory to set the altimeter
inaccordance with a geodeticdatum, though ONLY outside ATZs and CTRs);

e providingabarometric/geodetictranslation service for generalaviation/ultralight pilotsflying
inthe GMZ.

ICARUS moves from the possibility of determining height using GNSS in multi-constellation/ multi-
frequency/ SBAS mode, with sub-metric accuracy and good performance on the vertical axis. In civil
aviation, forexample, RNP approachesusing EGNOS have theirvertical guidance basedon the outputs
of a GNSS receiver that assures the required vertical protection level, representing a promising
opportunity forintegration between manned and unmanned aircraft, especially with drones that rely
on GNSSfor navigation during nominal operations.

Drones for the mass market are developed taking into account the availability of inexpensive GNSS
receivers that provide satisfactory performance and are widely adopted in the Open category. The
majority of these drones, including low-cost ones, make use of GNSS/SBASdual constellation receivers
as primary navigation sensors, reaching an NSE accuracy in vertical and horizontal position
determination of a couple of metres [10]. The majority of GNSS receivers adopt the WGS84 ellipsoid
datum (in multiple constellation receivers, PZ-90 for GLONASS and GTRF for GALILEO are generally
translated internally by the GNSSreceiver firmware) as the standard reference system that will be used
to provide the common reference zero altitude to all drones, especially when involved in BVLOS
operations. However, the main drawback of thisapproach for drones comesfrom the lack of adequate
accuracy in the vertical distance from ground, since WGS84 and similar references are based on
geometricdistance not from surface, but fromthe Earth’s centre of gravity. The gap is filled thanks to
the introduction of cartographic services that can return Detailed Terrain Model (DTM) and ground
obstacle datawith accepted accuracy and resolution.

The approach proposed in ICARUS foresees the realisation of a DTM service embedded in an
Application Program Interface (API) that can be queried by a UAS pilot or operator (or by drone itself)
based on the present geographiccoordinates of the UA alongits trajectory, calculated by the (E) GNSS
receiver during the tactical phase (i.e. during the flight). In addition, the DTM service may also be
qgueried in the strategic phase (i.e. flight preparation) if the UAS operator defines the intended
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trajectory and uploads it with the Flight Plan. The output of the DTM service will provide important
information on distance fromthe ground (including from fixed ground obstacles)in combination with
the common altitude reference.

ICARUS services will be made available to third parties (e.g. U-space service providers) through a
specific Application Programming Interface (API) and open and interoperable protocols with the
following main elements:

v" GNSS-based altimetry as a common reference datum for vertical UAS separation in VLL
airspace;

v In strategicand tactical phases, a U-space service capable of providing

= information on the vertical distance to the ground (terrain, ground obstacles,
buildings) and warnings to the manned-aviation pilots near “Geometric Altitude
Mandatory Zones”;

= conversion of reference systems forgeneral aviation users;
= acceptable Information latency (nearreal time for the tactical phase);
= cartographictoolintegration, 3Dterrain model forflight planning;

= DTM/DSM inthe neighbourhood of the planned route with acceptable accuracy and
resolution,includingbuildingsin cities and ground obstaclesin rural sites, for obstacle
and terrain avoidance duringthe tactical phase.

v" GNSS Integrity service reporting to UAS pilots ordrones.

European GNSS technology (Galileo/EGNQS), in combination with the proposed U-space service, can
play an important role in terms of accuracy, integrity, availability and continuity to guarantee the
Required Navigation Performance (RNP) needed to address this challenge.

Even if most on-board UAS GNSS receivers implement multi-constellation/dual-frequency Galileo or
SBAS positioning algorithms, they are not able to assess the maximum/level of GNSSerrors that actually
affect the Navigation System Error (NSE) during the flight. Thus, they are not able to provide the
integrity “protection levels” that are fundamental in safety operations. For this reason, a ground
service able to address integrity provision will be implemented in the ICARUS project. This solution
empowers low-cost GNSS receivers with EGNOS, providing users with higher levels of positional
accuracy and, more importantin safety environments, corresponding GNSS integrity values. Using this
ground-based augmentation, itis possible to provide a common referenced UAS altitude with a level
of errorforhorizontal and vertical protectionto be assessedin the study. Drone operators and U-space
actors might use this additional information during operations, for example for obstacle avoidance,
thus greatly improving the level of safety, ensuring that drones are maintained, vertically, inside the
containmentareaas defined inthe SORA methodology.

2.3.1 High-level ICARUS objectives

ICARUS proposes the use of GNSS receivers with suitable requirements for the common UAS-UAS
vertical reference, and the definition of a new U3 U-space service for altitude transformations for
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common UAS-manned-aircraft reference, tightly coupled with the interface of existing U-space
services (e.g. Tracking, and Flight Planning services). Finally, the terrain model information above the
ellipsoid datum used in the GNSS receivers, including ground obstacle information, will also be an
important element of the study. The users of the ICARUS service will be remote pilots competent to
fly UAS operationsin VLOS or BVLOS in the Specific category, ultralight and GA pilots potentially sharing
the same VLL airspace, and also the drone itself, considering the increased level of automation and
connectivity expected at U-space level 3

The high-level objectives of the project can be summarised as follows:

OBJ 1. To define the technical requirements for high accuracy GNSS-based altitude measurement
for drones, to enable a reliable and accurate common vertical datum (UAS-UAS).

x X a. MFMC GNSS receiver requirements (stand-alone or in

A ] combination with other technologies - LIDAR, IMUs, radio
altimetry, etc.) for the definition of the main navigation
indicator figures for determining the vertical componentin
different operational environments, including cities (integrity,
accuracy, continuity, availability of PBN, ICAO 9613 5t
edition)

b. To identify possible strategies with respect to GNSS signal
integrity, (on-board / U-space service-oriented) for the
monitoring of GNSS signal performance, compliant with the
economicviability of dronesand new business opportunities

c. Toexploretheaddedvalueanddifferentiators offered by the
European GNSS constellation (authentication service and
cyber security issues, high accuracy figures on the vertical
axis)

OBJ 2. To investigate the vertical accuracy and resolutions achievable by the current Digital
Terrain Model (DTM/DSM) services for ground obstacles clearance (UAS-Ground
Obstacles).

a. a GNSS-basedapproach forvertical separation of UAS
from the ground requires a calculation of the height
above ground, possibly achieved using alook-up table,
or map (U-space mapping service, strategic phase).
Trade-off accuracy against size, cost, on-board
calculation.

b. Survey about actual available DTM/DSM models
(Global DEMS, Regionals, European, etc.) including
aeronautical ground obstacles
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Gap analysis:investigation of possible standardisation
activities related to new sources of information
(different public/ private databases) for ground
obstacles outside airports, and data models to feed a
U-space mappingservice.

OBJ 3. To designa tailored U-space service for height transformation: geodetic measurementto
a barometric reference system and vice-versa for UAS and manned aircraft (UTM/ATM

interface, Class G Airspace)

F,

= @
X
e

Define the input and output parameters of the proposed
service for the different actors (drone, drone pilot, GA
pilot, ultralight pilot) and the additional information
needed by the service for real-time optimal
performance (METAR stations, GNSS ground geodetic
and monitoring network)

Identify possible ways for altitude translation service
deliverywith respectto class of the Airspace (X, Y, Zu, G,
D) and the airspace actors expected (i.e. 5G for drones,
VHF for GA pilots)

Investigate and define the concept of “Geometric
Altitude Mandatory Zones”: VLL Zones where it will be
mandatory for airspace users - of manned and of
unmanned aircraft - to set the altimeter to a geodetic
altitude ratherthan barometric (no translation service is
neededinthese zones)

Propose a mechanism for defining a common altitude
reference system for ultra-light users as well, through
the exploitation of U-space services (tracking service)
and GNSStechnology (common altitude reference)

OBJ 4. To Foster the safest possible system for a common altitude reference system to address
the needs of UAS, manned flights and new Urban Air Mobility actors (i.e. air taxis), paving
the way for the enhancement of the VLL capacity and UAS separation for future BVLOS

applications.
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a. Propose possible solutions to the common altitude
reference system in ATZ / Zu airspaces as well,
throughthe help of use cases considering the new air
taxis

b. Propose afinal ConOpsforthe CARS concept.

The high-level objectives identified will be investigated with the help of five use cases (chapter §6),
envisaged to emphasise the very specificaspects of each project objective.

As already said Icarus will be conceived with amicro-servicearchitecture wherethe main services are:

e Accurate cartography, DTM / DSM, 3D model of the ground obstaclesin the strategic phase of
flight (Flight planning service) and during the execution of flight (tactical phase), to provide
real-time information of vertical distance to the ground

e Information service: warningtoa manned aviation pilot when crossing (or near) the limitof a
new "Geometric Altitude Mandatory Zone” and related advice (Automatic translation and
readings of barometric height to altitude), in combination with conversion of reference
systems (barometric to geodetic and vice-versa) to address the harmonisation of general
aviationusers

e Vertical alert service over the common reference system defined alerting drones on actual
vertical distance from ground

e GNSS Signal Monitoring and Positioning and Integrity service reporting enhanced accuracy,
performance estimation and integrity to UAS pilots ordrones

Back-End

Accurate Cartography Infarmation Service

¥
Automatic Barometric/

+

3D Ground Obstacle
+

DTM/DMS AP Geodetic Con\rersiorhp
ICARUS SERVICES
GNSS Signal Monitoring
+ Wertical Alert +
Positioning and Integrity Information Service

Provisioning

API API

APl
Gateway
Front End

Web APP

Figure 2-9: High Level Microservice architecture scheme
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The proposed approach in ICARUS foresees therealization of DTMservice embedded in an Application
Program Interface (API) that can be queried by UAS pilot or UAS Operator (or by drone itself) basedon
the present geographicposition coordinates of the UA along its trajectory, calculated by the (E)GNSS
receiverduringthe tactical phase (i.e. during the flight). In addition, DTM service may be queried also
inthe strategicphase (i.e. flight preparation) having the UAS operator defined the intendedtrajectory
and uploaded it, with the Flight Plan). The output of the DTM service would provide valuable
information on distance from ground (including from fixed ground obstacles) in combination with the
common altitude reference.

The GNSS Services providing users higher levels of accuracy in the position solution and, more
important in safety environments, related GNSS integrity values will help drone operators and UTM
actors with additional information for obstacle avoidance, tactical deconfliction and other flight
operations requiring a high level of safety. In the following paragraphs brief summaries of the micro
services will be done.

2.4 High-level description of main ICARUS building blocks

The following chapters give a detailed analysis of the main components of the ICARUS service, in
particular:

e GNSS Positioning, Integrity, and Signal Monitoring to identify the best GNSS service algorithm
and architecture to guarantee the Required Navigation Performance

e Currentlyavailabledigital Terrain model & Ground obstacle data service to:

o analyse the current managementof terrain models and ground obstaclesinthe ATM
domain;

o evaluate different available methodologies and geo-spatial data describing terrain
(DTM / DSM, points clouds, 3D models)

e Currently available Precision Height Systems & frames to analyse the state of the art of the
modelled height systems and frames available, as well as their connections.

e |CARUSrequirementsanalysistoidentifythe requirements of the envisaged ICARUS service in
terms of:

o Navigation requirements for GNSS-based altimetry (Accuracy, Precision, Integrity,
Continuity) and key enabling technologies

o DTM/ DSM requirementsforaccuracy and resolution of the model;

o Performance of Navigation (e.g. need fora GNSS Performance monitoring service)

o Operational requirements and Safety requirements.

e Gap Analysis & Gap-filling service to identify the gaps needing to be filled the between the
current state of art and the future ICARUS state, from technological, operational and safety
points of view.

e PreliminarySafety Assessment & compliance with EUregulations to make a preliminary safety
assessment of the use-cases envisaged, including a check for compliance with current EU
regulations

e Overall Error Budget: error correlation analysis and estimation regarding:

o Digital terrain model, digital surface model, ground obstacles
o Navigationsystemerror
o Heightsystem conversion error
o Flighttechnical error
Finally, the theoretical errorsidentified are verified through field trials.
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3 GNSS Positioning, Integrity, and Signal
Monitoring

The use of GNSS for drone positioningis essential, thanks to the worldwide availability and continuity
of this technology in the provision of positioning services. The improvement in terms of accuracy of
the consolidated constellations (GPS) [11][12], and the spatial and frequency diversity guaranteed by
the new reliable and accurate constellations deployed (i.e. Galileo) [13][14], make this technologyeven
more promising and provide better performance. Moreover, the existing augmentation technologies
allow high levels of accuracy and reliability to be reached: during the execution of BVLOS operations,
GNSS (possibly augmented)is the preferred choice for navigation.

Before describing the main technical solutions, some specific definitions are provided below [16]:

e Accuracy: The accuracy in the position of a craft at a giventime isthe degree of conformance
of that position with the true position. Since accuracy is a statistical measure of performance,
a statement of navigation system accuracy is meaningless unlessitincludes a statement of the
uncertainty in position thatapplies. Forinstance, civil aviation requirements tend to measure
accuracy at the 95" percentile. From a system performance perspective, accuracy is
understood to be a global system characteristicand is evaluatedin post-processing.

e Integrity: Integrity is the measure of trust that can be placed in the correctness of the
information supplied by a navigation system. Integrity includes the ability of the system to
provide timely warnings to users when the system should not be used for navigation. Integrity
requirements, applied to a safety context, refer to percentiles that range between 99.999%
and 99.9999999% (depending on the particular topic under consideration). Moreover,
integrity requirements involve alarms being raised when a system's performance is bad
enough to become risky. Unlike accuracy, integrity is rather intended as real time decision
criterionforusingor notusingthe system. Integrity is defined by aset of parameters:

o Alert Limit: The alertlimitfor a given parameter measurementisthe error tolerance
not to be exceeded withoutissuingan alert.

o Timeto Alert: The maximum allowable timeelapsed from the onset of the navigation
system beingout of tolerance until the equipment initiates the alert.

o Integrity Risk: The probability that, at any moment, the position error exceeds the
alertlimit.

o Protection Level: Statistical error bound computed to guarantee that the probability
of the absolute position error’s exceeding said numberis smallerthan orequal to the
target integrity risk.

e Continuity: The continuityof asystemis the ability of the total system (comprising all elements
necessary to maintain craft position within the defined area) to perform its function without
interruption during the intended operation. More specifically, continuity is the probability that
the specified systemperformance will be maintained for the durationof a phase of operation,
presumingthatthe system was available atthe beginning of that phase of operation.

e Availability: The availability of anavigation system s the percentage of time that the services
of the system are usable (i.e. the performances of the systemare within the requirements) by
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the navigator. Availability is an indication of the ability of the system to provide usable service
withinthe specified coverage area.

3.1 State of the art

Drones often use GNSS for positioning purposes. Anincreasing number of manned commercial flights
also use GNSS-based information. However, they use barometric pressure to ensure vertical
separation between aircraft.

The use of GNSS forthe determination of altitude has several strengths:
e Accuracy isimproved (see the following paragraphs for details).

e Altitudeiscomputedina geodeticreference frame, allowing the use of a common reference
datum for all the objects sharing the same airspace. This may be a good mechanism for
definingacommon altitudesysteminVLLairspace and for assuring separation between flying
objects.

e A computed positionisnot pronetoerrors due to temperature or pressure gradients.

However, the main weakness of GNSS-based technologies is the lack of a simple, low-cost assessment
of the level of positioning errors that affects NSE, a relevant component of the overall Total System
Error (TSE). This will be treatedin more depthinthe following paragraphs.

Besides classical visual and inertial techniques, the main GNSS-based technologies currently used for
positioning and navigation of drones are:

1. Stand-alone GNSS
2. Augmented GNSS

3. Navigation via Signals of Opportunity, an experimental navigation technique that make use
of signals coming from several different sources. This was not necessarily conceived for
navigation and will not be addressedin present work.

3.1.1 Standalone GNSS

Standalone GNSS positioningisthe most basicand cheapestsolution. It provides free global access to
solution computation; alarge number of very cheap receivers can easily be foundforthe mass-market.
In its most basic configuration, a GNSS receiver can process single-frequency measurements from a
single constellation (the most widely used is obviously GPS).

The GPS SPS PS[11] states that "well-designed GPS receivers have been achieving horizontal accuracy
of 3 metres or better and vertical accuracy of 5 metres or better 95% of the time". The Performance
Analysis Reports [12], based on the measurements of a network of reference stations, assures even
better figures: the report of April 2020 observes an average vertical accuracy of 4 metres and an
average horizontal accuracy of 2 metres (95" percentile). In the same report, the availability of the
positioning solution is 100% of the time. On the other hand, these promising figures have several
drawbacks:

1. GPSisa USA militaryservice, thatcan be switched off or its performances can be intentionally
degradedif USA DoD considersit necessary.
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2. ltsgeometry—andhence its performance—can be heavily degraded, especiallyin low visibility
conditions (presence of obstacles, urban canyons, etc). In fact, the promising figures
mentioned above are obtained by fixed stations with calibrated receivers and supposedly
optimum sky visibility.

3. Computation of the single frequency solutionis prone to disturbance (e.g. ionospheric delay).

4. The GPS SPS PS does not provide guarantees that allow reliable solutions. In fact, the
performance bounds are soloose (8 m horizontal accuracy, 13 m vertical accuracy, 95% of the
time), that it could be defined a “best effort”; moreover, there are no actual guarantees
regarding satellite failure: so far, satellite/constellation failure probabilities have been
extrapolated from historical dataseries.

The means of improving the performance of the standalone GNSS solution, without involving
augmentation systems, are:

1. Including other GNSS constellations (Galileo, Beidou, Glonass) to increase the number of
visible satellites (and hence the solution availability, especially in a harsh environment) and
improve the Dilution of Precision (and hence the accuracy). Multi-constellation receivers are
required for this.

2. Processing dual-frequency observables (ionosphere-free combination) to improve the
accuracy of solution (but this kind of processing degrades the accuracy, since the combination
increases the noise). Dual frequency receivers are required.

3. Processing carrier phase observables to reduce the impact of noise, thereby improving the
precision and the accuracy), with the cost of an initial unavailability of the solution
(convergence time of the filters in case of smoothing application, ambiguity resolution for
PPP/RTK methods). Receivers that provide continuous, reliable, and stable carrier phase
measurements are required.

In particular, the inclusion of the Galileo constellation brings the following advantages:

1. Aspreviouslystated,the geometry and the availability of signals isimproved, both in terms of
satellite and frequency diversity. (The satellites in the Galileo constellation broadcast signals
on fourfrequencies: E1, E5a, E5b, E6).

2. Galileois a civilian and Europe-controlled system with no political issues, free access, and
worldwide coverage.

3. Evenifrelativelyyoung, Galileo has promising performances [14] and guaranteed results [13]:
in the last performance report (January-March 2020), the average 95" percentile of the
positioning error for dual frequency processing was slightly more than 1.6 metres for the
horizontal component and about 3 metresforthe vertical component. Fewer than 0.01% were
outliers exceeding 20 metres of error.

4. In the short-medium terms, two additional Galileo services will be available to the user
community:

e High Accuracy Service (HAS): this should bring the positioning performance close to
those reached by Precise Point Positioning (PPP) processing (<20 cm, 95% error — see
section 3.1.2.2), including an Authentication Service. It will be necessary to have
qgualified and enabled receivers onthe E6band, and the service will be free of charge.
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In the current state, the provisioning of the initial HAS is envisaged after the end of
the testing and experimenting phase that will begin by the end of 2020.

e Open Service Navigation Message Authentication (OS NMA): this will provide a
guarantee to the user regarding the received and demodulated navigation message,
protecting against certain kinds of malicious attack (spoofing, meaconing). The
authentication codes willbe included in thel/NAV navigation message on the E1 band,
inan expressly reserved field.

However, the use of standalone, non-augmented GNSS for drone positioning and navigation should be
discouraged, since it has many disadvantages and weaknesses:

1. GNSS signals, if used without precaution, are vulnerable to malicious actors: jamming,
spoofing, meaconing, etc.;

2. GNSSsignalsare vulnerable to multipath and unintentional interference;

3. Vulnerability to system faults (ground segment faults, satellite failures, signal generation
failure) or Signal in Space propagation errors (e.g. adverse space weather that generates
ionosphericstorms, anomalous troposphere) without provision of timely warning to the user;

4. Loose guaranteesforSignal in Space accuracy

There are noindications regarding the integrity of such a solution, and the guaranteed accuracy is too
low, at least for safety-critical and liability-critical applications.

3.1.2 Augmented GNSS

3.1.2.1 Real-Time Kinematics (RTK)

Real Time Kinematics is a differential GNSS method that uses carrier-phase measurements and
provides high levels of accuracy (a few centimetres) when nearto a reference station whose position
is well known. This station provides corrections to the “observation space representation”. Since the
goodness of these differential correctionsisrelated to the distance between reference station and the
movingreceiver, the service is offered at alocal level.

The service is generally offered by private providers(Trimble, Topcon, Fugro) or publicauthorities (IGN,
CUZK): the payment of a fee is required. Autonomous and expensive in-situ base station installation
(requiringlong set-up) are available. Many drones are equipped with RTK-ready receivers.
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Figure 3-1: RTK architecture

The main weaknesses of RTK techniques are the necessity of a real-time data link between the base
station and the drone to receive the corrections, and the geographic limitation of the solution.
Moreover, pricing and convergence time can be an obstacle to its use. However, the most important
problemisthat no integrity can be provided (although there has been some scientificresearch in this
direction), therefore there is no warranty nor quantification on the correctness of the positioning
solution.

3.1.2.2 Precise Point Positioning (PPP)

Precise Point Positioning is a method of achieving high-accuracy positioning solution, in the order of
tens of centimetres. Unlike RTK, the corrections of PPP are in the “state space representation”: the
broadcast navigation message is replaced with precise data timely provided by an external source
(requiring a fee) with global coverage. The receiver then models and estimates the residual errors
(usuallyrelated tolocal effects). Hence, there is no need of abase or reference station.

Figure 3-2: Precise Point Positioning (PPP)
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PPP uses carrier phase measurements, and Kalman filters for the estimation of several parameters.
Since it has a long convergence time, PPPis usually used for post-processingin batch mode or witha
receiver with low dynamics, andits use in real-time dynamicapplicationsis discouraged. As with RTK,
its main disadvantages, besides its long convergence time, are its cost and its lack of provision of
integrity parameters.

3.1.2.3 Satellite-Based Augmentation Systems (SBAS)

Satellite-based Augmentation Systems (SBAS) are systems that support wide-area or regional - even
continental scale - augmentation using geostationary Earth-orbit (GEO) satellites that broadcast the
augmentation information. These systems have been developed to provide safety-critical
augmentation to civil aviation. An SBAS augmentation consists of:

1. GEO ranging measurements (onthe L1 frequency);
2. correctioninformation (satellite’s clock and ephemeris, ionosphere, etc.);
3. integrity information.

While the main goal of SBAS is to provide integrity assurance, it also increases the accuracy with
position errors below 1 metre (1 sigma). SBAS systems are standardised at International Civil Aviation
Organisation (ICAO) level to ensure interoperability; standards, requirements and specifications are
described in ICAO Standards and Recommended Practices (SARPS) [17] and Radio Technical
Commission for Aeronautics (RTCA) Minimum Operational Performance Standards (MOPS) / Minimum
Aviation System Performance Standard (MASPS) [18][19]. See also [20].

SBASis composed of:

1. Space segment, comprising one or more geostationary satellites with navigation payloads
broadcasting:

a. Rangingsignal
b. Wide AreaDifferential corrections
c. GNSS/Ground Integrity Channel

2. Groundsegment, comprisingall the components necessary forthe monitoring and processing
of the GNSS signal to generate the corrections and the integrity messages, and the facilities for
uploading the navigation contentto the GEO satellites:

a. Monitoring Station Network - tens of reference stations carefully distributed on the
service region

b. ProcessingFacility Centre —a centralised centre that computes the corrections and the
integrity parameters

c. GEO Satellite Control Centre - centralised centre that generates the signal with the
message provided by the Processing Facility Centre and up-linking it to the GEO
satellites

d. Communication Layer—interconnectsthe different elements of the Ground Segment

3. User Segment, comprising all the craftequipped with SBAS-certified receivers.
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Figure 3-3: SBAS architecture (EGNOS case)

Currently, there are five operational SBAS systems available, each coveringadifferent region (EGNOS
over Europe, WAAS over North America, MSAS over Japan, GAGAN over India, and SDCM over Russia).

In the following, the focus is obviously on European SBAS (EGNOS). Currently, the EGNOS footprint
covers Europe, providing APV-1required performance with availability more than 99% of the time [21].

WAAS: American SBAS
EGNOS: European SBAS
SDCM: Russian SBAS
GAGAN: Indian SBAS
MSAS: Japanese SBAS

Figure 3-4: Existing SBAS systems
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Figure 3-5: SoL service performance requirements (ICAO)
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Figure 3-6: EGNOS Sol Service performance values

Moreover, the EGNOS Data Access Service (EDAS) offers ground-based access to EGNOS data through
the internet on a controlled access basis. EDAS is the point of access for the data collected and
generated by the EGNOS ground infrastructure. EDAS provides the same data thatis broadcast by the
EGNOS satellites (EGNOS Message) in nearreal-time, together with the raw data, and allows usersto
plug into EGNOS ground infrastructure to receive the data collected, generated and delivered by the
EGNOS system. In this way, EDAS delivers EGNOS data to users who cannot always view the EGNOS
satellites (such as those in urban canyons) or to support a variety of other value-added services,
applications and research programmes.

The first drawback of an SBAS system is the cost of the receiver. There are low-cost receivers on the
market capable of acquiring an SBAS signal and applying some corrections: nevertheless, the safety-
enabled receivers, that allow the integrity messages to be processed and are capable of generating
integrity parameters, are expensive (because of the necessary MOPS certification).
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A second weakness is that current SBAS systems only provide augmentation services for single-
frequency (L1) GPS signals: the possibilities offered by frequency and constellation diversity are not
exploited.There are evolutions inprogress, but since SBASis relatedto aeronautics safety applications,
its development strictly controlled and regulated, and hence it has to be considered in a long-term
perspective.

3.1.2.4 Ground Based Augmentation Systems (GBAS)

A Ground-Based Augmentation System (GBAS) is a civil-aviation safety-critical system that supports
local augmentation atthe airportlevel by providing enhanced levels of service that support all phases
of approach, landing, departure and surface operations. While the main goal of GBAS is to provide
integrity assurance, it also increases accuracy, with position errors below 1 m (1 sigma), reached by
processing differential corrections received by the aircraft through a dedicated VHF channel. As SBAS,
GBAS systems are standardisedat ICAQ level; standards, requirements and specificationsare described
inICAO SARPS [17] and RTCA MOPS and MASPS [22][23]. See also [24].

Figure 3-7: GBAS architecture

Like SBAS, currently deployed GBAS systems only provide augmentation services for single-frequency
(L1) GPS signals, although several experimental multi-constellation, multi-frequency GBAS systems are
under deployment in different US and European airports: the possibilities offered by frequency and
constellation diversity is not exploited. There are evolutionsin progress, and the development has to
be consideredinamedium/long-term perspective.

Moreover, there are no mass-market receivers that support GBAS, a technology tightly linked to the
aeronautics world; the installation of the system (2-4reference receivers + master station + VHF data
transmitter) is very expensive and long, and limited to the perimeter of airports.

3.1.2.5 Airborne Based Augmentation Systems (ABAS)

Airborne Based Augmentation Systems (ABAS) are avionic solutionsthat process GNSS signalstogether
with other on-board sensor information to provide integrity and/or improve accuracy. The main
strength of such systems is that they do not need the implementation of complex or expensive
architecturesor to wait for the slow deployment of new systems from other external providers (as is
the case for GBAS/SBAS).
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The most widely used techniques belongto Receiver Autonomous Integrity Monitoring (RAIM) family.
The underlyingideaisto use measurement redundancy to compute integrity parameters and perform
“Fault Detection and Exclusion”, i.e. toidentifyand exclude faultysatellitesfrom the Position-Velocity-
Time (PVT) solution. There are many different kinds of RAIM algorithm, with tens of implementations:
range-comparison RAIM, parity-method RAIM, least-square-residual RAIM, solution-separation RAIM,
etc.

The introduction of new frequencies and constellations makes the research move towards p romising
Advanced RAIM (ARAIM) techniques, allowing exploitation of the advantages of diversity to improve
accuracy and availability, and provide integrity. The ARAIM technique belongs to the “Multiple
Hypothesis Solution Separation” methods family. Unlike traditional RAIM methods, conceived for
single-frequency (L1) GPS measurements, ARAIM uses dual frequency and multi-constellation inputs,
and requires some external data provisioning. The Integrity Support Message (ISM), whose rate,
channel and provider are not yet defined, is still under discussion. In its current state, the content of
the ISM is foreseen to change slowly, and therefore it could also be experimentally pre-loaded just
before the flight. It should be underlined that ARAIM is tailored to the manned aviation domain, with
stringent safety requirements, butitis notyetstandardised, so it can be still tailored (easily, compared
with othertechniques)to otherdomains.

The main strength of ARAIMis thatitis the first “available” and “ready” technique that allows integrity
parameters to be computed, exploiting low-cost multi-constellation, multi-frequency receivers,
without the need for implementing complex or expensive architectures. At the same time, its
performance still needs to be evaluated extensively in an operational context (especially in harsh
environments). For more details regarding the algorithm, referto [25][26][27][28][29][30].

3.2 Objectives

From a navigation point of view, the main objective of the projectis to provide an adequate reliable,
accurate and timely drone positioning service to the entities thatinteractin the operational scenario.
Inthis way, the ICARUS service will guaranteethe ability to have full situational awareness, and reliable
and accurate control and tracking, providing height measurements through a common altitude
reference system (WGS84). Ratherthan focusing on extreme accuracy improvements, the system will
provide areliable positioning service, hence an integrity computation (i.e. protection levels) becomes
essential, toguarantee the requested RNP.

Independently fromthe architecture implemented (see proposed architecturesin chapter 3.2.1), two
algorithmicsolutions can be installed in Telespazio’s Computing Unit (see chapters 3.2.2and 3.2.2.2).

3.2.1 Proposed solution: possible architectures

Dependingonthe use cases and specifically on the hardware capabilities of the drone equipment (i.e.
whether a reliable stable data communication channel can be established and whether the drone’s
receiver can provide raw GNSS measurements), four different architectures can be implemented.

In case 1, the drone’s GNSS receiver is able to provide raw GNSS measurements in real-time. These
measurements are sent to Telespazio’s Computing Unit, that also collects the EDAS data and the raw
measurements from a trusted network of sensor stations (ASI, IGS, EUREF). The Computing Unit will
then compute the drone’s PVTsolution, togetherwith itsintegrity parameters. At the same time, the
Unit will evaluate the GNSS performance of the monitoringstationsnearby.The possible system states
are giveninTable 3-1.
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Figure 3-8: case 1 - receiver providing raw GNSS measurements

PVT + integrity solution status Monitored parameters status GNSS solution status
(drone) (regional) (overall)

2 OK Not OK WARNING
* integrity estimationraises alert, Workingwithout guarantees
and/or (should never happen)

® SiSproblems inarea

4

Not OK Not OK ALERT
* no PVT provided, or * integrity estimationraises alert, Not working, as expected
* integrity alertraised and/or

® SiSproblems inarea

Table 3-1: Possible status of the solution (case 1)
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In case 2, the drone’s GNSS receiveris notable to provide raw GNSS measurementsin real -time, and
therefore it computes its PVT solution independently, providing it autonomously to the system or
through the pilot’s cockpitinterface. Telespazio’s Computing Unit then collects the EDAS data and the
raw measurements from the same trusted network of sensor stations. The Computing Unit will only
compute the integrity parameters, extrapolating them from the reference stations, evaluating the
GNSS performance nearby atthe same time. The possible system states are givenin Table 3-2.
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Figure 3-9: case 2 - receiver not providing raw GNSS measurements

Status PVT solution status Monitored parameters status GNSS solution status
(drone) (regional) (overall)

Not OK ALERT
* integrity estimationraises alert, The PVT solution has notto
and/or be used!

* SiSproblems inarea

Founding Members

1\‘)

EUROPEAN UNION  EUROCONTROL



ICARUS CONCEPT DEFINITION: STATE-OF-THE-ART, REQUIREMENTS, GAP ANALYSIS

* Meaconing
* Receiver failure

4 Not OK Not OK ALERT
does not provide PVT * integrity estimationraises alert, Not working, as expected
and/or

* SiSproblems inarea

Table 3-2: Possible status of the solution (case 2)

In case 3, the drone’s GNSS receiveris part of an “evolved” box, consisting of an embedded
microcomputer (e.g. Raspberry Pi) connected with communication and positioning modules. In this
case, the drone is able to host part of the software developed for Telespazio’s Computing Unit,
becoming capable of providing GNSS-based positioning and integrity. At the same time, the extemal
unit will host the software dedicated to the evaluation of the GNSS performance of the monitoring
stations nearby. The possible system states are givenin Table 3-3.

e
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ASI GNSS AS| GNSS

reference reference
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Figure 3-10: case 3 - receiver connected to an embedded microcomputer

In case 4, the part of Telespazio’s Computing Unit that performs the computation of PVTand integrity
ishosted onthe pilot’s cockpit. The external unit will host the software dedicated to the evaluation of
the GNSS performance of the monitoring stations nearby. The possible system states are given in Table
3-3.

The four proposed architectures provideacommon UA altitude with defined protection levels: drone
operators and UTM actors can use this additional information for obstacle avoidance, tactical
deconfliction and other flight operations requiring a high level of safety.

Since the solutionis calculated by an entity external to the drone operator, using publicand certified
data (i.e. EDAS), animplicit anti-tampering functionality should be guaranteed.

Founding Members

EUROPEAN UNION ~ EUROCONTROL

(7~ SESAR

ICARU S%‘e JOINT UNDERTAKING

)



EDITION 00.01.11

f

Telespazio Ground Unit
(.. Fucino)

GNSS DATA
(NTRIP)

 e3RQ MEY SSND

[EDAS DATA ]|
(RTCM filtered)

|043u02 pue Sujoe|

- V.Lva Sva3

g
o 1
o
5 3
(Y
-8 1 ¢
st °i EDAS DATA
f ;”' -
Communications be ’ - )
ommunications between S .

GCS and USSP (bidirectional),
PVT + Integrity (GCS -> USSP)

ASI GNSS AS| GNSS
reference reference
station 1 station N

Figure 3-11: case 4 - pilot's cockpit hosting PVT + integrity computation

Status| PVT +integrity solution status Monitored parameters status GNSS solution status
nr. (drone) (regional) (overall)

2 OK Not OK WARNING
¢ SiSproblems inarea Working without guarantees
(should never happen)

4 Not OK Not OK ALERT
® no PVT provided, or * SiSproblems inarea Not working, as expected

* integrity alertraised

Table 3-3: Possible status of the solution (case 3 and 4)
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3.2.2 Proposed solution: possible algorithms

3.2.2.1 GPS + EGNOS

In the first proposed solution, a single frequency GPS computation with application of EGNOS is
applied. This solution allows the accuracy to be enhanced to sub-metre levels, providing the
aeronautic-certified protectionlevels as well. The external computation in the unit would also makeit
applicable tolow-costreceivers, even the simplest ones.

The disadvantages of this solution are thatis would not exploit the Galileo constellation (for integrity,
at least), limiting availability and improvement of the accuracy from diversity of frequencies and
satellites, leading to aweakness inthe case of harshenvironments. Moreover, the integrity parameters
would notbe adaptable to application domains otherthan manned aircraft, leading to overestimated
protection levels. Some of the disadvantages implied in the use of this algorithm will be overcame with
the complete deployment of new generation EGNOS v3, foreseen in 2025 [32], that will allow SBAS-
augmented dual-frequency, multi-constellation processing.

3.2.2.2 GPS + Galileo + ARAIM

Inthe second proposedsolution, adual-frequency, dual-constellation computation isperformed, using
the ARAIM algorithm to provide integrity. The external computation in the unit would also make it
applicable to low-cost receivers. A dual-frequency ionosphere-free combination would be used,
eliminating one of the principal error sources. In addition, the use of Galileo satellites would improve
availability. Aeronautical protection levels would be provided; however, fine-tuning can be performed,
and some requirements could be relaxed (since itis not a safety-related application).

The disadvantages of thissolution are that it does not use explicit external augmentation systems to
further enhance the accuracy, the need to assess performance in an urban environment, and for an
additional process to establish and verify the truthfulness of the ISM parameters thatare, inany case,
loaded before the flight.

3.2.3 Selected solution and justification

To enable the solution that best fits the addressed objectives to be chosen, some theoretical and
practical considerations about the two main issues regarding navigation in the present context, i.e.
accuracy and integrity, are considered.

Firstly, evaluating the effective actual accuracy of the navigation solution is a long and complex
procedure, involving different aspects. To address this, the navigation error budget will be assessed
later (see §9.3.2). However, the architectures and algorithms given in paragraphs above are not the
best solutions in terms of accuracy: it is necessary underline that the nominal 95™-percentile error
cannot be the only driver of the implementation.Therefore, evenif thereare feasible techniques that
show better performance from this point of view (such as RTK), a trade -off analysis between cost and
benefitcanleadtoa differentchoice.

In our proposal, the most important driver (given the need to satisfy accuracy requirements, see §0
and §9.3.2) is the provision of integrity to a low-cost receiver mounted on a drone: in fact, the major
drawback of the RTK solution, besides the cost of the service and the set-upand convergence times, is
that no effective, EGNOS-Safety-of-Life-service (SoL)-compliant, integrity parameters (i.e. protection
levels)are calculated.
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Since the proposed solutions all guarantee the provision of integrity parameters, the architecture
selectedisthe one describedin “case 1”, previously depicted in Figure 3-8 and Table 3-1.

The raw measurementscollected by the GNSS receiver mounted on the drone are sentto Telespazio’s
Computing Unit (TCU), that simultaneously collects the EDAS data and the raw measurementsfroma
trusted network of sensor stations (e.g. ASI, IGS, EUREF). The Computing Unit will then compute the
drone’s PVT solution, together with itsintegrity parameters. At the same time, the Unit will evaluate
the GNSS performances of the monitoring stations nearby. The possible statuses are represented in
Table 3-1. This architectural implementation can host the computation of integrity parameters
according to the algorithms foreseen by SBAS processing or according to the ARAIM algorithm. Both
the application of algorithms based on SBAS (using EGNOS/EDAS data) and that based on ARAIM
processing have been designed to ensure the provision of GNSS augmentations that allow LPV -200
approach performance specifications to be respected. These specifications are compliant with the
requirements foreseen forthe U-Space (see §0). These requirements are listed in the following table.

Parameter ICAO LPV-200 requirements

95% Horizontal Accuracy 16 m

95% Vertical Accuracy 4m

Fault-Free Accuracyl 10 m, 10-7 per 150 s in nominal conditions
Effective Monitoring Threshold (EMT)2 | 15 m, 10-5 per 150 s in degraded conditions
Horizontal Alert Limit (HAL) 40 m

Vertical Alert Limit (VAL) 35m

Continuity Risk 8x10-6 perl5s

Integrity Risk 2 x10-7 per150 s

Time-to-alert 6s

Availability 99% to 99.999%

Table 3-4: ICAO LPV-200 requirements

It must be underlined that, besides the accuracy values (which have very conservative requirements -
in the practice the accuracy is much higher, with significantly lower navigation system errors - see
§9.3.2), the most important parameters provided by the system are the protection levels defined at
the beginning of present chapter. Generally speaking, the Alert Limits are at a value of between 4and
6 sigma of the Navigation System Error distribution (guaranteed by the Integrity Risk probability), while
the 95" percentile accuracy represents the 2-sigma value (statistically computed and without
guarantee).

The architecture described above preferred for the following reasons:

1 The Fault-Free Accuracy is defined in this way: Pr(Vertical Error > FFA) < 10-7/150s in nominal conditions

2 The Effective Monitoring Threshold is defined in this way: Pr(Vertical Error > EMT) < 10°3/150s in degraded
conditions (faults of the GNSS system not large enough to ensure detection)
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1. Simplicity of equipment on-board the drone: only a communication module is needed (e.g.
AG/LTE).

2. Relatively low throughput needed for communication between the drone and the TCU,
generally characterised by low latency (if a4G/LTE linkis used): the datasent are basically the
raw GNSS measurements; the throughput and the latency experienced so far have not
exceeded 2 kbit/secand 1 msec, respectively, and in these conditions there are only minor
communicationsissues.

3. The installation of the SBAS state machine on a centralised entity, directly connected to the
Internetthrough awired, stable, wide-band connection, guarantees that the EGNOS messages,
provided by the EDAS data centre are always delivered on time: in this way, (a) there is no
need forinitialisation time (except that for the smoothingfilters) and (b) the risk of missing or
delayed messages (that would lead to much inflation of the protection levels) is negligible: in
the SBAS processing, the timeliness availability of EGNOS messages is crucial for minimising
protectionlevels.

4. The installation of the developed software on a ground system allows potentially unlimited
hardware resources, which have no problemsinterms of resources allocated (RAM, CPU, etc.),
and which are easily scalable and upgradable when correctly dimensioned.

5. Anychange in the algorithmor in the processing standard will need just one central entity to
be upgraded with validated or certified software, instead of updating the on-board firmware
of all dronesflying. At the same time, the processing applied on the raw observables might be
used to certify positioning data (implicit anti-tampering functionand guarantee of application
of required aeronautics standards).
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4 Currently available Digital Elevation Model
& Obstacle data products

4.1 Introduction

This chapter, after general definitions, illustrates the features of the presently available, free and
commercial, global and European, regional/local Digital Elevation Models, including both Digital
Surface Models (DSM) and Digital Terrain Models (DTM) and ground obstacle data products.

Information on free resources (publicrepository) and commercial services are also given.
The following principal questions are addressed:

e \Which Digital Elevation Models and obstacle data products are available?

e \What are theirmainfeaturesandtheiraccuracy?

e Are there any services that already provide Digital Elevation Models and obstacle data
products?

e Arethesefreeorpaidservices? Are they certified services?

e Which are the most relevant use cases, and which Digital Elevation Models and obstacle data
products should be used?

Finally, first references are given.?”
4.2 Definitions

4.2.1 DEM, DSM, DTM

DEM - Digital Elevation Model is agenericterm, without a particular specification (Digital He ight Model
(DHM) is sometimes used), to indicate the discrete representation of the surface of the Earth using
points generally placed on a regular grid (GRID data format) or, sometimes, irregularly (TIN data
format). For each pointits positionisknownina chosenreference frame (globally WGS84, in Europe
ETRF2000) and represented through a chosen coordinate system (horizontal coordinates: geographic
(latitude, longitude) or cartographic (East, North); height: orthometric (H) with respect to a chosen
geoid model (usually EGM96) or ellipsoidal (h)).

Digital Surface Model (Figure 4-1) is the term indicating the discrete representation of the surface of
the Earth visible from space, thereforeincluding vegetation, buildings, infrastructuresand generallyall
man-made objects.

Digital Terrain Model (Figure 4-1) is the term indicating the discrete representation of the surface of
the bare ground, thatis the surface ofthe Earth visible from space (DSM) filtered ( Figure 4-2) to remove

3 The opinions expressed herein reflect the authors’ view only. Under no circumstances shall the SESAR Joint Undertaking
be responsible foranyuse that maybe made ofthe information contained herein.
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vegetation, buildings, infrastructure and generally all man-made objects. Therefore, DTM is obtained
filtering DSM. It should be stressed that filteringis dependent on the algorithmadopted and generally
degradesthe vertical accuracy of the original DSM.

(References[1], [2], [3], [4], [5])

DSM

FILTERING

Figure 4-2: DSM filtering to derive DTM - (after K. Jacobsen, 2018 [1])

4.2.2 Obstacles

Obstacles in aviation terms of features with a vertical significance compared with the surrounding
terrain or surrounding features which constitute a potential hazard to aircraft operations.

Accordingto ICAO, obstacles are fixed (whether temporary or permanent) and mobile objects, or parts
thereof, that:

e arelocatedonan areaintendedforthe surface movement of aircraft; or
e extendabove adefinedsurfaceintended to protectaircraftin flight; or
e stand outside those defined surfaces and that have been assessed as being a hazard to air
navigation
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For many years, it was a requirement for states to publish obstacle data in their Aeronautical
Information Publication (AIP). However, the requirement was to provide thisinformationina simple,
textual form, classified in one of three ways:

e obstaclesthataffect the en-route phase of flight;
® obstaclesatan aerodrome thataffectthe circlingarea;
e obstaclesatan aerodrome that affect the approach/take-off phases of flight

Information relating to terrain was only required inavery limitedform, for runways for which Category
(CAT) ll/lll operations are approved. This terrain information was provided graphically in the Precision
Approach Terrain Chart (PATC), specified by ICAO Annex 4.

Digital data are required now, so that the information may be automatically incorporated into
procedure designtools.

Accordingto [7], obstacle data must comprise the digital representation of the vertical and horizontal
extentof the obstacles(e.g.eTOD [10]). Obstacles must not be includedin terrain datasets, that is in
the DSM, but obstacle data elements are features that must be represented in separate data sets by
points, lines or polygons. In an obstacle dataset, all defined obstacle feature types must be provided
and each of them must be described according to the list of mandatory attributes provided in [6] -
Appendix 8, Table A8-4.

(References[6],[7], 8], 9], [10])

First reflective surface

Intermediate
reflective surface-,

\
Single tree - Large building - Forest -
Point abstacle Palygonal obstacle Integrated in terrain model

Figure 4-3: Different kinds of obstacles - (after EUROCONTROL, 2019 [6])

4.2.3 DSM and obstacles

DSM is therefore the discrete representation of the surface defining the physical boundary for
aeronautic purposes.

A routinely updated DSM at the highest detail (generally realized with airborne LiDAR technology)
contains the majority of the obstacles, atleast those that are permanent.

(References [11])
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4.2.4 Mainfeatures of DEM and obstacles

The main features of DEM and obstacles are:

e availability (free, commercial)

e DEM type (DSM, DTM)

e reference frame (datum, geoid, height type: ellipsoidal, orthometric), coordinate system
(geographic, cartographic)

e GRIDresolution

e coverage (latitude/longitude ranges)

e accuracy (horizontal, vertical) in term of 90% or 95% Circular Error (CE90, CE95) and 90% or
95% Linear Error (LE9O, LE95) (see paragraph 4.6 for definitions - note that vertical accuracy
decreases with terrainslope)

e repository (public)/service (commercial)

These featuresare summarised foreach DEM in the following format:

DEM name - official web site - availability (free, commercial)

DEM type (DSM, DTM) - reference frame, coordinate system, height type - grid resolution (coverage)
horizontal accuracy - vertical accuracy

Repository (public)/service (commercial) official web site

For obstacles, referto the cited documents.

4.3 Global DEMs

4.3.1 SRTM DEM

DSM generated from NASA's Shuttle Radar Topography Mission (SRTM) in 2000.

SRTM was a joint project of NASA, the German and Italian space agencies, and the US National
Geospatial-Intelligence Agency. It was managed by NASA's Jet Propulsion Laboratory (JPL), Pasadena,
California, for NASA's Science Mission Directorate, Washington, D.C.

SRTM flew aboard the Space Shuttle Endeavour in February 2000, mapping Earth's topography
between 56degreessouth and 60degreesnorth of the equator. During the 11-day mission, SRTM used
an imaging radar to map the surface of Earth numerous times from different perspectives. These
combined radar data were processed at the JPL to produce a global topographic map created by
bouncingradar signals off the Earth's surface and back to the shuttle.

The 1”7 (30-metres) topographic data products with worldwide coverage (except Middle East) were
released in 2014 and are publicly distributed by the U.S. Geological Survey (USGS) along with the
previous 3” (90-metres) topographic data products with worldwide coverage that have been
distributed since 2003.

SRTM DEM - https://www2.jpl.nasa.gov/srtm/ - Free

DSM - WGS84+EGM96 geoid - geographic- (Hegmoes) - 1”7 (56°S-60°N, no Middle East) - mean CE90 10
m - LE90 4-16 m (mean LESO 8 m)

Repository: USGS EROS Data Centre - see Public Data Distribution for details
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4.3.2 ASTERGDEM3

DSM generated from processing of 2.3 million scenes taken since February 2000 by the Advanced
Spaceborne Thermal Emission and Reflection Radiometer (ASTER) (15 meters GSD).

ASTER is one of five instruments aboard NASA’s Terra spacecraft (launchedin 1999), builtin Japan for
the Ministry of Economy, Trade, and Industry (METI). A joint U.S./Japan Science Team is responsible
for instrument design, calibration, and datavalidation.

Version 3 of the Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) Global
Digital Elevation Model (GDEM) is available from NASA’s Land Processes Distributed Active Archive
Center (LP DAAC) since 2019. The ASTER GDEM covers land surfaces between 83°N and 83°S.

The first ASTER GDEM was releasedin 2009, with Version 2 beingreleased in 2011. The ASTER GDEM
Version 3 maintains the GeoTIFF format and the same gridding and tile structure as in previous
versions, with 30-metres spatialresolution and 1°x1° tiles.

Version 3 also features a new global product: the ASTER Water Body Dataset (ASTWBD). This raster
product identifies all water bodies as either ocean, river, or lake, and each GDEM tile has a
corresponding Water Body tile.

ASTER GDEM3 and ASTWBD - https://asterweb.jpl.nasa.gov/gdem.asp - Free

DSM - WGS84+EGM96 geoid - geographic - (Hegmes) - 17 (83°S-83°N) - mean CE90 25 m - LE90 8-18 m
(mean LE90 12 m)

Repository: NASA’s LP DAAC Data Pool - LP DAAC’s Application for Extracting and Exploring Analysis
Ready Samples (AppEEARS)

4.3.3 AW3D30-AW3D Standard

DSM generated from processing some 3 million dataimages taken from January 2006 to May 2011 by
Panchromatic Remote-sensing Instrument for Stereo Mapping (PRISM) on-board the "DAICHI"
Advanced Land Observing Satellite (ALOS) (2.5 metres GSD).

The Japan Aerospace Exploration Agency (JAXA) processedthe imagedand produced the global digital
3D map. This digital 3D map compiled is claimed to have the world's best detail, enabling terrain all
overthe worldto be shown at 5 metres spatial resolution witha 5-metres height accuracy (ALOS World
3D - 5m (AW3D Standard)).

The compilation and service provision was performed by NTT DATA Corporation and Remote Sensing
Technology Centre (RESTEC), Japan underaJAXA commission.

To increase the of the 3D map data, JAXA also prepared a DSM version with lower spatial resolution
(of about 30 metres) to be published free of charge (ALOS World 3D - 30m (AW3D30)).

AW3D30 - https://www.eorc.jaxa.jp/ALOS/en/aw3d30/ - Free

DSM - WGS84+EGM96 geoid - geographic - (Hggmes) - 1’ (82°S-82°N) - mean CE90 11 m - LE90 4-10 m
(meanLE90 7 m)

Repository: https://www.eorc.jaxa.jp/ALOS/en/aw3d30/data/index.htm

AWS3D Standard - https://www.aw3d.jp/en/products/standard/ - Commercial
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DSM - WGS84+EGM96 geoid - geographic- (Hegwss) - 0.15"" (82°S-82°N) - mean CE90 11 m - LE9O 4-10
m (mean LE90 7 m)
Service - NTT DATA Corporation and RESTEC: https://www.aw3d.jp/en/

4.3.4 MERITDEM

DTM generated by removing multiple error components (absolute bias, stripe noise, speckle noise, and
tree height bias) from the existing spaceborne DEMs (SRTM3 v2.1 and AW3D-30m v1). In detail, the
SRTM3 DEM (below 60°N) and the AW3D-30 m DEM (above 60°N) were used as the baseline DEME;
the unobserved areasin both DEMs were filled with the Viewfinder Panoramas DEM (VFP-DEM). VFP-
DEM (http://www.viewfinderpanoramas.org/dem3.html) was developed by carefully filling the areas
unobserved by SRTM using other datasets such as digitised paper topography maps, the Canadian
Geobase DEM and the U.S. National Elevation Data. It covers the entire globe at 3” resolution. Though
the data source, quality and effective resolution of the VFP-DEMare not consistentacross the globe,
itsaccuracy isbetterthan other low-resolution DEMs above N60° (such as GMTED2010).

The height errors included in the original DEMs were separated from actual topography signals and
removed using a combination of multiple satellite datasets and filtering techniques. After error
removal, global land areas mapped with +2m-or-better accuracy increased from 39% to 58%.
Significant improvements were found, especially in flat regions such as river floodplains. Here,
detected height errors were larger than actual topographic variability and following error removal,
landscapes features such as river networks and hill-valley structures at last became clearly
represented. This DTMwill expand the possibility of geoscience applications such as terrain landscape
analysis, flood inundation modelling, soil erosion analysis, and wetland carbon cycle studies that
require high-accuracy elevation data.

MERIT DEM gives terrain elevations ata 3sec resolution (~90m at the equator), and covers land areas
between 90N-60S, referenced to the EGM96 geoid. Hydrologically adjusted DTMis also available as a
component of MERIT Hydro datasets.

MERIT DEM is available on a server of the University of Tokyo (Japan) and can be downloaded free of
charge forscientificdatause.

MERIT DEM - http://hydro.iis.u-tokyo.ac.jp/~yamadai/MERIT DEM/index.html - Free

DSM - WGS84+EGM96 geoid - geographic - (Hggmss) - 3"’ (60°S-90°N) - mean CE90 11 m - LE9O similar
to AW3D30 (3-10 m, but with significantimprovementin flat areas; 58% of the overall DEM within
1+2m or better accuracy)

Repository: http://hydro.iis.u-tokyo.ac.jp/~yamadai/MERIT_DEM

4.3.5 TanDEM-X DEM - WorldDEM™

DSM generated frominterferometric processingof the multiple radarimages of the Earth’s entire land
surface taken by the twin satellites TerraSAR-X and TanDEM-X between 2011 and late 2015 and
completedin 2016. DTM obtained through filteringis also available.

Since 21 June 2010, the twin German TerraSAR-X (launched on 15 June 2007) and TanDEM-X radar
satellites have been recording the Earth flyingin close formation. As they fly over the Earth, both
satellites 'see'the same land area, but from slightly different perspectives. The signal reflected by the
ground arrives at the satellites with a small time offset due to the different ranges. This range
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difference is recorded interferometrically with millimetre precision. The distance between the twin
satellites varied between 500 metres and, on occasion, just 120 metres. This made the creation of a
Digital Elevation Model (DEM) of the Earth’s surface on DLR computersin Oberpfaffenhofen.

The TanDEM-X DEM covers all of Earth’s land surfaces, ole-to-pole, totalling over 148 million square
kilometres. The elevation models generated with TanDEM-X and TerraSAR-X have the advantage of
beingthe first to capture the Earth with uniformaccuracy and no gaps.

The full-resolution data, with a horizontal sampling distance of 12 metres (WorldDEM™), also allowed
the creation of versions with reduced resolutions of 30 metres and 90 metres.

While access to the 12-metres and 30-metres elevation models is subject to restrictions due to the
potential for commercial exploitation, and thus requires a scientific proposal, the 90 metres DEM is
now available on a DLR serverand can be downloaded free of charge for scientificuse.

TanDEM-X - https://geoservice.dIr.de/web/dataguide/tdm90/ - Free
DSM - WGS84 - geographic- (hygsss) - 3" (global) - CE90 < 10 m - LE90 2-10 m (mean LE90 4 m)
Repository: https://geoservice.dlr.de/web/dataguide/tdm90/#access

WorldDEM™ - https://www.intelligence-airbusds.com/ - Commercial /Free for scientific research
under approved research projects submitted at TanDEM-X Science Service System DLR
(https://tandemx-science.dIr.de/cgi-bin/wcm.pl?page=TDM-Proposal-Submission-Procedure)
DSM and DTM - WGS84 - geographic - (hwgsss) - 0.4”’-1” (global) - CE90 < 10 m - LE90 2-10 m (mean
LE90 4 m)

Service - AIRBUS: https://worlddem-database.terrasar.com/

4.4 European DEMs

4.4.1 EU-DEM

DSM of the European Environment Agency’s (EEA) 39 member and cooperating countries generated
as a hybrid product based on SRTM and ASTER GDEM data fused by a weighted averaging approach.
Two versions are available(v1.0,v1.1).

The statistical validation of EU-DEM v1.0 documents a relatively unbiased (-0.56 metres) overall
vertical accuracy of 2.9 metres RMSE, which is fully within the contractual specification of 7m RMSE
(European Commission 2009). Evaluation of RMSE values by country revealed higher RMSE values for
the Nordic countries of Iceland (RMSE=9.41 m), Norway (RMSE=5.75 m) and Sweden (RMSE=7.41 m),
which can be explainedby the absence of SRTMdata north of 60°N. Further, investigations of EU-DEM
elevation accuracy documented increasing elevation biases and variability in areas of variable
topography and ground cover. The results are generally consistent and can be explained by the
measurement characteristics and differences between the involved data sources. As a general
conclusion, it can be stated that the validation of the EU-DEM dataset yields overall values within
specifications (full report: [17]).

The following corrections and improvements have been implemented in EU-DEM v1.1:

e systematiccorrection of geo-positioningissues (found and corrected for Malta and
Lampedusaislands)
e biasadjustmentwith ICESat
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e screeningandremoval of artefacts, including the presence of blunders (i.e. negative or
positive anomalies); more than 75,000 artefacts have been detected and corrected

e consistency withthe upgraded version of EU-Hydro, in orderto produce a betterriver
network topology

EU-DEM v1.1 has not been validated yet (comments and user feedback on EU-DEM v1.1 can be
provided to copernicus.land@eea.europa.eu).

EU-DEM - https://land.copernicus.eu/imagery-in-situ/eu-dem - Free

DSM - ETRS89 (GRS80) - geographic - (Hevrs2000 - geoid essos) - 3" (EEA 39 member and cooperating
countries) - mean CE90 10 m (latitude < 60°) - 25 m (latitude > 60°) - LE90 4-16 m (latitude < 60°) - 8-
18 m (latitude > 60°) (mean LE90 8 m (latitude < 60°) - 15 m (latitude > 60°))

Repository: https://land.copernicus.eu/imagery-in-situ/eu-dem

4.4.2 Euro-Maps 3D DSM

DSM derived from stereoimage pairsacquired by the Cartosat-1 satellite at an original 2.5 m spatial
resolution.

The product has been generated by GAF AG using a highly automated processing chain developed in
close co-operation with the German Aerospace Centre (DLR).

The European Space Agency (ESA), has added the Euro-Maps 3D DSM to the Copernicus Data Access
Portfolio (DAP) (see latest DAP document, Annex 6), thus making it available to Copernicus Services,
Union Institutions and Union Research Projects through the Copernicus Data Warehouse (DWH).

The Euro-Maps 3D DSM product comprises a digital surface model (DSM) with 5 m post spacing and
an (optional) associated orthogonallayer with a 2.5 m spatial resolution.

For Europe, the product is based on stacks of up to 15 stereo pairs. The use of multiple stereo pairs
acquired using different acquisition anglesleads to minimal gap-fillingand results in unique accuracy
and reliability. During an editing process, the DSM has been further refined and water bodies
exceeding certain dimensions have been hydrologically corrected, so that consistent water flow is
ensured. Detailed quality and traceability layers are part of the delivery and every height value can be
traced with pixel accuracy.

The Euro-Maps 3D DSM is part of the GAF Elevation Suite, which comprises also Euro-Maps 3D for
Ortho products with 10 m post spacingand VHR multi-stereo DSM products. Forfurther details about
Euro-Maps 3D, please see http://euro-maps.gaf.de/products/prod 008.html.

Euro-Maps 3D DSM - https://www.gaf.de/content/euro-maps-3d-dsm-now-also-available-
copernicus-data-access-portfolio - Free

DSM - WGS84 - cartographic (UTM) - (Hggmss) - 5 m (EEA 39 member and cooperating countries) -
CE90 5-10 m (mean CE90 7 m) - LE90 5-10 m (mean LE90 7 m)

Repository: https://spacedata.copernicus.eu/
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4.5 Regional/Local DEMs

Regional/local DEMs are available worldwide through online open (off-the-shelf products) and
commercial (off-the-shelf and on-demand products) portals.

4.5.1 Online Open Resources

e OpenDigital Elevation Model (OpenDEM) - The Portal for sharing the 3rd Dimension
(https://www.opendem.info/index.html)

e OpenTopography - High-Resolution Topography Dataand Tools
(https://opentopography.org/)

e European Data Portal - The European Data Portal harvests the metadata of Public Sector
Information available on publicdata portals across European countries. Information regarding
the provision of dataand the benefits of re-using dataisalsoincluded
(https://www.europeandataportal.eu/en)

e PublicAgencies —Free-efcharge
For Italy - Geoportale Nazionale ‘Free’ (after registration):
LIDAR data over 1%-2" orderriver watersheds
(including some relevant urban areas: Rome, Milan, Turin, etc.)
Hiraigeo2005 - 1 m - LESO 40 cm horizontal, 20cm height
(https://geodati.gov.it/geoportale/datiterritoriali)

4.5.2 Online Commercial Services

Commercial services are offered by private companies with respect to different DEM products. The
following is a (not exhaustive) list of services related to local DEMs generated on demand, and of
servicesregarding global DEMs:

e NTT DATA Corporationand RESTEC
(https://www.aw3d.jp/en/)

® |ntermap-NEXTMap
(https://www.intermap.com/nextmap)

® PlanetObserver
(https://www.planetobserver.com/products/planetdem/planetdem-30/)

e ApolloMapping
(https://apollomapping.com/digital-elevation-models)

® Hexagon
(https://hxgncontent.com/products/digital-surface-models)

® Maxar
(https://www.maxar.com/products/elevation-suite)

High-resolution (GRID resolution: upto 0.1 - 0.5 metres)/ high-accuracy (LE9O: up to 0.2 - 0.5 metres)
DEMs generated from aerial photogrammetric and LIDAR surveys are also included in on-demand
products offered by commercial services.
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It must be stressed that such DEMs (generally DSMs) are intrinsically on-demand products, since they
must be very up-to-date so that they include all the existing permanent objects (including obstades)
whose horizontal/vertical dimensions are significant with respectto (i.e. equal to orlargerthan) their
resolution and accuracy.

None of these services are certified.

4.5.3 Relevant future prospects in DEM

With the rapid increase in the development of high-revisit-time constellations, governments and
companieshave beguntoinvestin makingthesedatamore accessible[16] (e.g., the Planet Labs Open
Californiainitiative [17], SpaceNet [18], IARPA CORE3D programme [19]).

Two relevant industrial projects, presently focused on 2D information only, are ongoing in the Earth
Observation (EO)field:

e Planet- constellation of optical satellite sensors
(https://www.planet.com/)

® |CEYE - constellation of SAR satellite sensors
(https://www.iceye.com/)

Consideringthe potential of both constellations, itis expected that both companies will provide DEM
products (maybe on-demand) in the nearfuture.

Geospatial data providers can generate 3D-point clouds from stereo pairs and/or multiple single
images taken at different times, and with different lighting and vegetation between acquisitions,
selecting the best camera angles as appropriate, according to the orographic characteristics of the
observedsite.

With a large number of input images (at least 2 per day for Planet) 3D models will be produced that
are as accurate as those obtained from a single same-day stereo pair. These companies can therefore
exploit such a large archive of single-epoch images to compute the best possible 3D model with
reasonable computational cost.

These constellations could be also exploited for mono-plotting and/or stereo-plotting methods to
measure and digitise an updated obstacle database, accordingto [12] and [13].

(References[12],[13])

4.6 DEM and obstacle data accuracy assessment

The accuracy assessment of DEMs and obstacle data is based comparing them against a reference
DSM/DTM whose accuracy and GRID resolution are higher (usually generated by airborne/terrestrial
LiDAR or high scale/high accuracy photogrammetry) than the DEMs/obstacle datato be assessed.

The general accuracy assessment procedure must evaluate:

e theoverall roto-translation 3D bias (horizontal, vertical and rotational)
e the3D randomerror (horizontal, vertical)

of the DEM/obstacle-data with respect to the reference DSM/DTM.

The accuracy for DEMs/obstacle-datais usually given using the following statistical indices:
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e horizontal accuracy - uncertainty in the horizontal position of a pixel with respect to the
reference
90% Circular Error (CE90) - The threshold value of 90% of the absolute valuesof the differences
between the DEM/obstacle dataand the reference;in case of normally distributed differences
with equal standard deviations in two orthogonal directions (6, =0, = 6) CE90 = 2.146*Gc
95% Circular Error (CE95) — The same as CE90Q, with threshold value of 95%; CES5 = 2.445*%c

e verticalaccuracy - uncertaintyinthe height of apixel with respecttothe reference
90% Linear Error (LE9O) - The threshold value of 90% of the absolute values of the differences
between the DEM/obstacleand the reference;in case of normally distributed differences with
standard deviation 6 LE90=1.645*Gc
95% Linear Error (LE95) - Same as LE9O with threshold value of 95%; LE95 = 1.960*c

(References[14], [15], [16], [17])

4.7 Relevant use cases

To better focus on the choice of the most suitable DEMs and obstacle data products available for
managing the strategic phase (mission planning), two relevant use cases are presented, related to
urban and extra-urban areas.

4.7.1 Urban areas

The main goal to be satisfied is the proper representation of the 3D urban morphology, to enable
mission planning not only over but also inside urban areas, considering possible flight routes at least
partially inside urban canyons.

For this, a city model is generally needed, that is a DSM including all obstacle data that describes all
buildings, infrastructure, objects and vegetation that constitute the urban environment. The key point
isthe accuracy of this city model, which must satisfythe compromise between two contrasting needs:
on one hand, the technical need to describe the 3D urban morphology accurately enough to estimate
the space available to efficientlyand safely plan flight routes withinurban canyons; on the other hand,
the budgetary requirements that willkeep the accuracy within a certain level, so that costs for creating
and updatingthe city model (which are afunction of accuracy) are manageable.

A reasonable compromise is therefore a city model with an accuracy in the range 0.5-1.0 metres,
reasonably higher in the case of narrower urban canyons (e.g. historical centres). To satisfy such an
accuracy, DSMs from satellite imagery are not suitable, and on-demand products offered by
commercial services and generated from aerial photogrammetric and LIDAR surveys must be
considered.

4.7.2 Extra-urbanareas

The main goal to be satisfied is the proper representation of the morphology of the 3D terrain,
vegetation and possible man-made objects, to enable mission planning overthese areas.

Forthis,aDSMis neededthatincludes all obstacle data, and whose accuracy is dependent on the flight
goal, which could just be a transit across the area or an inspection of the area or some of its details
(e.g.vegetation/forests/crops status, hydrography, structures/infrastructure).
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In the case of a transitoverthe area, a DSM (includingall obstacle data) with an accuracy in the range
5-10 metresis enough, sofree products from satellite imagery such as EU DEM and Euro Maps 3D DSM
(which may be complemented by free off-the-shelf regional/local products coming from online open
resources, if available) are suitable.

In the case of inspection of the area or some of its details, a DSM (including all obstacle data) with an
accuracy in the range 0.5-2.0 metres, or reasonably higherin case of structures/infrastructure (e.g.
power lines, roads, railways, bridges, dams) is needed. To satisfy such an accuracy on-demand DSM
products offered by commercial services and generated from aerial photogrammetric and LIDAR
surveys must be considered.
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5 Currently available precision height
systems & frames

In this chapter, the different height systems currently usedin geodesy and surveying will be defined.
The different height systems will be described, and their standard precisions will be given.
Furthermore, transformation between the defined height systems will be discussed.

5.1 Introduction

Various different height definitions are commonly used in geodesy and surveying. Before the advent
of GNSS, orthometric heights were mainly used, since they can be obtained by observing height
increments between intervisible points through the process of spirit levelling. In fact, starting from a
benchmark of a known orthometric height and summing all the observed height increments, the
orthometric height can finally be estimated. The same holds for normal heights that can also be
obtained from spirit levelling. With the advent of the GNSS technology in the 1990s, coherent global
ellipsoidal heightshave beenmade availableto users. Ellipsoidal heights can be estimated with respect
to a given geocentric reference ellipsoid in a fast and precise way using GNSS techniques. However,
especially in general aviation applications, flight altitude is also determined through an atmospheric
pressure observation thatis usually related to the orthometricheights.

In this chapter, the definitions of orthometric, normal and ellipsoidal heights will be given. The
relationships between these different heights will then be discussed. Finally, the standard precisions
of these heights and of the transformation formulas are detailed.

5.2 Definitions

5.2.1 Ellipsoidal height

Ellipsoidal height is a geometric height that is derived through GNSS observations. Its definition is
purely geometricand does notinvolve the Earth’s “gravity field” (seesection5.2.2), asis the case with
orthometricand normal heights (see section 5.2.2and 5.2.3).

The GNSS method allows 3D coordinates of the surveyed points P to be estimated with respect to a
given geocentricCartesian 3Dreference frame (X, Y, Z). If we couple an ellipsoid centred at the origin
of the Cartesian axes to this frame, we can get the 3D ellipsoidal coordinates of point P, namely the
latitude @p, the longitude Ap and ellipsoidal height hp, by inverting the following relation:

Xp = (Np+ hp)cos@p cosip
Yp = (Np + hp)cos@psin Ap (1)
Zp = (Np(1—e?) + hp)sin @p

where Np isthe east-west curvature radius and e? the eccentricity of the ellipsoid.

Particularly, asshownin Figure 5-1, the ellipsoidal height hp of a point P on the Earth’s surface is the

length of the segment PPy, i.e. the distance along the normal to the ellipsoid from the point P to the

point Py, lying on the ellipsoid’s surface.
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Figure 5-1: latitude, longitude and ellipsoidal height

5.2.2 Orthometric height

The definitionof the orthometricheight Hp of a point Pis strictly relatedto the definition of the Earth’s
“gravity field”.

This gravity field is the sum of the gravitational fielddue to the attraction of the Earth’s masses and of
the centrifugal field dueto the Earth rotation. It can be obtained as the gradient of the gravity potential
[7], whichis

W(P) = V(P) +CP(P) = f G,

ve TPQ
where V (P) isthe gravitational potential, CP(P) isthe centrifugal potential, p(Q) is the Earth mass
densityinside the Earthvolume Vg, 1p¢ = |Fp — Ty | is the distance between the computational point
P and the integration point Q inside the masses, w is the mean angularvelocity of the Earth and Xp,
Yp are the cartesian coordinates of P inthe geocentric3D Cartesian reference frame, as defined in the
previous section. Given the gravity potential W (P), the equipotential surfaces of the field and the
plumb lines can be defined. An equipotential surface is the surfaces where the gravitational potential
assumes a constantvalue K, i.e.:

1
dvg +5 w?(X3 +Y3) (2)

W(P) = K (3)

The plumb lines are the lines orthogonal to the equipotential surfaces of the field (see Figure 5-2).
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w(P)= const,

w(P)= const;

/ plumb line

Figure 5-2: equipotential surfaces and plumb lines

The geoidisa particularequipotential surface of the gravity field of the Earth that coincides with the
Mean Sea Level (MSL) with a maximum discrepancy of 1+2 m at global scale. This surface is the so-
called geoid andis continued overland areas by analytical methods.

The orthometric height Hp of a generic point P, e.g. lying on the Earth surface, is the length of the
plumbline between Pan P, (see Figure 5-3).

Equipotential
surfaces

Figure 5-3: the geoid and the orthometric height

Analytically, the orthometricheight can be expressed in terms of the geopotential number C(P), i.e.

P
Py

where P, is the projection of point P on the geoid along the plumb line, Wy, = W(P,) is the
gravitational potential associated to the geoid surface, P is the considered point, W, = W(P) is the
gravitational potential at P, g = |[VW|and the integral istaken alongthe plumbline € from Py to P.
It can be proved thatthe orthometricheight H (P) isgivenas

c(p

H(P) = Q (5)

g(p)
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where

P

1
j(P) = — ds (6)
9 H, Pog

5.2.3 The normal height

The normal height Hy of a point P can be defined following the same approach used in the definition
of the orthometric height [7]. For that, we consider the normal potential U and the modulus of the
normal gravity y = |VU| of the Mean Earth Ellipsoid. We can write fora given point Q

Q Q
0 0

where Uy is the normal potential at the ellipsoid and the integral isalongthe normal to the ellipsoid.
If we furtherassume that Uy = W, and Uy = Wp where P ison the Earth surface, we have

Q
Jydh=U0—UQ=W0—Wp=C(P) )
0
Therefore, the normal height Hp isgivenas
cp
ey =@
Yo
with
L (10)
Vo =75+ f y dh !
¢ Hp Jo

Thus, we can say that the normal height of P, H*(P), is equivalent to the height of Q above the
ellipsoid.

5.3 Height observations and their accuracy

Ellipsoidal height can be observed using GNSS techniques. In standard GNSS campaigns using double-
frequency geodetic receivers and performing real-time or post-processing relative positioning by
phase observations, or by precise point positioning, the ellipsoidal heights can be observed with a
standard deviation of a few centimetres (less than 5 cm). This accuracy decreases depending on the
quality of the instrument and on the processing methodology, e.g. it could reach the level of a few
metres if stand-alone low-cost single frequency receivers are used.

Orthometric height of a point B can obtained through spirit levelling [3] starting from a point A of
known orthometricheight, as:

B - _

Hg — Hy = AL +f 9= Yo 4y o985 Yo~ 94 _ 51 4 Agort (11)
A Yo Yo Yo

where Hy and Hg are the orthometricheight of the points A and B, respectively, AL, is the observed
levelling increment, AH°"t is the “orthometric correction” and y, is a suitable value of the normal
gravity field, i.e. the gravity field of the Mean Earth Ellipsoid.
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To define the reference frame, a common technique is to define a be nchmark of known orthometric
heightusinga tide gauge to estimate the Mean Sea Level. Figure 5-4 describesa moderntide gauge.
This technique is used to define the reference frame at a national or continental level. Usually each
country also defines a network of benchmarks linked to the tide gauge to be used as a reference for
local surveys.

{ Satellite Antenna

"_" Acoustic Sensor I

o—‘ Tide Gauge Benchmark |

Se——

|
§ —l ,I ~ % H Calibration Tube |

Instantaneous
Water Level

Figure 5-4: the tide gauge scheme

As for normal heights, they can also be derived starting from a spirit levelling technique [3]. In
particular, observing the increments AL, the height increment between two points A and B can be
written as

B.g—)/o

H; _HX — ALAB +L *)/0 )/B *VO Ya (12)

d? + Hg —H =AL,s +AH*
Yo Yo A Yo A8

where AH*isthe “normal correction”.

Orthometricand normal heights estimated from spirit levelling are usually highly precise. The standard
deviation of aspiritlevellinglineis described according to the following rule

o= L (13)

where L is the total length of the levelling line and the constant value k depends on the chosen
instrument. In particular, for very high and high precision levellingits valueranges between 0.5 mm/km
and 2 mm/km, respectively.

5.4 Conversion between height systems

The transformations between two different height systems are very well established in the literature.
They will be explained inthe following paragraphs, withsome comments on their expected precisions.

5.4.1 Orthometric height and Ellipsoidal height

The relationship between the orthometricheight H (P) and the ellipsoidal height h(P) of a point P is
definedas
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h(P) = H(P) + N(P) (14)

where N(P) is the geoid undulation, i.e. the height of the geoid above the ellipsoid along the normal
to the ellipsoid (see Figure 5-5).

r

arth’s surface

Geeond

/— N
Ellipsord
— \

Figure 5-5: ellipsoidal height h(P), orthometricheight H (P) and geoid undulation N(P)

It must be mentioned that this relationship is, rigorously speaking, an approximate equation. In fact,
while h and N are line segments, H is not, being measured along the plumb line that is a double
curvature line. However, this equation holds up to a few tenths of a millimetre, so can virtually be
considered rigorous given the actual observation accuracy of h, H and N.

The geoid undulation N can be estimated by observing the Earth’s gravity field and is available at
global, continentaland local levels.

Global Geopotential Models (GGMs) give the geoid undulation estimate over the entire Earth. They
are estimated either from dedicated satellite gravity missions (e.g. the ESA GOCE mission[16]) or from
a combination of satellite and ground-based gravity data (e.g. EGM2008 [18]-[19], see Figure 5-6).

Figure 5-6: the global geoid model EGM2008 [18]-[19]
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They are usually expressed as a truncated spherical harmonicexpansion, i.e.

Nmax —

GM
"= e L <

where the point P is on the ellipsoid, ¥, (P) is the normal gravity at the point P, R is the radius of the
reference sphere associated to the global model, 7, (P) is the reference ellipsoidal radius at the point
P, B, (cos?) are the associated Legendre functions of degree n and order m, {C,;,Snm} are the
spherical harmonic coefficients of the anomalous potential T(P) = W(P) — U(P) and Ap, 9p the
spherical coordinates of the point P. High order GGMs can have Ny, = 2190 or more and thus can
have quite a high frequency content. The precision of the geoid undulation of the highresolution GGMs
is between 15-20 cm in the areas where the ground gravity data coverage is dense. As already
mentioned, they are available over the entire Earth and can thus be profitably used in linking the
ellipsoidaland the orthometricheights at global level, according to the formula given at the beginning
of thissection. A detailed description of the available GGMs can be found at the International Centre
for Global Earth Models (ICGEM), an official service of the International Association of Geodesy (IAG)
(see ICGEM the web page: http://icgem.gfz-potsdam.de/home) hosted at GFZin Potsdam [10].

n+1 n
> Z (Cpmcos(mAp) + Sy Sin(MAp)) By (cos93) (15)
=0

7e(P)

Anobservationis necessary: Ap, 19;5, are the spherical coordinatesof the point P on the ellipsoid surface
and must not be confused with the ellipsoidal ones, commonly used by GNSS receivers. They can be
obtained by exploiting the following relationship between the geocentric Cartesian 3D reference frame
and the spherical coordinates of agenericpoint P:

Xp = 1p sin 193 cosdp
YP =7p sin 19; sin AP (16)
Zp=Tp cosﬁg

Continental geoid models are usually computed and made available to users as a map of the geoid
undulation ona suitable regulargrid. They are estimated using a dense local gravity dataset and they
are generally more precise than the GGMs. In fact, theiraccuracy is usually around 8 cm. They can be
usedinthe transformationformula h < H overalimited portion of the Earth’s surface, e.g. only over
the corresponding continent. As an example, we can mention the European (quasi)geoid EGG2015 [5]
(see section 5.4.2forthe quasi-geoid definition) which holds for Europe (see Figure 5-7). Itis estimated
overaregular1’ X 1’ geographical gridinthe area25° < ¢ < 84° —50° < A < 70°.

Finally, local national geoids are also available. Like the continental models, these are usually estimated
overacountryor aregion. They canreach a precision of 2-3cm due to the availability of denser ground
gravity data. They are sometimes classified and thus not always freely available. As an example, we
can mention the Italian (quasi) geoid ITALGEO2005 [2], which is estimated over a regular 2" x 2’
geographical gridinthe area 35° < ¢ < 48° 5° < 1 < 20°(see Figure 5-8).

A large collection of continental/regional/local geoids is available at the International Service for the
Geoid (ISG), another official service of the International Association of Geodesy (IAG) (see ISG the web
page: http://www.isgeoid.polimi.it) hosted at DICA - Politecnico di Milanoin Milan [21]. A web-based
height conversion service that uses the models freely available in the collection is available, among
otherservices offered.
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meters

Figure 5-8: the Italian (quasi) geoid ITALGEO2005 [2]

Allinall, the equationthatis used forgetting H from h, or viceversa, holds ata precision level that, in
the worst case, is of the orderof 30 cm (i.e. when GGMs are used forestimating N).

Moreover, as continental/regional/local geoids are typically provided in the form of gridded data, an
interpolation is required to evaluate the geoid undulation at an arbitrary point. Typically, a bilinear
interpolation amongthe closestfourgrid nodesis used through the following formula:
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N(P) = Nyygjon = A=A —mN;j +E(1 =Ny jp1+ (1 —Nigpr; +EnNiyyjy (A7)
where N; j, Niy1j, N j+1, Niy1,j4+1 are the geoid undulations of the closest pointto Pand §,n € [0,1]
are relative distances of the point P with respect to the grid step in the row and column directions,
respectively, see Figure 5-9.

¢
) Gt 1)
- o — —

n

|
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I

I
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—_— i & — -
G+1,01 I(i+1j+1)
| |

Figure 5-9: bilinear interpolation

5.4.2 Normal height and Ellipsoidal height

When considering normal and ellipsoidal heights the equation to be usedis
h(P) = H'(P) +(P) (8)

where (P), called the heightanomaly, is the separationbetween the Earth’s surface and the telluroid.
The telluroidis a surface that mirrors the Earth’s surface according to the equation W (P) = U(Q) with
P on the Earth’s surface and Q on the telluroid (see Figure 5-10).

Earth’s
surface
"~ telluroid
H*
_.f 0y geoid
N
| ellipsoid

)
Figure 5-10: geoid and telluroid

By mapping the {(P) values onto the ellipsoid, one gets the quasi-geoid. It must be underlined that
the quasi-geoid is NOTan equipotential surface of the gravity potential, asisevident from its definition.
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All the discussion in section 5.4.1 on the geoid holds for the quasi-geoid. Quasi-geoid models are
available at global, continental and regional levels and can be used to perform the conversion. Thus,
the expected precisionsinthe formulah < H™ are substantially the same as describedfor h « H.

5.4.3 Orthometric height and Normal height
If orthometricheights have to be calculated from normal heights (and vice -versa), the equation to be
appliedisderived, asshownin Figure 5-10, as:

h(P) = H(P) + N(P)

h(P) = H*(P) + ¢(P)

(19)

whichimpliesthat
H(P)+ N(P) = H*(P) + {(P) (20)
For the expected precision of this conversion formula, please referto the discussionin section 5.4.1

Furthermore, the most commonly used transformation between geoid undulations and height
anomaliesisgiven by the following approximate formula [7]:

N(P) = {(P) +AgB—]7(P)H(P) (21)

where Agpis the Bouguergravity anomaly, ¥ is mean normal gravity, and His the orthometricheight.
In mountainous areas, this approximationcan introduce errors of the order of tens of centimetres [6].

5.4.4 Orthometric height and atmospheric pressure

Strictly speaking, the relationship between atmospheric pressure and orthometric height is not a
conversion between two height systems. This relationship is described here. Thisis a relevant equation
for the ICARUS project since atmospheric pressure is used to estimate the flight altitude on both
manned and unmanned aircraft, especially in generalaviation. In particular, itis usedto determine the
QNE, QNH and QNE valuesthatare typically used to calibrate the altimeterin general aviation.

The equation that allows the difference in orthometricheight H to be estimated as a function of the
atmosphericpressure can be obtained as follows:

If we consideragas columnofarea S and height H, itsweight F is

F =mg= (pSH)g (22)
where pisthe gas densityand gis the acceleration due to gravity. The gas pressure P isthen given by
F
P =—=pH (23)
S pHg
and, by differentiating, we obtain
dP = —pg dH (24)

where the minus sign means that the pressure decreases whilethe altitudeincreases.

Now, if we considerthe ideal gas law
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m
PV = nRT = —RT (25)
" M

where P, V, and T are the pressure, volume and temperature, n is the number of moles of gas, m is
the total mass of gas, M isthe molar massand R is the ideal gas constant, we can get

mRT

P=——= T R,T (26)
where R isthe specificgas constant. Thus, we have
1dP
p=——"—= (27)
gdH R,T
whichimplies
dp g P g (28)

—_— - _ — = —
dH = R.,T P R.T

If T and g are considered constant, this is a first order linear differential equation and its solution is
the “hypsometricequation”:

———m[ ]+ Ho (29)

where Hy is the reference height at which the atmospheric pressure value Py is known. Although
simple and straightforward, this is quite arough approximation of the relationship between H and P.
The assumptionthat T and g are constantin heightis not usuallysatisfied. In fact, these two quantities
change with height. Therefore, we should take this into account in solving the differential equation.
This meansthat its solution hasto be written as

()4 (250

If we now assume that the temperature is linearly dependent on the height H decreasing with a
constantlapserate L, i.e.
T(H) =Ty + L(H — H,y) (31)

where Ty is the temperature atthe reference pointatheight Hy, and that g can be approximated by
itsmeanvalue gintherange from H, to H, we can getthe improved solution

LR

P g To+LH To + L(H — Hy) P\ g (32)
In{—|= In = =—
Py LR To Ty Py
The last equation canthen be solved with respectto H, obtaining
Tol/ P -5
0 g
H==21() C-1|+n (33)
L |\P, Mo

Equation (33) is the one usually applied in estimating the flight altitude by observing the atmospheric
pressure. The standard values of the parameters to be used are defined in the Manual of the ICAO
standard atmosphere [9]. Therefore, in practice the reference system depends on the chosen height
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reference value Hy and onthe pressure Py atthis height. The latterisusually defined according to the
following convention:

- QFE is the atmospheric pressure measured at the airfield. If the barometric altimeter is
calibrated at this pressure level it will show the altitude with respect to the airfield. In other
words, to retrieve the orthometricheight of a point P setting the altimeter at the QFE level, it
is necessary to know the orthometricheight H, at the airfield. By exploiting the hypsometric
equation, see Equation (29), we obtain:

while exploiting Equation (33), the resultis:
Ty + LH P -3
o+ LHy P\ 9

- QNH is the atmospheric pressure at the mean sea level corresponding to the horizontal
coordinates of the point 4, e.g. the airfield. By setting the altimeter at QNH level, the resultis
therefore directly the orthometric height, i.e. starting from the hypsometric equation, see
Equation (29), we obtain:

R.T Pp
HP = —751n [Q]V—H] = AHOP (36)
or by using Equation (33), the resultis
LRs
Th-o ( Pp >_ g
= — = (37)
Hp I ONH 1 AHyp

Note that usually the QNH value is determined by a ground barometric station by inverting
Equation (33) for Py, once the station heightand the station pressure are known.

- QNEis the standard value of the atmospheric pressure equal to 1013.25 hPa. Therefore, the
height computed by setting the altimeteratthe QNE level does not have a physical meaning.
In fact, it represents the altitude over the reference isobar line. This convention is usually
adopted above the transition height (i.e. height greater than about 1000 m), thus it is not
relevantforthe drone flight.

Note that Ty—, i.e. the temperature at H = 0, is equal to the constant value 15 °C according to the
ICAO standard atmosphere model [9].

Since the QFE and QNH values are determined by aground barometricstation, there are two sources
of errorwhen computing the orthometricheightatthe genericpoint P: the firstis the accuracy of the
knowledge of the reference height, the second is related to the combination of barometer accuracy
and model error in Equation (33). Supposing that the former has been observed by geodetic GNSS
receiver (plus ageoid model) its errors are described in the previous sections, whilethe latter can be
quantified only experimentally, as performed by Alberi etal. [1] that showed an RMS in the range 1 —
2.5m.

Itshould also be noted that Equations(33), (34), (35), (36) and (37) are valid if the horizontal coordinates
of the point P and of general reference point A where the reference pressure (QFE or QNH) is
determined are the same. If this conditionis not satisfied, correctly estimating the orthometric height
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from pressure observation requires a correction to be added depending on the lateral pressure
variation, i.e. the height difference A’A” in Figure 5-11.

Figure 5-11: Effect of lateral pressure variations

The dashed black lines representisolines, whilesolid black line represents anisobarline.Points P and
Q have the same orthometricheight, as do points Aand A"’. Point A’ has the same horizontal position
as Q and A" and is the point where the pressure is equal to the pressure at A.

In Figure 5-11 the height of points P and Q is the same, as is the height of points Aand A", i.e.
HP - HQ
HA = HAII

Starting from Equation (38) and according to Equation (33) we can therefore derive the orthometric
height difference between Qand A"’ i.e.

(38)

_LRg LRs

TA, (PQ) g TA” (PA )_T
AHgyum = 2 |(=5 —1|+=|(== -1 (39)
N AVH 1 |\p

Recalling the temperature law of Equation (31) we can observe that Ty» =T, and that Ty = T, +
LAH 4 41. Therefore, we can define the following quantities:

LRs
Ty ( P, )_ g
AH pr 411 = — -1 (40)
A'A L |\Py
p _LRg p _LRg LR
Ty + L AHyr 4 g T, g P,\ g
AHQA/=M<—Q) -1 =_A<_Q) -1 ( A) g (41)
L Py L [\Py Py
_LRs
_ T, (PQ> g
AHpy =— || = -1 (42)
T L \P,

80 Founding Members

EUROPEAN UNION  EUROCONTROL



ICARUS CONCEPT DEFINITION: STATE-OF-THE-ART, REQUIREMENTS, GAP ANALYSIS

(7~ SESAR f’

ICARU S%‘e JOINT UNDERTAKING

LRg

Py 3 43
Han" = (PA ) -1 (43)
AII

Introducing Equations (40), (41), (42) and (43) into Equation (39), we finally obtain

AHQAII = (1 + Uaq )AT‘IQAI +AHAIAH (44)

Since a barometricaltimetersetatthe P4 value measuresthe EI:IQAI term, this observation hasto be
correct by two terms to be able to retrieve the orthometric height difference of the point Q with
respectto A: thefirstisa bias AH,r 417 related to the pressure difference at the reference orthometric
height (see Figure 5-12) and the secondis a scale factor p 47 47 related to the temperature variation as
a consequence of the heightvariation of the P, isobarline (see Figure 5-13).

10 T

T T T T T T T T
P4 = 900.00 hPa
P, = 1013.25 hPa
P4 = 1100.00 hPa

AHA’A” [m]

_10 1 L L 1 1 L 1 1 1
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
Py — Py [hPa]

Figure 5-12: Effect of the AH 4/ 4/ term by testing different values of P,

300 T T T T T T T T T
P, = 900.00 hPa
P, = 1013.25 hPa

200r- P4 = 1100.00 hPa

fraar [mm/ km]

_30,0 1 1 1 Il 1 1 1 1

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
Py — Py [hPa]

Figure 5-13: Effect of the u 4,7 term by testing different values of P,
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Figure 5-12 and Figure 5-13 assume a maximum pressure variation of 1hPa at the reference height.

These corrections have to be appliedin both the QFE and QNH cases and depend on the value of Py,
that, given a reference orthometric height, can be estimated from the pressure observations of a
network of ground barometricstations, forexample.
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6 ICARUS use cases

6.1 Introduction

This chapter presents five use cases. Its purpose is to present nominal situations where drones are
likely to be involved in flight operations, and interactions with other drones, ground obstacles or
manned aircraft are possible. Use case 0 gives the current “State of the Art” of operations undertaken
with small drones, while the last use case (use case 4) envisages a future drone taxi scenario (UAM).
Each use-case covers both uncontrolledand controlled airspaces, urban and non-urban scenarios, and
considers different typologies of droneswith different capabilities. Finally,additional details havebeen
providedin the specification of the GNSS receivers envisaged for on-board altitude measurements.

The use cases presented here will contribute, together with the other themes described in the
document, to the definition of the high-levelrequirements.

6.1.1 Use Case 0 — state of the art

Scenario: Inspection of a ski lift/ cableway between Italy and France
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Storyboard A UAS operator has been contracted to perform an industrial inspection of
cableways and ski lifts using state-of-the-art UAS technology for visual and
thermographicinspections of the most critical parts of the infrastructure, with a
significant enhancementin terms of safety of the personnel involved in the actual
proceduresand with astrong cost reduction with respect to normal maintenance
procedures.

84 Founding Members

EUROPEAN UNION  EUROCONTROL



ICARUS CONCEPT DEFINITION: STATE-OF-THE-ART, REQUIREMENTS, GAP ANALYSIS

(-

ICARUS,,

The UAS operations are requested for the inspection of one route of the
infrastructure at a time; most of the cases having a strong vertical slope. All the
operations fall under BVLOS conditions for the UAS operator with an average
distance of 2 kmto be coveredin Radio Line of Sight conditions.

The planning of the operations is a critical part for this mission as updated
informationisrequired about:

e Position of artificial ground obstacles (including those to be inspected)

e Vertical distance of the UA from the ground (drone height, AGL)

e GA traffic is not expected; mitigation is achieved at the strategic phase
(i.e.NOTAMissued forflyinginaprotected area)

UAS
e e —
IR s, |

Multicopter UAS < 25 kg for Industrial inspection
E.g.: DJIM300 RTK

https://www.dji.com/it/matrice-300/specs

e Quadcopter9kg MTOM

e Dimensions: 810x670x430 mm (without propellers-21")
e Autonomy:upto 55 minutes

e Windresistance:15m/s

e |P45 certified

GNSS Receiver

e DF(L1/L5, E1/E5a)

e MC (GPS+ GLONASS + Beidou + Galileo)

e RTK (with private local base station or through the EUREF network or
similar private networks)

NO EGNOS
Altimeter DATUM: Geodetic height (ref. WG84 ellipsoid): UAS home-point height over the
settings DATUM isdisplayed.
For example, when the UA is on the home point, the remote pilot may have the
followinginformation on theirground station display:
= Home pointelevation: 3,439.5m
=  UA height(geodetic):3,439.5m
= UA height(AGL):0.0m
=  WaypointB elevation: 3,545.0 m
=  Waypointelevation difference=105.5 m
= allthe otherrelevantderived height/elevation information.
GIS Cartographic information displayed to the pilot in static form (paper sheet or

digital, but notinteractive)

= example: updated AIP on a tablet (Electronic Flight Bag) in pdf digital
formator printed mapsin the form of papersheets.

Manned traffic

Notforeseenforthis scenario. GA traffic (helicopter)is not expected; itis assumed
that the UAS operator has obtained a valid authorisation from the Civil Aviation
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Authority to fly in a protected area through the publication of a NOTAM.
Interference with GA flightsis mitigated in the strategic phase.

Airspace
volume

X volume (according to CORUS classification)

RNP

Notapplicable forthis scenario.

Video link return for the pilot is a mitigation and a required element of the UAS
architecture to accomplish the inspection mission (video linkrange upto 7 kmin
RLOS conditions)

Challenge

e Cross border operations: GNSS-based altimetry (WGS-84 as datum)
guarantees a common altitude reference to UAS using the same datum
(with requirements to be identified in ICARUS WP3). However, an
additional U-space service might be needed to provide the DTM/DSM
(terrain profile), ground obstacle positions and heights (if any); thisservice
is especially needed during the strategic phase. Cross-border inspection
operations may involve two different UTMservice providers (USSP), using
different cartographic systems for the generation of the terrain model
(DTM). The coherence of the information provided by both USSPs and
possible service handover procedures are a potential challenge to be
addressed

&

Aiguille du Midi“

41146°N  6°54:38 427ENelay 3127 m ah, 8'56 km

e Terrain-following during inspection: The critical elements of the
cableway to be inspected are the cables and the trellis that support the
cableway /ski lift cables. It is expected that such infrastructures have a
vertical height much lower than 120 metres AGL. However, the
interconnection of two of these elements may also be expected over a
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deeper crevasse of more than 120 metres. Therefore, during navigation,
the UAS may experience some situations where the navigation is
performedtechnically above 120 metres AGLin some parts. The definition
of smoothed geo-caging corridors compliant with the elevation profile is
expected. The corridor’s height limits are expressed using a geodetic
height datum.

Height
limitations

Note This use case represents state-of-the-art UAS operations with the actual UAS
equipped with aDFMC GNSS receiver usedin RTK mode that can be summarised
by:

e Excellentpositioningaccuracy on the horizontal plane
e Verypromising positioningaccuracy on the vertical axis
e Bad GNSS signal integrity

Moreover, the following should be considered:

= The GNSS RTK receivers mounted on-board UAS nowadays can hardly
resolve phase ambiguity (float solution easily achievable, fixed solution
hardly achievable especially innon-open sky conditions and with highUAS
velocity).

= Decimetre (20-30cm) accuracy precision on the horizontal plane and sub-
metric (90 cm- 100 cm) accuracy on the vertical axis is achievable when
industrial grade dual frequency GNSS receivers are used in multi-
constellation mode.

= |t is not always easy to obtain GNSS receiver information (and
configuration) from UAS manufactures. This elementis very importantas
inputforthe SORA analysis.
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6.1.2 Use Casel —Drone Deliveryina airspace volume

Scenario: Spare part delivery to an offshore oil & gas platformin the Adriatic Sea

Storyboard

Drone delivery operations are implemented on a weekly basis (or on demand)
fromthe local Port Authority premisesto a nearby offshore oil & gas platform. The
UAS operator in charge of operationsis an express courierthat has a logistichub
inside the portand makes use of UAS technology for delivering small packages to
the platformor to large vessels (oiltankers) nearit.

The delivery operations are authorised by the local CAA withthe activation of UAS
corridor for delivery missions. Considering the possibility of strong gusts of wind,
the operations are generally accomplished in the morning (8:00-9:00 local time)
or one hour before the sunset.

The corridor is a sub-volume of Y airspace. In this corridor it is mandatory for
airspace users to measure their altitudes over the ellipsoid reference datum
(WGS-84). This information is directly obtained by the GNSS receivers without
requestingany otheradditional service anditisacceptable for common UAS-UAS
heightreference.

Because Y airspace is used, conflicts are resolved by U-space during the strategic
phase and a traffic information service is typically provided during the flight.
According to the requirements of such an airspace volume, the UAS must be
capable of reportingits positiontothe Tracking service during the flight. The UAS
positionisreportedto U-space with respect tothe WGS-84 datum.

Keyelements

=  Medical kit/spare partsdelivery fromPort Authority premisesto offshore
oil & gas platform or oil tanker usinga corridor;
= Route:7 kmfrom port to offshore oil & gas platform + 7 km back

88
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Cruise Height: 110 m AMSL
Waypointautomaticmission for UAS

Assumptions:

C2 linkfromthe GCS to the UAS isredundant on two frequency bands;

A contingency plan, including RTH procedures, is present;
Return-to-home (RTH) procedures will not cause the UAS to fly outside
the corridor;

Coordination and communication with possible local traffic (i.e. helicopter
landing on the same offshore platform)is handled;

Information on local wind conditions and traffic over the platform is
handled through VHF radio communications;

Position reporting service is implemented through the 4G LTE network /
LEO communications.

Uncontrolled
Airspace

¥ Airspace volume

Delivery Corridor
(Geodetic Altitude
[ e Mandatory Zone)

UAS

Multicopter UAS < 25 kg for package delivery

VTOL quad-plane configuration of 24.9 kg MTOM

70 km autonomy RLOS

6 kg payload

Dimensions: 2200x3600x830 mm

Autonomy:upto 3 hours

Engine:4 electricmotors (quad configuration) + 1 4-stroke gasoline
motor (fixed-wing configuration)

Wind resistance: 18 m/s

Vision system for Accurate Landing (7 metres)

Sense & Avoid technology (orV2Iforlanding)

GNSS Receiver

SF(L1)
MC (GPS + Galileo)
EGNOS Enabled
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Altimeter
settings

Geodetic: UAS home-point height over the WGS-84 DATUM is displayed to the
pilotandis used forcommon UAS-UAS altitude reference.

For example, the remote pilot's ground station might display:

=  Hub home-point height reference: 12.0 m (geodetic height of the hub
home point)
= landing-pad height reference: 36.0 m (geodetic height of the landing
platform)
The difference in height of the two pointsis 24 metres.

GIS

Cartographicinformation displayed to pilotsin staticform (papersheetordigital,
but notinteractive)

= example:updatedAlP onatabletin pdfformatorprinted maps on a paper
sheet

Other traffic

Other UAS traffic might be present around the area of operations (close to the
coast). However, conflicts should have already beenresolved during the strategic
phase. No U-space service involvementis neededforacommon UAS-UAS altitude
reference, with the assumption of a common WGS-84 datum and GNSS-based
height measurement ora Performance Based Navigation approach.

Leisure ultralight flights near the area of operations are a possibility, especially
during the summer time. This traffic includes paragliders, hang-gliders as well as
kite-surfs, kite-boats and other “tethered” flying things not typically linked to the
aeronautics domain. This trafficis identified as a major air risk for this scenario
that must be mitigated. Infact, in most of the cases, such manned ultralights only
flyin VFR conditionsanditis not uncommon for no instruments to be present on
thistype of aircraft (notevenanaltimeter!)

Assumptions

= |tisassumedthatinthe worstcasesthe identified ultralight flights do not
have VHF radio for communications or instruments (altimeter, artificial
horizon, orotheranalogiccapsule instruments). Forthis category of user,
a U-Space transponder (UTM box) is proposed to feed the Tracking
Service. In fact, such a device could also be worn as pocket device by
paragliders and leisure users (potentially, even in the form of a mobile
phone app). Position reporting would be provided natively in the WGS-84
datum, considering the presence of an internal GNSS receiver. Warnings
and alerts may be delivered through vibration, lights oracousticsignals.

= |tisassumed thatin many cases the remote UAS pilotis not able to see
thistrafficwith video link feedback

= |tisassumedthat UAS cannot be seen by the othertraffic

Airspace
volume

Y volume (according to the CORUS classification); a corridor is defined within Y
airspace.

RNP

Required Navigation Performance capabilities are envisaged in this use case and
in particular:

90
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= RNP 0.01 (18-metres buffer) on the horizontaland vertical axes isfeasible
for this typology of drone in a quadcopter configuration (during take-
off/landing phase)
=  RNP (somewhere from 0.01 to 0.1 — 18 to 180-metres buffer) is expected
for thistypology of drone flyingin afixed-wing configuration.
Video Link return is available for the pilot and used as mitigation for mobile
obstacle detection (e.g. tall vessels) and forremote landing procedures.

Drone telemetry for the UAS operator and position reporting to U-space is
mandatoryinthisflight corridor.

Challenge e Altitude reference with other ultra-light traffic: The common altitude
reference system also for GA shall be considered (i.e. Reporting service,
ADS-Bor a dedicated U-space service to be used also by GA).

e U-space /ATC Interface at procedural level: Airinformationservice is not
always providedinclass G airspace. A possible mitigation strategy can be
put in place with the introduction of the VLL “Geometric Altitude
Mandatory Zone”. The agreed corridor (overthe sea) can be accessed by
drones or GA flights that set their altimeters on the WGS-84 datum or GA
flightsthatreporttheir position,accordingto agiven procedure,tothe U-
space position reporting service (i.e. tracking service) or a dedicated U-
space service potentially used also by GA.

e Landing on a remote site: The oil & gas landing platform can potentially
be a resource shared with helicopters or other drone operators.
Coordination and communication with the platform controltower are also
needed for other information such as local weather (e.g. weather
conditions, wind gusts).

Note This use case represents the next step for drone delivery operations. Many pilot
projects have started in the last two years, however the common altitude
reference problem for UAS and GA has not yet been solved. This use case focuses
on:

e first ATC/U-space procedural mitigation (strategic/ tactical phase)

e WGS-84/barometricdatum translation service requirements

e Certification of GNSS receivers for UAS (EGNOS-enabled) with better
integrity features
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6.1.3 Use case ll —Power lineinspectioninY airspace

Scenario: inspection of a powerline in Poland

Storyboard A UAS operator has been contracted for the industrial inspection of a powerline,
since access to the area of operation rendersinspection with helicopters difficult.
A thermographicanalysisisrequested to detect potential hot spots and to collect
data for later maintenance scheduling.

The resulting inspection will be cheaper, quicker, safer and more effective than
normal helicopter maintenance procedures, reducing costs and enhancing the
safety of peopleinvolvedinthe operations.
The operation requiresscanning volumes (corridors) each about 2-3km long, with
electricpylons heights up to 100 m. All the operations fall under BVLOS condition
inan uncontrolled airspace.
Planning of the powerline inspection requires:
= 3D terrain mappingto determine the flight path
= updated obstacle mapping, with atleastthe position and height (AGL) of
towersand cables;
= atrainedoperatorforreadingtheinspectionresults;
= dronessuited forpowerline inspection work (protection against
electrical fieldand magneticinterference)
= |ow GA trafficis expected;low drone trafficmight be present.
Deconflictionisachievedinthe strategicphase by uploading the flight
planin advance tothe USSP.
UAS Hexacopter RPAS < 25 kg for industrial inspection equipped with RGB cameras,

thermal camera and LIDAR for powerline maintenance (impact of vegetation
nearby the infrastructure, 3D model reconstruction, etc.)

e Hexacopterdrone (24 Kg MTOM)
e 20 km autonomy RLOS (C&C encrypted, ADS-Bin)

92
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e Upto8kgpayload

e Dimensions: 1680 x 1680 x 840 mm
e Diameterwithrotors:2330 mm

e Autonomy:upto 60 minutes

GNSS Receiver

e DF(L1/L5, E1/E5a)

e MC (GPS+ GLONASS + Beidou + Galileo)

e RTK (with private local base station network or through the EUREF
network)

e EGNOS enabled

Altimeter
settings

Geodetic (set on WGS-84 Datum): UAS home-point height over the DATUM
displayed.

GIS

Cartographicinformation displayed to pilots digitally using a U-space service.

Manned
traffic

Other UAS traffic might be present around the area of operation. No U-space
service is needed for common UAS-UAS altitude reference, with the assumption
of a GNSS-based height measurement (or PBN approach) and a WGS-84 datum.
Position reportingin the tactical phase is mandatory.

Leisure GA traffic may be presentin the area and will continue using barometric
reference (e.g. QNH). Also, other technical aerial intervention (helicopters for
other kinds of inspection in the same area). Itis assumed that the UAS operator
has obtained a valid permanent authorisation from the Civil Aviation Authority
(e.g. valid for 1 year) to fly on a regular basis in an agreed limited volume. A
NOTAM has beenissued

Assumptions

= Drone positionisreportedto U-space (tactical, airvolumeY);

= Deconfliction with other drones is managed at the strategic phase (air
volumeY)

= Dronealtitudeisreported usingthe WGS-84 datum. GNSS-based altimetry
(good for quick assessments of other UAS trafficheight)

=  Drone heightis translated from one datum to another (WGS-84->local
QNH) by a dedicated U-space service,fed by the U-space Tracking service.
The information is updated every 30 minutes and kept available for ATM
as a Traffic Information Service if requested, for other airspace users (in
nearby class G airspaces) broadcast overa VHF channel.

= GA trafficflying in VFR conditions report their position and height to Air
Traffic Information (VHF, vocal communication, e.g. 1000 ft QNH) when
reaching a reporting point. A simple ATM /UTM interface invoking the
barometric — geodetic conversion service can be defined for reporting
manned trafficposition and heightinformation to remote UAS pilots.

= Separation is not provided; “Stay well clear of other traffic” is
accomplished in the strategic phase and procedurally during the tactical
phase.

Airspace
volume

Y volume (according to CORUS classification)
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RNP

Required Navigation Performance Capabilities are envisioned in this use case and
in particular:

RNP 0.01 (18 meters buffer) onthe horizontal and vertical axisis feasible
for thistypology of drones (hexacopters)

Challenge

Electromagnetic interference from power lines: High-voltage lines
generate their own magnetic field. The resulting interference increases
with proximity to the powerlines. This may resultin temporary loss of the
control link with the drone. Additional risks are potential electric arc
discharge in a highly ionized environment, that can damage the flight
controller and propeller. Precautions can be taken by using appropriate
ferromagneticshielding (e.g. Faraday cage for protection or spectrometer
to detect and manage interference points) or more importantly by flying
at a certaindistance fromthe lines (e.g. at least 100ft)

Field of vision limits: Powerlines can be several mileslong. This requires
an appropriate control range to be takeninto account when planning the
inspection both forthe choice of the drone (autonomy)and authorisation
fromthe CAA. Limitation of corridors forinspections (2-3 km long) may be
a solution.

Terrain and obstacle mapping: A digital model of theterrain and obstades
must be provided to the operator to allow a safe path to be determined
to prevent collisions. The obstacle map may need to be updated afterany
maintenance intervention. The drone itself can be equipped to scan the
area and record terrain data to update the model.

Altitude reference with other manned traffic: The common altitude
reference system must provide means of communication for solving
conflictual problemsin cases of multiple operationsin the interested area.
Translation of altitude reference may be possibly offered to both drones
and GA flights.

Note

This use case isan example of adrone application to support dangerous inspection
operationsandincrease the safety of technicians. The advantages in further using
drones may be seenin multiple maintenance operations, allowing cheaper, safer,
quickerand more effective intervention.

An analysis of risksis required according to SORA methodology.

Key elements:

GAMZ operationsinside Yairspaces

Datum translation service for GA

PBN approach (implemented by GNSS-based altimetry fordrones)
Reliable digital terrain information for mission planning
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6.1.4 Use Case lll — Autonomous drone for biological sample delivery

Scenario: delivery of biological samples to a laboratory

S —_—
—

-
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Storyboard A private clinic has a great number of patients for surgeries, but preparation
procedures are time-consuming since thereis no laboratory onsite.In fact, samples
need to be transported to the nearest analysis centre 7 km away, inside the city,
requiring fasttransport deliveryas wellas rapid analysis. Adrone operator has been
contracted by the local city hospital (hub) to offer a biological sample delivery
service using drones to small clinics (spokes) with a typical hub-and-spoke
architecture.

Drone delivery may offer a significant benefit in terms of transportation time,
comparingto the actual transportation procedures, especially during rush hours.

ROUTINY DAY FLIGHTS

AVASAGE APLED « a0

e
-

-

CLINIC

{CG TIME SAVING MONEY SAVING LIVES.

Medical professionalsload the drone’s secure container, set the destination (from
a pre-defined list) by using a map loaded into system, and the drone follows the
path throughthe urban environment, on pre-arranged low-level routes designed to
mitigate ground and air risk.
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The operation is conducted in BVLOS in a Zu volume of airspace, uncontrolled by
ATM but managed by U-space. The flightis envisaged to be autonomous* from one
docking/recharging station at the hospital (hub) to the collection pointatthe clinic
(spoke).

The mission planning must take inaccount:

= Training medical professionals to load/unload the payload and start drone
operation (providingadigital interface at the starting base)

= Updated and accurate digital 3D models of the urban environment for path
planning and with an update link for weather-condition information to
ensure that the autonomy management of the mission effectively reaches
the level of safety required

= Missions pre-authorised on specific low-level routes that minimise the
ground and air risks.

=  Well-defined contingency plans in case of non-nominalsituations.

=  GNSS receiver accuracy may be degraded in an urban environment during
the take-off/landing procedures because of urban canyon effect (fewer
satellitesinview, multipath, etc.). Detect & Avoid technologies may help to
fill the gap as well as using other technologies for position determination
(5G, vision systems, etc.)

UAS Multicopter< 25 kg

<n As an example: Matternet M2 https://mttr.net/product
[

v > e VTOL Quadcopterconfiguration of 11.5kg MTOM

e 20 km autonomyBVLOS

e Payload:2 kg with 4 litre volume

e Dimensions: 800x800x260 mm (without propellers) 1280x1280x260 mm
(with propellers)

e Autonomy:upto 30 min(dependingon cargo and conditions)

e Cruisespeed:10m/s

e Cruisealtitude: 120 m AGL

GNSS e DF(L1/L5, E1/E5a)

Receiver e MC (GPS+ GLONASS + Beidou + Galileo)

e RTK (with privatelocal base station network or through the EUREF network)
e EGNOS-enabled

Altimeter WGS-84 datum: UAS home-point height over the DATUM is displayed and is used
settings for common UAS-UAS altitude reference.

4 Level of autonomy 4/5 accordingto the Dronell.com Industry Insights
https://dronelife.com/2019/03/11/droneii-tech-talk-unraveling-5-levels-of-drone-autonomy/
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GIS

Cartographic information is provided as a web service in the form of M2M
communication. The drone itself caninteract with the U-space service.

=  QObstacle database available
=  DTM /DSM service
= Videolinkandtelemetriesavailable to UAS operator control room

Ground obstacles and maps, including 3D model of the buildings are providedto the
UAS operator relative to the datum used for Common Altitude Reference (U-space
Geospatial Information service)

Manned
traffic and
other drone
traffic

Other UAS trafficmight be presentin the urban area, considering the Zu volume. All
UAS must provide positionreporting. Moreover, tactical deconflictionis offeredto
the drone pilotor to the droneitself by U-space

UAS-UAS altitude reference is possible with vertical accuracy to be evaluated.
However, considering the environment, additional information might be needed on:

= Navigation Coverage information

= GNSS signal Monitoring (Integrity information / "trust” in the GNSS
measured signal, presence of jamming or cybersecurity threats)

= Electromagneticinterferenceinformation

Manned traffic, specifically helicopters, could be encountered at take-off and
landing sites, since a hospital platform may host air ambulances. Usually VFR
navigation is adopted. Both manned and unmanned operations require strict
communication with hospital service personnel to ensure timely medical
intervention. Radio communication will therefore be adopted to coordinate
operationsand avoidinterference.

=  GAMZ may be temporarily removed by institutional players (i.e. during
HEMS operations), forcing drones to return to home immediately or
implement otherdefined contingency plans.

= Low-level drone routesinside GAMZ must be pre-defined and well known
by other GA trafficbefore flight

Regulations stipulate that aircraft are not allowed to fly below 500 ft above urban
areas, so leisure GA traffic should not be encountered during the low-level UAS
routesinside Zu airspace.

Airspace Zu
volume
RNP Required Navigation Performance capabilities are envisagedin this use case and in

particular:
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= RNPO0.005 (9-metres buffer) or RNP0.003° (5 metres) on the horizontal and
vertical axisis feasible forthis type of drone.

= A number of narrow vertical “corridors” can be defined over the cities in
orderto enhance the airspace capacity. Drones trafficcannot be separated
vertically without precise height measurements, therefore new
methodologies to (2-3 or 4 levels are expected at VLL, ICARUS study is
studying underwhich conditions thisis possibility)

Videolinkreturnisavailable inthe UAS operator fleet control room and used when
needed.

Challenge Challenges for these kinds of operation are related to the level of autonomy
expected, since the presence of people in the urban area requires pre-arranged
routes that minimisethe ground risk to people notaware of these operations.

In particular:

=  Geospatial Information service (U-space service) foraccurate 3D model of
buildings (groundrisk);

= Population Density Map (U-space service): Heatmaps of populationin pre-
flight and tactical phase for safety assessment;

= ElectromagneticInterference Information (U-space service)

=  Autonomy: Thisoperationis envisagedto have a high degree of autonomy.
However, a UAS operator control room is required for monitoring the
operations of the fleet

e Othertechnologies are needed such as Detect & Avoid systems for ground
obstacles (multi-stereo cameras, LIDAR, etc.) and ADS-B (in / out) for direct
local communication with manned aircraft that have this technology.

e Micro weather information is needed (at least over landing and take-off
hubs).

e Cybersecurity threats: Both for C&C /telemetry linkand for GNSS SIS. New
EGNSS services (0S-NMA®), providing authentication of GNSS user terminals
may represent a mitigation for meaconing, spoofing and other intentional
threats for GNSSsignal)

5 RNP0.003 (about 5 metres of buffer) capability is equivalent to RUNP5 capability defined in CORUS ConOps
examples.

6 https://www.gsa.europa.eu/newsroom/news/new-generation-os-nma-user-terminals
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= Landing on a remote site in an urban environment: Autonomous take-off
and landing need to be reliable enough to complete the mission without
involvement of people or facilities. Traditional GNSS-based operation may
degradeinan urban environment, so a solution may be to integrate vision-
based systems (and or other proximity technologies) to ensure a safe
distance from surrounding obstacles.

= Failures in an urban environment: Failure is a possibility in mid-flight,
posinga dangerfor people. Systems mustbe installed to avoid any kind of
harm (e.g. flight terminationsystems with parachutes to reduce the descent
velocity).

= Urban mapping: A digital model of the terrain and obstacles must be
provided to the operator and updated regularly to guarantee the safe
execution of the mission. Inan urban environment, accuracy of the models
should be enhanced and updates should be more frequent, since buildings
andinfrastructure may change very dynamically. The period of update must
be chosen carefully to record significant/dangerous changes.

ICARUS JOINT UNDERTAKING
ol TR
DRONE INOUSTRY INSIGHTS
THE 5 LEVELS OF DRONE AUTONOMY
MU NN NN O . . - - I
. |
o Level Level Leve Level I
w0 1 4 5 |
Human . . I
Invotvement - - I
Machine W W
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Degree of No High Full I
Automation | Automation Automation Automation I
Description | Drone control Pilot remains in || Pilot remains Pilot acts as Pilot is out of Drones wit be |1
15 100% control responsible for || fall-back the loop able to use Al |
| manual Drone has safe operation system Drone has :!o‘g:? {Xh(:_;zl:nas
control of at Drone can take || Drone can backup auto P |
least one wital over heading, petform all systems so lars
function altitude under functions that if one fails, ‘a q ng I
certain ‘given certain the platform Syane I
condiions conditions will still be
operational |
' I
Obstacle
NONE
Avoldance
7\ |
- DRONEII.cCOM
Actual operations, State of the art TAONE INDUSTIY INLCRTY

Note

Drone delivery plays animportantrole in time-demanding operations. To maintain
the time advantage, an increasingly high level of autonomy will be required, until
independence from planning can be reached.

This requires further self-diagnostics and fail-safe capabilities that can be achieved
today with the integration of multiple sensors.
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6.1.5 Use Case IV — Air-taxi Operations

Scenario: Air-taxi service from an airport to the city centre

Storyboard Businesstravel often requires astrict time schedule and time wasting because of
trafficcongestion can be very annoying.

An air-taxi is requested to transport one person from the airport to a vertiport
located inside the city, thus using the air to avoid other vehicles and reach the
destination faster.

A dedicated air-taxioperatorareais situated far away from the airportapron but
stillinthe ATZ, within easy access of airport passengers. The operator asks the air
taxi passenger for their destination and sets the route for the flight, following
procedures and routes pre-approved by the local CAA, to avoid any kind of conflict
with manned traffic.

Since the air-taxi service will provide a comfortable cruise for its passengers late
inthe evening, alighting system similarto that used on manned aircraft will allow
it to be visible to othertraffic.

Departing from the airport and reaching the vertiportin the city will require a
flight of approximately 16 km. The flight will be performedin BVLOS conditions,
starting from a controlled airspace (ATZ)and then flyingand landingin an airspace
uncontrolled by ATM, but served by U-space services (Zu).

Once the destination has been reached, the air-taxi will return to the airport
station or wait on the veritport’s landing pad to recharge its powersupply.

UAS For example: Volocopterair taxi

For reference: https://www.volocopter.com/en/urban-mobility/
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https://press.volocopter.com/images/pdf/Volocopter-WhitePaper-1-0.pdf

e Capacity:one passenger

e lLength:3.20 m excluding propellerring
e Width:9.15 mincluding propellers

e Height:2.15m

e Emptyweight: 290 kg

e Gross weight:450 kg

e Maximumspeed: 100 km/h

e Range:27 kmat 70 km/h

e Endurance: 27 minutes

GNSS Receiver

e DF(L1/L5, E1/E5a)

e MC (GPS+ GLONASS + Beidou + Galileo)

e Supposed EGNOS (V3) enabled (integrity for GPS and Galileo)
e Supposed Galileo Next generation enabled

Altimeter
settings

WGS-84datum: before enteringthe GAMZin the Zu volume
QNH / QFE Barometric: when enteringordeparting from ATZ airspace only

Both measurement (supposed certified) systems are available to the autopilot
computer. A strong connectivity with U-space services guarantees the use of the
required referencesysteminthe corresponding airspace (e.g. barometricfor ATZ,
geodeticforY, Zuoutside the ATZ)

GIS

Cartographicinformationis provided as a web service in the form of digital M2M
communication. The air-taxiitself caninteract with U-space services.

=  Updated obstacle database available
=  DTM /DSM service

Manned traffic

While operating in the ATZ, the presence of both manned VFR and IFR trafficis
certain. ATM services are required to coordinate with the air-taxi operator to
avoid conflict.

The taxi drone must handle the requirement applicable in ATZ airspace when
entering /departing from ATZ.

Otherair-taxis operating to different destinations are possible especially at large
airports.

Assumptions

= Theair-taxiisvisibletoterminal radars sothat ATC can track itand record
its position and altitude information. Transponder equipment will allow
more precise tracking and easierrecording of data by ATC.

=  Sinceitis allowed to enter the ATZ, manned trafficis equipped with at
least VHF radio for communication with ATC. This will be the minimum
link for manned pilots to be informed of drone traffic. In the best cases,
IFR aircraft equipped with a transponderwill have digital information on
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their cockpit display. Itis assumed that there will be a specificsymbol or
colourto indicate unmanned traffic.

=  The air-taxi operator has a link with the ATC terminal service to be
informed of manned traffic (e.g. M2M link reporting radar display) for
surveillance purposes. .

Airspace
volume

(ATZ) Za, Y, Zu volumes

RNP

A Required Navigation Performance approach with very strict requirementswhen
accessingthe GAMZ (Zu) is envisagedin this use case

= RNPO0.005 (9-metres buffer) onthe horizontal planeand vertical axes still
needto be provedforthistype of drone

Video-link returnis available inthe airtaxi operatorcontrol room for the remote
pilot responsible for monitoring the flight.

Challenge

e Altitude reference with other traffic: IFR aircraft equipped with GNSS
receivers or ADS-Bwilluse the samealtimetry reference. VFR trafficis the
main critical issue duetothe lack of reliable altimetry sources for terminal
procedures. Since air-taxis should be large enough to transport people
and carry positioninglights, visual detection by VFR pilots may be enough
to enable avoidance. If a conflict could occur, a visual separation
instruction would be required from ATC.

e U-space / ATMinterface at procedural level: Standard traffic procedures
might be defined for the air-taxi. These procedures should take into
account:

e The planned path from the aerodrome to the vertiport compatible
with assessed manned terminal procedure paths;

e The scheduled time of departure/arrival of the air-taxi as an
independentservice from aspecificairline operation;

e alternative paths in case there is a high level of congestion in the
terminal area;

e safety requirements in terms of weather conditions in accordance
with the limitations of the air-taxi.

Scheduledtime and planned path may allow the air-taxi to be treated as

a constantingeneral operations.

e Involvement of AT Controller: to allow the integration of air-taxi traffic,
the ATC display must include specific markers to distinguish unmanned
aircraft and establish a direct communication link with the air-taxi
operatorin case of detected conflict. Thiskind of procedure may generate
additional stress on the controller. This can be mitigated by integrating
systems of autonomous data collection (e.g. transponders) for both
reception and transmission.

e Landing on a remote site in the urban environment: High accuracy, anti-
spoofing and jamming technology is required to ensure safe localisation
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of the platform and the air-taxi itself. Vision-based landing systems may
be integrated for precision landing on ground markers.

e Urban mapping: A digital model of the terrain and obstacles must be
provided to the operator to allow safe routes to be scheduled and to
strategically prevent conflict. For an urban environment, updates can be
more challenging, since buildings and infrastructure (e,g, cranes) may
change quite often. The update period must be chosen carefully to allow
significant/dangerous changestobeincluded.

e Sky tunnel: A flying corridor with dimensions proportional to the RNP
capabilities defined may support the remote pilot in charge of the
operation, for monitoring any discrepancy against the planned
trajectories.

e Public acceptance: In general, itis not easy to assess the impact of the
new service since many factors may contribute its success.

e Vertiport: New operations and methods, most likely similar to those for
helicopters at airports and helipads, might be defined for these
structures.

Note This use case highlights the direct involvement of external people in drone
operations by considering atypical airtaxi operatingin different type of airspaces
and with different procedures.

Transporting people will likely require a higher level of safety to be certified.
Avoidance systems must be equipped to resolve unforeseen conflicts. Also,
contingency and emergency procedures and equipment must be provided to
mitigate possible problems.

The area of operation may require the use of instruments capable of “speaking
the same language” as manned aviation to be considered. This could include
Mode-S transponders able to make the air-taxivisible to the TCAS system, so that
manned-aviation pilots can perform avoidance manoeuvres if procedures fail.
Furtherintegration of ADS-B may be discussed.
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6.2 Use Case Summary

Use Case 0

Use Case |

Use Case Il

Use Case Il

Use Case IV

Industrial ski-lift

Spare parts delivery t

Industrial powerline

Biological sample

Airport-Vertiport

GA Pilot

pilot, helicopter pilot

Application inspection off-shore platform  [inspection de||vgrybetwe'er1C|ty passenger transfer
hospital andclinics
] ] | ) i | burb b burb Airport /rural/
Scenario Mountains/rura IAbove the sea Rural / suburban Urban /suburban suburban / urban
Remote pilot .
’ ITower controller, CA
|Actors Remote pilot ultralight flight pilots, Remote pilots, GA Drones, HEMS pilot

pilot,

Population density

Medium/high

anthropic None /low None /low Low Medium / high variable during the
activities flight trajectory
\ndustrial erad Ultralight taxidrone
ndustrialgrade
Industrial grade . Industrialgrade ustria'g for 1 or 2 passengers
Industrial grade VTOL quadcopter
UAS quadcopter RPAS 24.9 Kg MTOM |1€*@COPter Autonomous uas 11 [ Utonemous/remote
RPAS 9 Kg MTOM - RPAS 25 kg MTOM kg MTOM piloted UAS 450 kg

MTOM

Interfering manned
flights

None

Ultralight flights
GAflight (Cessna172)
in neighbouring
@irspace

Other drones
Helicopters aware of
drones operations
Leisure GAflights

Other drones
HEMS

CAflights
Other taxidrones
Other drones

IGNSS receiver

DFMC industrial grade
GNSS receiver

RTK

NO EGNOS

SFMC industrial grade
IGNSS receiver
EGNOS (GPS)

DFMC industrial grade
GNSS receiver

RTK

EGNOS (GPS)

DFMC industrial grade
GNSS receiver

RTK

EGNOS (GPS)

DFMC certified GNSS
receiver

RTK

EGNOS V3 (GPS +
Galileo)

Galileonext
generation

Altimeter and other
navigation sensors

IMEMS barometric
altimeter

(low accuracy)
Vision system for
detect & avoid and

IMEMS barometric
altimeter

(low accuracy)
Vision system for
landing

MEMS barometric
altimeter

(low accuracy)
ADS-B (in), LIDAR,
Vision system for

MEMS barometric
altimeter

(low accuracy)

IADS-B (in/out), Vision
system for detect &

Certified barometric
altimeter

ADS-B (in/out), Vision
system for detect &
avoid andlanding

Datum for common
altitude

Ellipsoid WGS-84 for
BVLOS
Home pointfor VLOS

Ultralight flights: WGS|
84 (proposed UTM
box)

Ultralight flights: WGS{
84 (proposed UTM
box)

landing detect & avoid avoid andlanding
X only: Y only: Y only: Zu only ATZ (Za), CTR, Zu
lAirspace Neighbouring Neighbouring Neighbouring Neighbouring Neighbouring
airspace: G airspace: G airspace: G airspace: CTR @irspaces: G
UAS: WGS-84 for UAS: WGS-84 for
BVLOS BVLOS UAS: WGS-84 for

BVLOS
HEMS: QNH / ADS-B

[Taxi drone: QFE (or
QNH) in ATZ, WGS-84
inside GAMZ (Zu)

AIP (not interactive)

AIP (not interactive)

interactive

GAflight: QNH GAflight: QNH
ki [Tracking
. . Trag |ng Collaborative interfacq
TTa‘ckmg . TTa.ckmg . _Nz;wganon with ATC
Geospatial Atltyde translation Atltyde translation fin rastruc'Fure& ~ |Population density
Key U-space nformation service  PEVice service Coverage information map
services (DSM) _Nawgatlon _Nawgatlon Populationdensity Geospatial
infrastructure & infrastructure & map nformation service
Coverage information [Coverage information [(DSM — buildings 3D (DSM— Buildings 3D
detailedmodel) detailed model)
Paper sheet ordigital [Paper sheet ordigital [Digital, realtime and |Digital, realtime and [Digital, realtime and
GIS interactive

interactive

RNP Capabilities

N.A.

RNP0.01 (quadcopter

cfg)
RNPO.05 (fixed wing

RNP0.005

cfg)

RUNP 5m (RNP0.003)

RNP0.005
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Table 6-1: Summary of use cases presented
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7 Preliminary safety assessment &
compliance with EU regulation

The scope of this section is to assess the identified use cases from a safety perspective and to
determine their compliance with applicable EU regulations. In particular, the following specific
objectives can be defined:

e toperformapreliminary risk assessment of the five uses cases selectedfor the ICARUS project
demonstration scenarios;

e to verify the regulatory compliance of the envisaged operations, takinginto account current
and expected future EUregulations on UAS.

Additionalanalyses will be required to confirmthe applicability of this risk assessmentto a specific use
case during ICARUS project activities. In fact, the aim of this preliminary risk assessment is to define
general safety requirements for each scenario, without providing evidence that such requirements
have beenimplemented.

The risk posed by ICARUS use cases will be assessed using two different methodologies:

a) SORA (SpecificOperations Risk Assessment) methodology developed by the Joint Authorities
for Rulemaking on Unmanned Systems (JARUS) as recommended by EASA through AMC 1 to
Art. 11 of Commission Regulation 2019/947; and

b) the classiclCAO risk matrix approach as definedin the ICAO Safety Management Manual (Doc
9859).

The starting point of the assessment willbe the CONOPS related to each use case.

7.1 The applicable regulatory framework

The most relevant EUlegal acts on the matterare:

a) The “New EASA Basic Regulation” (NBR) 2018/1139 [1] which has extended the mandate of
EASA to civil drones of any mass and established a solid legal basis for a common regulatory
frameworkin Europe forthe use of such drones;

b) The Commission Implementing Regulation (IR) 2019/947 [2], for operations of UAS in the
“Specific” and “Open” Categories, as lastly amended by Regulation 2020/746; and

c) The CommissionDelegated Act (DA)2019/945 [3] for putting on the market dronesof less than
25 kg, as lastly amended by Regulation 2020/1058.

The NBRis alreadyinforce and has been applicable since 2018. The two Commission Actsare inforce
and under transition towards full applicability, which will be achieved at the end of 2023. However,
the common rules on the Specific category (see below) and related risk assessment will become
applicable on 315t December 2020.

Accordingto the regulations listed above, UAS operations fall into one of three possible categories:
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= “Open”,inwhich operations that pose alow risk to society are allowed without needing any
regulatory approval. These typically include small UAS, often multicopters, flyingin VLOS at
less than 400 ft above ground level (AGL). These UAS often weigh less than a few kgs and
may in no case have an MTOM > 25 kg (4kg over populated areas);

= “Specific” operationsthat pose amedium-levelrisk to society. This may be eitherbecause it
isarelativelysmall UAS flying above urban areas, or because itislarge - evenifitis not flying
overpopulated areas, or because the flight performances orintendedoperation bringitinto
airspaces where conflicting trafficmay be present (e.g. controlled airspace; BVLOS, or flying
above 400 ft AGL);

= “Certified”, in which, due to the high societal risk, the entire range of aviation regulatory
processes (i.e. airworthiness, licensing of remote pilots and requirements for the
organisation of the operator) applies.

All proposed ICARUS use cases (see Chapter 6) imply BVLOS operation; thus, the envisaged operations
are beyondthe limitations of the Open category. This category willthereforenolongerbe considered
inthis safety assessment.

On the other hand, according to Art. 40 of DA 2019/945, if people are to be carried, the UAS must be
certified, i.e.avalid Certificate of Airworthinessissued by the State of Manufacture, based on a Type
Certificate issued by EASA, must be available. While the last use case should be considered in the
Certified category, including the need for the remote pilots to be licenced and for the operator’s
organisation to be certified, the other use cases envisaged by ICARUS can be included in the Spedific
category.

A riskassessment must be conductedin eitherthe Specificorthe Certified category to determine the
applicable requirements and confirm this initial category assignment.

In fact, accordingto Art. 11 of IR 2019/947, airworthiness and operational requirements for “Specific”’
category operations are determined as the result of arisk assessment of the operation envisaged. The
SORA methodology [4], developed by JARUS, has been identified by EASA as the recommended
Acceptable Mean of Compliance (AMC) to the above-mentioned Art. 11. This methodology applies an
assessment process to provide alist of safety barriers (i.e. mitigations)in the form of requirements to
be imposed onthe operator, onthe UAS, onthe competency of the remote pilots oronthe operation
itself.

SORA also suggests two different levels of robustness:

a) Integrity robustness, whichleadsto the potential use of certain consensus-based documents
issued by Standard Development Organisations (SDOs), such as ISO, EUROCAE or similar; and

b) Assurance robustness, which dictates the necessary Means of Evidence (MoE) for
demonstrating that mitigations have been properly implemented.

There are also cases where a riskassessmentis carried out by the competent authority. This can lead
to the publication of standard scenarios or pre-defined risk assessments (PDRA). So far, two standard
scenarios have been published through EU Reg. 2020/639 and one PDRA is part of the AMC and GM
to IR 2019/947. If the operatorcan fulfil the limitations and the requirements of a standard scenario,
then they only need to submit a declaration to the CAA of the state where the UAS is registered and
where the operationisintended to take place. Onthe other hand, if the operationis compliant with a
PDRA an authorisation must be obtained before flying. The five use cases presentedin Chapter6 are
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notcompliant with any of the standard scenarios or PDRA currently available. This optionis discarded,
therefore.

For the fifth use case, we need to apply the processes of the Certified category as a whole. In fact,
SORA is not currently applicable to operations involving the carriage of people, thus the non-design
related requirements from this process cannot be determined. There is thereforeno need to perform
a dedicated safety assessment of the whole scenario, since we can assume that a type certificate will
beissued foran air taxi, along with a certificate forthe operatorand a license for the pilot. Safety will
thus be ensured by properly developing the system in accordance with a recognised airworthiness
code. However, no applicableairworthiness code has yet been publishedby EASA forany class of UAS,
but the recently published special condition for VTOL aircraft may be used as a starting point [5]. The
operational requirements of air taxis and those related to the competences of the pilot are currently
beingadapted from mannedaviation and are notyetavailable.The otheroptionwould be to carry out
a risk assessment with SORA to determine the requirements that are not related to the UAS design.
Thisis the option choseninthe presentdocument.

The applicable regulatory framework will thus depend on which category of operation is applicable.
For the Specificcategory,arisk assessment carried out using SORA is mandatory, while in the Certified
category a more structured approach will be required starting at the development of the system.

However, in both casesthe risk related to a possible failure of the common altitude reference system
might not be explicitly addressed. Thisleads to the needto use a differentrisk assessmentapproach
to evaluate the risks related to possible failure conditions related to the altitude reference systems
used. Arisk-matrix approachis chosen forthis purpose sinceitisa more flexible way to covera wider
range of risk areas. Several methods based onrisk matrices exist:

ICAO risk matrix [6]

- EASArisk matrix, reportedin the EASA Pre-Regulatory Impact Assessment
ESARR4 risk matrix [7]

EUROCAE risk matrix [8]

Amongthese, the model proposed by EASA is preferred since it provides anumericriskindex, amore
immediate parameterforhazard evaluation, as output.

Itisimportantto underlinethatin this approach:

- Failure conditions are considered an operational hazard.

- Safety objectives are the minimum allowable quantitative probability in relation to a failure
condition (determined with a risk matrix).

- Safetyrequirements are the mitigation strategies that must be implemented.

7.2 SORA Methodology

This section provides an overview of the SORA methodology by outlining its main steps. The EASA
version is considered the reference for the current assessment. For further details on the
methodology, the reader may refertothe AMC published by EASA [9].
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7.2.1 Objectives

The Specific Operation Risk Assessment (SORA) is a methodology for the risk assessment primarily
requiredtosupportthe application foran authorisation to operate a UAS inthe “Specific” category.

This methodology may be applied where the traditional approach to aircraft certification (approving
the design, issuing an airworthiness approval and type certificate) may not be appropriate due to an
operator/applicant’s desire to operate aUAS ina limited orrestricted manner.

The methodology is based on the principle of a holistic/total system risk-based safety assessment
model used to evaluate the risks related to a given operation. The model considers threats of all
natures for a specified hazard, the relevant design and operational mitigations, and evaluates them
systematically to determine the boundaries for a safe operation. This method is applicable to the
operator/applicant as a way to determine acceptable risk levels and to validate that those levels are
complied with by the proposed operations.

7.2.2 Key concepts and definitions

To properly understand the SORA process, itisimportantto introduce the key concept of robustness.
Any given risk mitigation or operational safety objective can be demonstrated at different level of
robustness. SORA proposes the use of three different levels of robustness: Low, Medium and High.

The robustness designationis achievedwith consideration to both the level of integrity defined as the
safety gain provided by each mitigation andthe level of assurance definedas the proofthat the claimed
safety gain has beenachieved (see Table 7-1).

General guidance forthe level of assurance is provided below.

e Alowlevel ofassurance can be one for which the operatordeclaresthatthe required level of
integrity has beenachieved.

e A mediumlevel of assurance can be one forwhich the operator provides supporting evidence
that the required level of integrity has been achieved. This is typically achieved by means of
testing (e.g. for technical mitigations) or by proof of experience (e.g. for human-related
mitigations).

e Ahighlevel of assurance istypically oneforwhich validationof the achieved integrity has been
accepted by a competentthird party.

Low Assurance S [T High Assurance
Assurance
Low Integrity Low robustness | Low robustness | Low robustness
. . Medium Medium
Medium Integrity Low robustness
robustness robustness
High Integrity Low robustness SICIT High robustness
robustness

Table 7-1: Determination of Robustness level
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7.2.3 The SORA Process

The SORA methodology provides alogical processtoanalyse the proposed concept of operations and
establish an adequate level of confidence that the operation can be conducted with an acceptable
level of risk. There are essentially nine steps supporting the proposed SORAmethodology. The current
SORA focuses onthe assessment of ground and air risk. In addition tothe SORA, a risk assessment of
critical infrastructure should be performed in cooperation with the organisation responsible for the
infrastructure, as they are most knowledgeable about the threats.

The SORA methodology (EASA version) consists of the following steps:

Step 0 - Pre-application evaluation
o Before commencingthe SORA process, the operator should verify that the proposed
operationisfeasible, notsubjectto specificexclusions fromthe competentauthority
or subjectto a standard scenario. Things to verify include:
= |fthe operationcanbe coveredundera “standard scenario” recognised by the
competentauthority.
= |fthe operationfallsunderthe “Open” category.
= |fthe operationissubjectto a specificNO-GO from competent authority.
Step 1- ConOps description
o The first step of the SORA requires the operator to collect and provide suffident
technical, operational and human information related to the intended use of the UAS
neededfortheriskassessment.
Step 2 — Determination of the intrinsic UAS Ground Risk Class (GRC)
o The intrinsic UAS ground risk relates to the unmitigated risk of a person being struck
by the UAS (in case of loss of UAS control”) and can be representedby ten Ground Risk
Classes (GRC), derived only from the intended operation and the UAS’s lethal area. A
table provides a qualitative method for establishing the GRC.
Step 3 - Final GRC determination
o Theunmitigatedrisk of aperson beingstruck by the UAS (incase of loss of UAS control)
can be controlled and reduced by means of mitigation. This step of the process allows
the final GRC to be determined from the availability of these mitigations to the
operation. Depending on the level of robustness at which these mitigations are
available, the intrinsic GRC can be modified by a correction factor. A positive number
denotesanincrease inthe GRC while anegative numberresultsinadecrease.
Step 4 — Determination of the initial Air Risk Class (ARC)
o The ARCis a qualitative classification of the rate at which a UAS would encounter a
manned aircraft in typical generalised civil airspace. The ARC s an initial assignment

7 In SORA Loss of Control corresponds to situations:a) where the outcome highlyrelies on providence; b) which
could not be handled by a contingency procedure; c) when there is graveand imminent danger of fatalities.
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of the aggregated collision risk for the airspace before mitigations are applied. The
actual collisionrisk foraspecificlocal operational volume could be very different and
can be addressed by the application of strategic mitigations to reduce the ARC. There
are four air-risk classes. ARC-a is generally defined as airspace where the risk of
collision between a UAS and manned aircraftis acceptable without the addition of any
tactical mitigation. ARC-b, ARC-c, ARC-d generally define airspace with increasing risks
of collision between a UAS and manned aircraft. During the UAS operation, the UAS
operational volume may span many different airspace environments. The operator
needsto performanairriskassessment forthe entirerange ofthe operational volume.
e Step 5- Application of Strategic Mitigations to determine Residual ARC (optional)

o Theinitial ARCevaluated inthe previous step can be reduced if the applicant believes
that the encounter rate is actually lower than the one predicted by SORA. This must
be demonstrated by applying adequate strategic mitigations. Strategic mitigations
include operational restrictions (e.g. time-based restriction, i.e. flying at night when
traffic density is lower) or compliance with structure and rules (e.g. common flight
rules).

e Step 6 — Tactical Mitigation Performance Requirement (TMPR) and Robustness Levels

o Tactical mitigations are applied to mitigate any residual risk of mid-air collision to
achieve the applicableairspace safetyobjective.Tactical mitigations will take the form
of either “See and Avoid” (i.e. operations under VLOS) or may require a system which
provides an alternate means of achieving the applicable airspace safety objective
(operation usinga DAA, or multiple DAA systems).

e Step 7 - Specific Assurance and Integrity Level (SAIL) determination

o The parameterchosento consolidatethe ground and airrisk analyses and to drive the
required activitiesis the SAIL. The SAlLrepresents the level of confidencethatthe UAS
operation will stay under control. Having established the final GRC and ARC, it is
possible to derive the SAlLassociated with the proposed ConOps.

e Step 8- Identification of Operational Safety Objectives (OSOs)

o The last step of the SORA process is to evaluate the defences within the operationin
the form of operational safety objectives (0OSOs) and their associated levels of
robustness depending on the SAIL. The SORA provides a qualitative methodology for
making this determination. The various OSOs are grouped together based on the
threatthey help to mitigate. Depending on the SAIL, the operator must fulfil each OSO
at a differentlevel of robustness.

e Step 9- Adjacent Area/Airspace Considerations

o The objective of this step is to address the risk posed if a loss of control of the
operation resultsinaninfringement of the adjacentareas/airspace. Adjacentairspace
may vary with different flight phases and include high-density airspace (i.e. airport
environment classified as ARC-d) or crowded areas (i.e. assemblies of people).
Dependingon the characteristicsof the adjacentairspace/area, the operator willneed
to demonstrate theirability to ensure aspecificlevel of containment.
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7.3 EASA Risk Assessment Methodology

The EASArisk assessment methodology is defined in the EASA Pre-Regulatory Impact Assessment. It is
divided into two processes: Failure Condition Analysis (FCA) and Allocation of Safety Objectives and
Requirements (ASOR). All the potential failure related to Common Altitude Reference Systems can be
inspected through FCA. The SORA methodology does not take these failuresinto account. Moreover,
collision between UASs is not considered by the SORA methodology. Therefore, an FCA should be
performed using the EASA risk matrix to detect these issues thatimply areductioninsafety.

7.3.1 Safetyrisk probability

The process of controlling safety risks starts with assessing the probability that the consequences of
hazards will appearduringaviation activities performed by the organisation. Safety risk probability is
defined as the likelihood or frequency that a safety consequence or outcome might occur. The
determination of likelihood can be aided by questions such as:

- Isthere a history of occurrences similar to the one under consideration or is this an isolated
occurrence?

- What otherequipment or components of the same type might have similar defects?

- How many staff follow, orare subjectto, the proceduresin question?

- What percentage of the time is the suspectequipment orthe questionable procedure in use?

- To what extent are there organisational, managerial or regulatory implications that might
reflectlargerthreatsto publicsafety?

Any factors underlying these questions will help in assessing the likelihood that a hazard may exist,
taking all potentially valid scenarios into consideration. The determination of likelihood can then be
usedto assistin determining safety risk probability.

Table 7-2 gives the levels of probability identified by the EASA risk assessment methodology.

LIKELIHOOD MEANING VALUE
FREQUENT Likely to occur many times (has occurred frequently) 5
OCCASIONAL Likely to occur sometimes (has occurred infrequently) 4
REMOTE Unlikely to occur, but possible (has occurred rarely) 3
IMPROBABLE Very unlikely to occur (not known to have occurred) 2
IIE/I)I(DTRRCI)EI':IAEI;_:E Almostinconceivablethatthe eventwilloccur 1

Table 7-2: EASA Safety risk probability table

7.3.2 Safetyriskseverity

Once the probability assessment has been completed, the next step is to assess risk severity, taking
intoaccountall the potential consequences related to the hazard. Safety risk severity is defined as the
extent of harmthat mightreasonably occuras aconsequence or outcome of the identified hazard. The
severity assessment can be based upon:
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- Fatalities/Injury: How many lives may be lost (employees, passengers, bystanders and the
general public)?
- Damage: What is the likely extent of aircraft, property orequipment damage?

Table 7-3 presents the severity classification proposed by EASA in the Special Condition SC-RPAS.1309
[10].

SEVERITY MEANING VALUE
CATASTROPHIC - Oneormore fatalities 8
- Lossofthe RPAwhereitcanbe reasonably expectedthat one
or more fatalities will not occur
HAZARDOUS - large re.ductlonm safety margins or functional capabilitiesor 5
separation assurance
- Excessive workload such that the remote crew cannot be
relied uponto performtheirtasks accurately orcompletely
- Reduced capability of the RPAS or of the crew to cope with
adverse operating conditions to the extent that there would
MAJOR be a 's'|g.n|f|cant redl_Jctlon in safety margins, functional 3
capabilities or separation assurance
- Significantincrease in remote crew workload and decrease
increw efficiency
- Nota significantreductionin RPAS safety
MINOR - Slight reduction of safety margins or functional capabilities 5
or separation assurance
- Slightincrease in crew workload
NEGLIGIBLE - No effectsonsafety 1

Table 7-3: Safety risk severity classifications (SC-RPAS.1309)

7.3.3 Safetyrisk matrix

The safety risk probability and severity assessment process can be used to derive a safety risk index.
The index created through the methodology described above consists of a numeric designator,
indicating the combined results of the probability and severity assessments. The respective
severity/probability combinations are presented in the safety risk assessment matrix in Table 7-4
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Probability of Severity of occurrence
occurrence
Negligible | Minor | Major | Hazardous | Catastr.
1 2 3 3 8
Extremely 1 8
improbable
Improbable |2 -_
Remote 3 | 9 |
Occasional |4 8 | 12 |
Frequent S 10 |

Table 7-4: Safety risk matrix (EASA Pre-regulatory impact assessment)

The risk index is fully numeric, and the severity scale is non-linear so that high-risk areas are better
differentiated. In other words, the risk index provides a more immediate comprehension of the
identified hazardous situations.

7.4 Preliminary Risk Assessment using SORA methodology

Each step describedinsection7.2.3 is applied here to performa SORA-based assessment of the four
proposed use cases.

7.4.1 Pre-Application Evaluation

As discussed in section 7.1, four of the five use cases can be handled with processes of the Spedific
category. None of the envisaged operations are covered by a standard scenario; hence an operational
risk assessment is required. The operational characteristics that determine this classification are
expressedinthe use case descriptionsin chapter6.

7.4.2 Step 1 -ConOps Description

The ConOps definitionrequires an extensiveamount ofinformation aboutthe operator, the operations
and the technical characteristics of the UAS to be gathered. For this preliminary risk assessment, we
will only rely on the information provided in the use case descriptions, and which will need to be
furtherupdated before the final risk assessmentis completed.

7.4.3 Step 2 —Determination of the intrinsic UAS Ground Risk Class (GRC)

The intrinsicUAS ground risk relates to the risk of a person being struck by the UAS (in the case of loss
of control of the UAS). To establish the intrinsic GRC, the maximum UA characteristic dimension is
required (e.g.wingspan for fixed wing, blade diameter for rotorcraft, max. dimensionfor multicopters,
etc.) as well asthe knowledge of the intended operational scenario, in terms of:

e Flight conditions (VLOS/EVLOS/BVLOS); and

e The environment to be overflown (populated, sparsely populated, controlled area, assembly
of people).
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The controlled area only includes active participants; those persons directly involved with the
operation of the UAS or fully aware that the UAS operationis being conducted near them. There are
no quantitative definitions for “sparsely populated”, “populated” or “assembly of people”. According
to Art. 2 of EU Reg. 2019/947, “assemblies of people” means gatherings where personsare unable to
move away due to the density of the people present.

The initial GRC can be determined using Table 7-5below.

1m/approx. | 3m/approx. | 8m /approx. | >8m/approx.

Max UAS characteristics dimension It 10ft 25kt 25t
<700J) <«34x <1084 KJ >1082 K
Typical kinetic energy expected {opprox. 529 (opprox. (approx. (approx.
Ftib) 25000 Ft Lb) | 800000 FtLb) | 800000 Ft Lb)

VLOS/BVLOS over controlled ground area 1 2 3 4
VLOS in sparsely populated environment 2 3 k) S
BVLOS in sparsely populated envi 3 “ 5 6
VLOS in populated environment 4 5 6 8
BVLOS in populated environment 5 6 8 10
VLOS over gathering of people 7
BVLOS over gathering of people 8

Table 7-5: Initial GRC determination

Theinitial GRCassociated to the four use cases can be determined as follows:

1l 11.5

Table 7-6:

Founding Members

EUROPEAN UNION  EUROCONTROL

0.81

2.33

1.28

BVLOSin

sparsely
9.39 populated
environment

BVLOSin
sparsely
populated
environment

BVLOSin

sparsely

4.08 populated
environment

BVLOSin
populated

4.15 environment

Intrinsic GRC of the proposed use cases
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All proposed ICARUS use cases feature BVLOS operationsin asparsely populated environment, except
inuse case Ill, where the UAS follows aflight-path through an urban area. The maximum intrinsic GRC
is provided by the last case due to its operational scenario. In use case |, the kinetic energy does not
affect the value of the intrinsic GRC that is given by the wingspan of the proposed VTOL quad-plane
(see chapter 6). For Use Case lll, the assumption is that gatherings of people due to events (e.g.
concerts, sporting events) within the mission area force a change in the UAS flight path for the
biomedical delivery. Table 7-6 shows the intrinsic GRC of each use case.

7.4.4 Step 3 —Final GRC Determination

The intrinsic risk of a person being struck by the UAS (in the case of loss of control of the operation)
can be controlled and reduced by means of mitigation.

The mitigations used to modify the intrinsic GRC have a direct impact on the safety objectives
associated with a particularoperation, anditistherefore important to ensure their robustness. This is
relevant fortechnical mitigations associated with ground risk.

The final GRC determinationis based on the availability of these mitigations to the operation.

Table 7-7 provides alist of potential mitigations and the associatedrelative correction factor. A positive
numberdenotesanincrease inthe GRC, while anegative numberresultsinadecrease inthe GRC. All
mitigations must be applied in numerical order to perform the assessment.

ROBUSTNESS
MITIGATION GRC ADAPTATION Low/None | Medium | High
0: None
M1 Strategicmitigations forgroundrisk -2 -4
-1: Low
M2 Effects of groundimpact are reduced 0 -1 -2
M3 An Emergency ResponsePlan (ERP)isin place, 1 0 1
the UAS operatoris validated and effective

Table 7-7: Mitigations for final GRC determination

For this preliminary risk assessment, we assume that a Low level of robustness for the strategic
mitigations forground risk M1 is available for each of the proposed use cases (exceptin use case lll):
low levelsofintegrity and assurance are achieved forall genericcriteria. Mitigation M1is not available
for use case lll.

Mitigation M2 is only available for use case Ill. A Medium level of robustness is assured by flight
termination systems and/or parachutes that reduce the descent velocity and avoid any kind of harm
in case of malfunction. Test, analysis, simulation must prove that the required level of integrity is
achieved. Training medical professionals to load/unload the payload and start drone operation
(providing a digital interface at the starting base) is expected. Finally, we assume that the training
syllabus will be available.

We assume that mitigation M3 is available at a Medium level of robustness. An emergency plan is
defined by the applicantinthe event of loss of control of the operation forall proposed use cases.
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Therefore, the final GRC of each use case differs from the intrinsic GRC determinedabove. It decreases
by one unit(see Table 7-8).

1 5

Table 7-8: Final GRC of the proposed use cases

7.4.5 Step 4 —Determination of the Initial Air Risk Class

The air riskin SORA is a qualitative classification of the rate at which a UAS would encounter a manned
aircraftin typical generalised civilairspace.The ARCisaninitial assignment of the aggregatedcollision
risk for the airspace before mitigations are applied.

The air riskis classified according to 12 Airspace Encounter Categories (AEC). Categoriesare definedas
a function of altitude, controlled versus uncontrolled airspace, airport versus non-airport
environments, and airspace over urban versus rural environments.

Each AEC class isthen mapped to the corresponding ARC, as shownin Table 7-9.

Operational environment, AEC and ARC

. . Corresponding Initial
Operationsin AEC ARC
Airport/Heliport Environment
OPSin Airport/Heliport environmentin Class B, C or D airspace AEC1 ARC-d
OPSin Airport/Heliport environmentin Class E airspace or in Class AEC 6 ARC-c

ForG

Operations above 400 feet AGLbut below Flightlevel 600
OPS>400ft AGL but <FL600 in a Mode-S Veil or Transponder

Mandatory Zone (TMZ) AEC2 ARC-d
OPS >400ft AGL but <FL600 in controlled airspace AEC3 ARC-d
OPS >400ft AGL but <FL600 in uncontrolled airspace over urban AEC 4 ARC-c
area
OPS >400ft AGL but <FL600 in uncontrolled airspace over rural AECS ARC-c
area
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Operations below 400 ft AGL
(C_)rllDVS;Z<)4OOft AGLina Mode S Veil or Transponder Mandatory Zone AEC 7 ARC-c
OPS <400ft AGLin controlledairspace AECS8 ARC-c
OPS <400ft AGLin uncontrolled airspace over urban area AEC9 ARC-c
OPS <400ft AGLin uncontrolled airspace over rural area AEC 10 ARC-b
Operations above Flight Level 600
OPS>FL600 AEC11 ARC-b
Operationsin Atypical or Segregated Airspace
OPSin Atypical/Segregated airspace AEC12 ARC-a

Table 7-9: AEC/ARC Determination

Table 7-10 gives the initial AECsand corresponding ARCs determinedfrom Table 7-9, for four use cases.

OPSin Atypical Airspace. The
UAS operatorhas obtaineda
valid authorisation from the
Civil Aviation Authority to fly
ina protected areathrough
the publication of aNOTAM.

0 AEC12 ARC-a

OPS <400ft AGLin
| AEC10 ARC-b uncontrolled airspace over
Rural Area.

OPSin Atypical Airspace.

Manned aircraft normally
cannot go (airspace within

5/10 ft of a powerline).

Il AEC 12 ARC-a

OPS <400ft AGLin
1 AEC9 ARC-c uncontrolled airspace over
Urban Area.

Table 7-10: AEC/ARC of the proposed use cases

For use case ll, itisassumedthatthe UAS operator has obtained avalid permanent authorisation from
the Civil Aviation Authority (e.g. valid for 1 year) to flyon a regularbasisinan agreed limited volume.
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7.4.6 Step5 — Application of Strategic Mitigations (optional)

By applying strategic mitigations, SORA offers the applicant the possibility of demonstrating that the
collisionrisk with manned aircraftin the operational volume is actually lower than the one predicted,
to potentially reduce the initial ARC.

However, no mitigation may be employed to reduce aresidual ARCto ARC-a, as it is assumed that the
lowest encounterrate may only be achieved in a segregated/atypical airspace.

Two types of strategicmitigation are available:

1 Strategic mitigations by operational restriction; and/or

2. Strategic mitigation by structure and rules.

7.4.6.1 Strategic Mitigations by Operational Restriction

Operational restrictions are controlled by the operatorand intended to mitigate collision risk priorto
take-off. Three different categories of mitigation exist:

1. Mitigation by boundary: mitigations that bind the geographical volume in which the UAS
operates (e.g. certain boundaries orairspace volumes); and/or

2. Mitigation by chronology: mitigations that bind the operational time frame (e.g. restricted
to certaintimes of day, such as fly only at night); and/or

3. Mitigation by time of exposure: mitigation that limits the time of exposure to the
operational risk.

7.4.6.2 Strategic Mitigations by Structures and Rules

Strategic mitigations by structures and rules require all aircraft within a certain class of airspace to
follow the same structures and rules to lower collision risk within the airspace. Two types of such
mitigation exist:

1 Common flight rules: thisis accomplished by settingacommon set of rules that all airspace
users must comply with. Examples of common flight rules that reduce risk of collision
include right of way rules, implicit and explicit coordination schemes, conspicuity
requirements, cooperativeidentification system, etc.

2. Common airspace structure: thisisaccomplishedby controlling the airspace infrastructure
through physical characteristics, proceduresand techniques that reduce conflicts or make
conflictresolution easier. Examples of common flight airspace structures that reduce risk
of collision are airways, departure and approach procedures, airflow management, etc.

These mitigationscannot provide more than aone-point ARCreduction. Theycan only beimplemented
at VLL.

Table 7-11 providesalist of all the applicable strategic mitigations for computing the residual ARC for
use case Ill.
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Use Case lll

Strategic Mitigations Available (Y/N) Rationale

Strategic Mitigations by Operational Restrictions

Mitigation by Boundary N Notavailable
Mitigation by Chronology N Availability atany time of a day
Mitigation by Time of Exposure Y Each mission lasts 6/7 minutes

Strategic Mitigations by Structures and Rules

Coordination between autonomous
drone and emergency helicopters

Common flightrules Y . . .
g could be providedto avoid conflicts
inthe strategicphase
Common airspace structure N Notavailable

Table 7-11: Strategic Mitigations —Use Case Il

Strategic mitigations are uselessin use cases 0 and Il that presentaninitial air-risk class of ARC-a, and
in use case | that presents an initial air-risk class of ARC-b. In use cases 0 and Il the initial ARCis the
lowest possible asthe flightisinan atypical area. In use case lll, strategic mitigations allow a Residual
air-risk class of ARC-b to be reached.

Regulations (FAR91.119, GM1 CAT.OP.MPA.145) state that aircraft are not allowed to fly below 500ft
overurban areas, so leisure GA trafficshould not be encountered during the UAS travel in Zu airspace
and no UTM service involvement is needed. Manned traffic, specifically helicopters, could be
encountered at take-off and landing sites since a hospital platform may host air ambulances. VFR
navigation is usually adopted. Both manned and unmanned operations require strict communication
with hospital service personnel to ensure timely medical intervention.

Given the above mitigations, the residual ARCs can be computed as follows:

e UseCase 0: ARC-a
e UseCase I: ARC-b

e UseCasell: ARC-a
e UseCase lll: ARC-b

7.4.7 Step 6 —Tactical Mitigation Performance Requirement (TMPR)

Tactical mitigations are applied to mitigate any residual risk of mid-air collision needed to achieve the
applicable airspace safety objective. Tactical mitigations will take the form of either “See and Avoid”
(i.e. operations under VLOS) or may require asystem which provides an alternate means of achieving
the applicable airspace safety objective (operation usinga DAA, or multiple DAA systems).
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Annex D provides the method forapplying tactical mitigations.

For BVLOS operations, the applicant must use the residual ARC determinedin Step 5, and Table 7-12
below to determine the Tactical Mitigation Performance Requirement (TMPR).

e ™
ARC-d High
ARC-c Medium
ARC-b Low
ARC-a No requirement

Table 7-12: TMPR Requirement

The TMPR requirements applicable for the residual ARCs determined above are given in Table 7-13
and Table 7-14.

TMPR requirement

TMPR
function Low (ARC-b) Use Case |
Compliant Evidence
Coordination and
communication
with possible local
The expectation is for the applicant’s DAA traffic (i.e.
plan to enable the operator to detect helicopter landing
approximately 50% of all aircraft in the on the same
detection volume. This is the performance offshore platform)
requirement in absence of failures and is handled.
defaults. Information on
The applicant mustbe aware of most of the traffic over the
traffic operating in the area in which the platformishandled
Detect | Operatorintendstofly, by relyingonone or Y through VHF radio
more of the following: communication.

The common
altitude reference
system for GA shall
be considered (for

e Useof (web-based) real-time aircraft
trackingservices

e Useof low-costADS-B in
JUAT/FLARM/Pilot-aware aircrafttrackers

. . instance the
e Useof UTM dynamic geofencing Reporting service
e Monitoringaeronautical radio ADS-B or é

communication (i.e. use of a scanner) dedicated U-space

service to also be

used by GA).
The operator must have a documented
. _ . . . To be
Decide deconflictionscheme, in which they explain e
. . verified
which tools or methods will be used for
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detection, and which criteria will be applied

when deciding to avoid incoming traffic. If

the remote pilot relies on detection by
someone else, the use of phraseology must
also be described.

Examples:

e The operator will initiatea rapid descentif
trafficis crossinganalertboundaryand
operating atless than 1000ft.

e The observer monitoringtraffic uses the
phrase: ‘DESCEND! DESCEND! DESCEND!'.

Command

The latency of the whole command (C2) link,
i.e. the time between the moment that the
remote pilot gives the command and the
airplane executes the command must not
exceed5seconds.

To be
verified

C2 link from the
GCS to the UAS is
redundant on two
frequency bands.

Execute

UAS descending to an altitude not higher
than the nearest trees, buildings, or
infrastructure or< 60 feet AGLis considered
sufficient.

The aircraft should be able to descend from
itsoperatingaltitude to the ‘safe altitude’ in
lessthana minute.

To be
verified

Feedback
Loop

Where electronic means assist the remote
pilotin detecting traffic, the information is
provided with a latency and update rate for
intruder data (e.g. position, speed, altitude,
track) that supportthe decision criteria.
For an assumed 3 NM threshold, a 5-second
update rate and a latency of 10 seconds is
considered adequate.

To be
verified

Integrity

Allowable loss of function and performance
of the Tactical Mitigation System: < 1 per
100 Flight Hours.

To be
verified

Assurance

The operator declares that the Tactical
Mitigation System and procedures will
mitigate the risk of collision with manned
aircraft to an acceptable level.

Table 7-13: Detailed TMPR Requirement — Use Case |

TMPR requirement

TMPR
function

Low (ARC-b)

Use Case lli

Compliant

Evidence

Detect

It is expected that the applicant’s DAA plan
will enable the operator to detect

Y

ADS-B for a direct
communication link
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approximately 50% of all aircraft in the
detection volume. This is the performance
requirementin absence of failure and faults.
The applicant must be aware of most of the
traffic operating in the area in which they
intend to fly, by relying on one or more of
the following:

e Use of (web-based) real-time aircraft
trackingservices

e Useof low-costADS-B in
JUAT/FLARM3/Pilot-aware aircrafttrackers

e Useof UTM dynamic geofencing

e Monitoringaeronautical radio
communication (i.e. use of a scanner)

with manned aircraft
isexpected.

Decide

The operator must have a documented
deconfliction scheme, in which they explain
which tools or methods will be used for
detection, and which criteria will be applied
for deciding to avoid incoming traffic. If the
remote pilotrelies on detection by someone
else, the use of phraseology must also be
described.

Examples:

e The operator will initiatea rapid descend if
trafficis crossinganalertboundaryand
operating atless than 1000ft.

e The observer monitoringtraffic uses the
phrase: ‘DESCEND! DESCEND! DESCENDY.

To be
verified

Command

The latency of the whole command (C2) link,
i.e. the time between the moment that the
remote pilot gives the command and the
airplane executes the command must not
exceed 5seconds.

Notrequired

This operation is
thought to be highly
autonomous,
allowing the drone
to be independent
froma pilot.

Execute

UAS descending to an altitude not higher
than the nearest trees, buildings, or
infrastructure or< 60 feet AGLis considered
sufficient.

The aircraft should be able to descend from
itsoperatingaltitude to the ‘safe altitude’ in
lessthana minute.

To be
verified

Feedback
Loop

Where electronic means assist the remote
pilotin detecting traffic, the information is
provided with a latency and update rate for

To be
verified
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intruder data (e.g. position, speed, altitude,
track) that supportthe decision criteria.
For an assumed 3 NM threshold, a5-second
update rate and a latency of 10 seconds is
considered adequate.

Allowable loss of function and performance

mitigate the risk of collision with manned
aircraft to an acceptable level.

. . . Tob
Integrity | of the Tactical Mitigation System: < 1 per ve(r)ifizd
100 Flight Hours.
The operator declares that the Tactical
Mitigati Syst d d ill
Assurance itigation System and procedures wi v

Table 7-14: Detailed TMPR Requirement — Use Case Il

All proposed ICARUS use cases feature BVLOS operations.

Use case 0 and use case |l presenta residual air-risk class of ARC-a, therefore no TMPR is required. A
residual air-risk of ARC-a defines a low-risk operation that will take place in an airspace where the
manned aircraft encounter rate is expected to be very low. It is generally defined as an airspace in
which the risk of collision between a UAS and manned aircraft is acceptable, without the need for

additional tactical mitigations.

A systemrisk ratiolowerthan 0.67 must be ensuredin use case | and use case lll.

7.4.8 Step 7 —SAILDetermination

The SAIL parameter consolidates the ground and air risk analyses and drives the required activities.

The SAIL representsthe level of confidence that the UAS operation will stay under control.

Afterdeterminingthe final GRC and residual ARC, itis possible to derive the SAlLassociated with the

proposed ConOps.

SAlLis not quantitative butinstead corresponds to:

e Operational Safety Objectives (OSO) to be complied with; and

e Description of activities that might support compliance with these objectives; and

e Theevidencethatindicates thatthe objectives have been satisfied.

The SAIL for the proposed ConOpsis computed using the datain Table 7-15.

SAIL Determination
Residual ARC
Final GRC a b c d
<2 I Il \% Vi
3 Il Il \% Vi
4 [ 1 A% Vi

Founding Members

EUROPEAN UNION  EUROCONTROL




ICARUS CONCEPT DEFINITION: STATE-OF-THE-ART, REQUIREMENTS, GAP ANALYSIS

JOINT UNDERTAKING

(7~ SESAR
ARUS

TR Y992
5 v IV v VI
6 Vv V Vv VI
7 Vi VI \ VI
>7 Certified Category

Table 7-15: SAIL computation

Takinginto accountthe final GRC computedin section 7.4.4and the residual ARCderived from section
7.4.6, the SAlLs associated with the four use cases are:

e UseCaseO: Il
e UseCasel:lll
e UseCasell:ll
e UseCaselll: IV

7.49 Step 8 —Identification of Operational Safety Objectives (0OSOs)

The last step of the SORA processisto employ the SAlLto evaluate the necessary defences within the
operationinthe form of operational safety objectives (OSOs) and to determine the associated level of
robustness. Table 7-16 provides a qualitative methodology for determining this. The following
robustness scheme applies:

e “0O”standsfor Optional (meaningthatthe specificrequirementdoes not have to be fulfilled).

e “L” stands for low robustness (meaning that a declaration of compliance by the operator is
generally sufficient).

e “M” stands formedium robustness (meaning that evidence shallbe provided to demonstrate
compliance).

e “H” stands for high robustness (meaning that a competent third party shall check for
compliance with the requirement).

The various OSOs are grouped based onthe threat they help to mitigate.

SAIL
(010 Description

| ni{ujpiv{|{vi|wv
1 | Ensurethe operatoris competentand/orproven OlL{M|{H|H]|H
2 | UAS manufactured by competentand/or proven entity OlO|L|[M|H|H
3 | UAS maintained by competentand/or proven entity LILIM|{M|H|H
4 | UAS developed to authority-recognised design standards OlO0O|O|L|[M|H
5 | UASisdesigned considering system safety and reliability OlO|L|[M|[H]|H
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6 C3 link performance is appropriatefor the operation Ol LI LIMIHIH
Inspection of the UAS (productinspection) to ensure

7 .
consistency tothe ConOps LI L{M|M|H[H
Operational procedures are defined, validated and adhered

8 to, to addresstechnical issues with the UAS LIMIH|H|HH
Remote crew are trained, currentand able to control an

? abnormal situation (technical issues with the UAS) LI L|{M|M|H[H

10 | Saferecoveryfromtechnical issue LIL{M[{M|H]|H
Procedures are in place to handle any deterioration of

11 praceto vee LIM|H|H|H|H
external systems supporting UAS operation
The UAS is designed to manage a deterioration of external

12 e &e L| L[M|{M|H|H
systems supporting UAS operation
External services supporting UAS operations are adequate for

13 . pportng =A>op o L| L{M|H]|H|H
the operation
Operational procedures are defined, validated and adhered

1 | P 0 LIM|H|[H|H|H
to, to address human errors
Remote crew trained, currentand able to control an

15 L LI L{M|{M|H|H
abnormal situation (human error)

16 | Multi-crew coordination LIL|{M{M|H]|H

17 | Remote crewisfitto operate LIL{M[{M|H]|H
Automaticprotection of the flight envelope from human

18 i ¢ P olo|L|[M]|H[H
error

19 | Saferecoveryfromhumanerror OOl LIMIHIH
A human factors evaluation has been performed and the HMI

2

0 found appropriate forthe mission ofL| LM MH
Operational procedures are defined, validated and adhered

21 . .
to, to address adverse operating conditions LIM|{H|H]HH
The remote crew s trained to identify critical environmental

22 conditions and to avoid them LI LIMIM|MIH
Environmental conditions for safe operations defined,

23 measurable and adhered to LI L|{M|IM|H[H
UAS designed and qualified for adverse environmental

24
conditions OO |MIH|HH

Table 7-16: Robustness associated to each OSO

The required robustness is determined from the matrix in Table 7-17 that combines integrity and
assurance. If, according to Table 7-16, the required robustness for OSO 3 is Low, it will be necessary
for both integrity and assurance to meet the Low robustness criteria. If the required robustness is
Optional fora certain OSO, the corresponding requirement will not be assessed.
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Low Assurance | Medium Assurance High Assurance
Low Integrity Low robustness Low robustness Low robustness
Medium Integrity | Low robustness | Medium robustness | Medium robustness
High Integrity Low robustness | Medium robustness | High robustness

Table 7-17: Robustness computation

In use case 0 and use case |l, the required robustness level for most of OSOs is Optional or Low
according to the SAIL. Medium robustness is required for OSOs that are related to operational
procedures (0SO 8, OSO 11, OSO 14 and OSO 21). Operational procedures must be validated against
standards considered adequate by the competent authority and/or in accordance with a means of
compliance acceptabletothatauthority. The adequacyof the contingency and emergency procedures
is proven through dedicated flight tests or simulations that are valid for the intended purpose with
positive results.On the other hand, use case | needs a Medium robustness levelfor almostall OSOs. In
use cases land lll, the operational procedures (e.g.procedures for addressing human error and adverse
operating conditions) must provide a High robustness level; therefore, they must be validated by a
competent third party. Finally, in the last case, the requirements in terms of robustness level are
stricterthan inthe otheruse cases. In this case, a Highrobustnesslevelisrequired forOSO 1, 0SO 13
and 0SO 24. 0SO 1requiresthatthe applicant hold an Organisational Operating Certificate or have an
organisation recognised for flight tests. Moreover, the operator’s competences must be verified by a
competentthird party. 0SO 13 requires evidence of externally provided service performance through
demonstrations. The UAS must be designed using environmental standards considered adequate by
the competent authority and/or in accordance with a means of compliance acceptable to that
authority forachievinga highlevel of integrity for 0SO 24. A competent third party must validate the
claimedlevelof integrity for OSO 13 and OSO 24.

7.4.10 Step 9 — Adjacent Area/Airspace Considerations

The objective of this section is to address the risk posed if loss of control of the operation were to
resultinan infringement of the adjacent areas on the ground and/oradjacentairspace.

In SORA, two different requirements regarding adjacent area/airspace considerations exist (see Table
7-20 below). The first requirement must be fulfilled in any operation, whereas the second must be
complied with onlyif atleast one of the following “critical” conditions apply:

1. Airspace adjacentto the operational volume is classified as ARC-d (unless the residual ARC of
the operational airspace volumeintended to be flowninisalready ARC-d).

2. Areasadjacentto the operational volume contain assemblies of people (unless already taken
intoaccount inthe initial GRC evaluation).

3. Operations within apopulated environment carried outina controlled ground area, or where
an M1 mitigation has been appliedtolowerthe GRC.

Each of the previous points are analysed in the following section.

7.4.10.1 Safety requirements

The analyses of the aforementioned critical scenarios are given in Table 7-18 and Table 7-19; the
operator must comply with the additional requirement if at least one of the following conditions are
met.
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Operational conditions Y/N Rationale
Adjacentareacontains
gatherings of people N No gatherings of people inadjacent area.
. . . No airport/heliport environment. No flightin controlled
A lassif ; .
djacentairspace classified as airspace or TMZ above 400 feet AGL but below Flight
ARC-d N
level 600.
Flightin populated areawhere:
1. M1 has beenapplied,or| N BVLOS conditionsin sparsely populated environment.

2. Flightincontrolledarea

Table 7-18: Adjacent Airspace critical conditions compliance (Use cases 0, I, Il)

Operational conditions Y/N Rationale
Adjacentareacontains Y Adjacentarea may contain gatherings of people (urban
gatherings of people area).

. . . No airport/heliport environment. No flight in controlled

A lassif
djacentairspace classified as N airspace or TMZ above 400 feet AGL but below Flight
ARC-d
level 600.

Flightin populated areawhere: . . .

1. M1 hasbeenapplied,or| N M1 has not beenapplied and operations are carried out

2. Flightincontrolledarea

inan uncontrolled ground area.

Table 7-19: Adjacent Airspace critical conditions compliance (Use Case lll)

Followingthe conclusions of Table 7-18 and Table 7-19, the safety requirements reportedin Table 7-20

must be fulfilled:
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Applicable

. ADJACENT AREA/AIRSPACE REQUIREMENTS
Requirement

No probable failure of the UAS or any external system supporting the operation
shall lead the operation outside of the operational volume.

Compliance with the requirement above shall be substantiated by a design and
installation appraisaland shallinclude:

18
e Design and installation features (independence, separation and
redundancy).
e Anyrelevantparticular risk (e.g. hail, ice snow, interferences) associated
to the ConOps.
The probability of leaving the operational volume shall be less than 104/FH.
Nosingle failure of the UAS orany external system supporting the operation shall
2 leadto its operation outside of the ground risk buffer.

Software (SW) and Airborne Electronic Hardware (AEH) whose development
error(s) could directly lead to operations outside of the ground risk buffer shall
be developed to an industry standard or methodology recognised as adequate
by the competentauthority.

Table 7-20: Adjacent Area/Airspace requirements

Requirement2inTable 7-20 must be guaranteedfor use case Ill, whereas the lower safetyrequirement
(requirement 1) may be considered in the other use cases. In use case lll, the safety requirement is
ensured through a “geo-caging” system, redundancy of critical functions (such as GPS, antenna, flight
controller), and controller systems, as well as return-to-home (RTH) and flight termination system
(FTS). The “geo-fencing” system ensures thatthe autonomous drone for biological sample delivery is
keptwithin the operationalvolume.

7.4.11 SORA Assessment conclusions

A preliminary SORA-based assessment, recommended by EASA as Acceptable Means of Compliance
(AMC) to Art. 11 of EU 2019/947, of the four proposed use cases has been performedin Section 7.4.

The assessment has identified the robustness level for each safety requirement prescribed by SORA.
Both the risk for third parties on the ground (Ground Risk) and in the air (Air Risk) have been assessed.

The level of risk associated with a specific operation is defined in SORA by means of a specific
parameter, the Specific Assurance and Integrity Level (SAIL). This parameter represents the level of

8 Always applicable
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confidence that the operation will stay under control. The higher the SAIL, the more demand ing the
safety requirements to be fulfilled.

The operations are performed in sparsely populated environments, except in use case lll; therefore,
the intrinsic GRC ranges from 4 to 6 for the four proposed use cases. The analyses carried out show
that the mitigationsreduce the IntrinsicGRC by 1 unitin all use cases.

The final ARCis evaluated as ARC-aforuse case 0 and use case Il and ARC-b for use case | and use case
1.

In summary, the SAIL associated with the proposed ConOps was determined to be SAIL Il for use case
0 and use case I, SAILIII for use case | and SAILIV for use case Ill. The requirements for achieving the
necessary integrity and assurance levels of OSOs in accordance with the SAIL have been provided in
chapter7.4.9.

Finally, in use case Ill the compliance withthe adjacent airspace requirement should be demonstrated
with a flight termination system, redundancies in the system, and geo-fencing.

7.5 Failure condition analysis with EASA risk matrix approach

The safety assessment performed using the risk matrix approach has the aim of evaluating the
potential failure conditions associated with common altitude reference systems, which are in tum
necessary to support the scenarios describedin section 2.1.

Thisanalysisisdivided intotwointer-related processes:

- Failure Condition Analysis (FCA).
- Allocation of Safety Objectives and Requirements (ASOR).

This approach is described in EUROCAE ED 78A and applied, for data link with manned aircraft in
continental and oceanic environments, in EUROCAE ED 120 [11] and EUROCAE ED 122 [12]
respectively.

Itisto be noted, however, that:

- In EUROCAE documents, the processis named “Operational Hazard Analysis” (OHA), which is
equivalenttothe term FCA usedinthis document.

- Inthisdocument, the term FCAis preferred since failure condition affecting digital servicesis
considered.

- The model adopted in this document is based on the EASA risk matrix, while the safety
assessment processin EUROCAE documentsis carried out based on a different risk matrix.

Typical failure conditions considered will be identified during the course of the projectin relation to
the technical and procedural solution chosen and assessed following the approach explained
hereafter.

7.5.1 Failure Condition Analysis

Once all the operational details of ICARUS scenarios have been defined, as wellas the related CARS, all
the potential failure conditions are identified through the FCA.
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Asthe purpose of ICARUS is to determine the optimal CARS solution, the risk assessment is carried out
addressingall therisks associated with failure conditions® or procedural errors in the context of a CARS.
Hence this process of failure identification considers:

- Total loss or unavailability of information.
- Misleadinginformation.
- Detected/undetected errors.

Total loss or unavailability of information: the information islost, orthe service is unavailable.
Misleadinginformation:

- Partial loss - Part of the informationislost, orthe functionis only partially completed.

- Corruption - The informationis altered from what was intended to be transmitted.

- Misdirection - The data has come from the wrong source or received by the wrong destination.

- Delay - The data received is out of date or the functionis carried out late in relation to
succeeding processes.

- Inconsistency - Here diverse information paths convey differentinformation.

Any of the above might be either detected or undetected. This consideration may resultin two failures
different fromthe listabove fora given descriptor, where one is more severethan the other.

In addition, the following possible procedural errors, are considered:

- Human failure to respond appropriately to functional failure.

- Human erroror omission during normal use.

- Human underestimation of a potential hazardous situation.

- Transitional failures (those that may result from changing from an existing operation toanew
operation).

- Externalfactors (e.g. outages, weather).

Once all the potential failure conditions have been identified, the severity of the consequences is
determined foreach of them. Operational effects mayinclude:

- Collisionorloss of margin of safety with respectto collision between airborne aircraft.

- Collisionorloss of margin of safety with respectto collision with terrain orloss of separation
with terrain.

- Lossof separation orloss of margin of safety with respect to loss of separation with significant
weatheroratmosphericcontamination effects (e.g. volcanicash, birds).

- Collisionorloss of margin of safety withrespect to collision betweendrones and otheraircraft
or vehiclesonthe ground.

When assessing the effects of system failures or operational errors on the margin of safety it is
importantto consider contributory factors such as:

- Istheeffectdependent on outage time?
- Is morethan one aircraft affected?

9 A failurecondition may be the failureof hardware, but also malfunction of software or corruption of the
information or performances of a network outsidethe specified limits.
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- Is morethan one sectoraffected?

- Isthe effectdependent onthe time the hazard occurs or on its duration?
- Isthe effectdependentonthe phase of flight?

- Istheeffectrelatedtoaspecificworkload orskill issue?

- Isthe pilotadequately aware of the operational environment?

The purpose of this phase of the analysisisto establish the extent to which the identified failures and
procedural errors could lead to a reduction in safety margins in the operational environment.

Thisreduction in safetymargins can be describedby the severityof the effect on operations as defined
inthe risk classification matrix. The riskclassification matrix is atool that assists inassigning the proper
likelihood requirement (safety objective) as a function of the severity of each of the identified failure
conditions (see Table 7-4).

The severity class for a given failure condition is determined by evaluating the worst credible effects
on operations, remote crew/controller workload and keeping in mind the contingent environmental
conditions usingthe template in Table 7-21.

FAILURE OPERATIONAL an
# LIST CONDITION™ EFFECTS SEVERITY SAFETY OBJECTIVE
Establishesthe
. — Failure condition | requiredthreshold of
Failure - Description of the . .
. Description of severity probability of
condition . effectson e
reference the failure operationsand classification occurrence of the
number condition. wF;rhoad (based on EASA associated failure
' ' SC-RPAS 1309). condition (based on
EASA risk matrix).

Table 7-21: Failure condition classification

7.5.2 Allocation of Safety Objectives and Requirements

Once the severity class for each failure condition is known, it is possible to identify minimum safety
objectivesthatbringthe associated riskinto atolerableregion(Figure 7-1). The safety objective is the
maximum allowable quantitative probability tolerableforthe occurrence of each failure condition (i.e.
the ‘green’ or, if necessary, the ‘yellow’ cellsin the risk matrix in Table 7-4).

10 | gbelled “Operational Hazard”in EUROCAE ED-78A
11 Labelled “Hazard Class” in EUROCAE ED-78A.
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The risk is acceptable
as it currently stands

Figure 7-1: Risk management

This maximumtolerable probability (or frequency or likelihood) is the safety objective.

The term safety requirement refers to the risk mitigation strategies (e.g. redundancy of equipment)
that are adoptedto reach the corresponding safety objectiveforagiven failure condition. A template
for theseisgivenin Table 7-22.

SAFETY REQUIREMENT FAILURE CONDITION REFERENCE #

Description of mitigation strategy required to enable the
safety objective associated to each failure condition to be
fulfilled.

Provides backward reference to the
failure condition to be mitigated.

Table 7-22: Safety requirements definition

The logic described above is based on the ASOR concept, which is intended to start from the safety
objective derived fromthe failure conditionanalysis and developedas an agreed strategy for achieving
these objectives, considering possible procedural orarchitectural mitigations.

The mitigations constitute the set of safety requirements. These safety requirements are generally
composed of a function to be executed, together with asafety objective.

Several candidate risk-mitigation strategies can be used at the ASOR level:

- Remove therisk by removingthe function.
- Remove therisk by changingthe operational mode in which the functionis most critical.
- Designdiversity.
- Isolation.
- Provenreliability.
- Failure warningorindication.
- Checkprocedures, flight crew/controller.
- Removal of common cause.
- Designedfailure effectlimits.
- Designed failure path.
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- Margins or factors of safety.
- Error tolerance.
- Error avoidance, reduction, or transfer.

Whateverrisk mitigation strategy is adopted, the resultant allocation/apportioning should be applied
and documented, through Means of Evidence (MoE).

7.5.3 EASA Assessment conclusions

The potential failure conditions associated withcommon altitude reference systems must be analysed
using the risk matrix approach. During the course of the project, some typical malfunctions will be
identified sothata reductioninthe safety margins may be considered in the operational scenarios.

Afterdefiningall the operational details of the different scenarios and the related CARS, the FCA can
be adopted to determineall the potential failure conditions. The risk assessment takes into account all
the risks related to failure conditions or procedural errorsin the context of a CARS.

The safety risk matrix will give a numeric designator of the hazardous situations identified. It will be
provided by the combined results of the probability and severity of an occurrence.

Starting from the safety objectives provided by the FCA, the ASOR procedure will develop a strategy
for achieving these objectives, considering possible mitigations. Some risk mitigations strategies are
listed above.

7.6 Conclusions

A preliminary risk assessment based on SORA methodology has been performed in this chapter.

The required integrity and assurance level of OSOs in accordance with the SAIL and compliance with
the adjacentairspace requirement will be demonstrated in the finalrisk assessment after defining the
operational details of the various use cases.

The SORA methodology does not take into account possible malfunctions of operations support
systems (e.g.acommon altitude reference system and U-space services). These malfunctions may
lead to collisions between UASs or leakage from the operational volume. For this reason, they will be
analysed with the EASA risk matrix.
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8 Gap Analysis & Gap Filling: service missing
bricks

The ICARUS CARS concept introduces many technological, conceptual and legislative challenges. The
proposed CARS solution requires a number of identified issues to be overcome. This chapter tries to
list and describe them and proposes a way of mitigating them to achieve the desired state i.e. a
deployed CARS solution.

The approach describedinthis documentwill also allow the progress of deployment to be monitored
by the introduction of measuresdescribingthe current state and a proposed action plan. The project’s
outcomes in the form of performed studies, tests and experiments should be used as a proof of
conceptand an input for European and global regulationsin theirrespective areas.

This analysis integrates the perspective of many interdisciplinary areas (law, technology, regulations,
etc.) covering different businesses (general aviation, commercial aviation, unmanned systems, etc.).
As the necessary technologies, e.g. 5G, are in many cases still underdevelopment, it will be necessary
to perform many experiments, validations and tests, including field tests. The proposed action plans
should therefore be treated tentatively and can evolve during the project.

The project introduces many innovative, green-field areas of development. While making use of the
consortium members' experience when solving the problems identified, we will try to efficiently
connect many reference systems, along with using technologies that have notyet been explicitly used
in the aviation world, such as telecommunications networks, edge server concepts, and broadly
understood aspects related to cybersecurity. During this process we should ensure that core safety
and security aspects, as well asaviation business related best practices are preserved, e.g. we cannot
assume and propose that achange of altimetry toolsis necessary or required forimplementing a CARS
solution formanned aviation, because this would be not feasible.

All topicsidentified in this gap analysis are gathered and described in detail in the following sections.
Currently there are five principal (but arbitrarily defined) areas of analysis:

- Part 1: General: GAMZ Geometric Altitude Mandatory Zone

- Part 2: Topography aspects: DEM / DTM / DSM models

- Part 3: GNSSsystems

- Part 4: Conversions and implementation: Altitude / Height reference systems - technical
aspectsand security

- Part5: Others

Within each area, a number of topics (usually related to the specific concept) have been identified.
Each such topicis presented with athorough analysis:

- Definition of the focus area— provides a brief summary of highlighted problem

- Short description of the concept—provides the short description of solutionidea

- Short description of the expected result—provides descriptive information about expected
improvementareas and its estimated level of importance (arbitrarily assigned, based on
expert estimations within the scale 1-10— 1=low, 10=high)
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- Description of the current situation—explains the current situation and provides an arbitrary
measure (Current State level) of the maturity level of the current solution (1-5, where 1isthe
leastmature and 5 is the expected targetlevel)

- Definition of deficiencies to be addressed to achieve the target state/solution —defines the
missing componentsthatneedto be deployed

- Description of actions/tasks to be performed, components to be introduced to achieve the
target state/situation —defines steps to be performed to achieve the desired, highest
maturity level

- Eachtopicisassigned an ownerfromthe project consortium, with implementation
deadlines, totrack the progress of development of the topic.

As a rule, we suggest performing a gap analysis review on a regular basis, e.g. at quarterly intervals,
until the end of the project, to monitorthe progress and effectiveness of planned/performed actions.

For now, the following types of actions have been identified:

1. Recommendamendmentof EClegally binding implementing rules on aviation safety (e.g.
SERA; 923/2011);

2. Developoramend, atthe level of AMC, consensus-based industry standards, by ISO,
EUROCAE, or similar;

3. Gap possiblyfilled by planned activities in ICARUS Project;

4. Future additional research.

As a part of the analysis, consortium members have evaluated all the gaps and indicated which
proposed actions are most relevantto each gap. The result of thisis shownin the sections dedicated
to each gap. Among the types given above, type 3 relates directly to the project scope. Gaps falling
into this category should be considered to be addressed by this project. For gaps of type 1 and 2,
depending on the importance level set, the project can potentially prepare input to relevant
organisations or standardisation/regulatory bodies. Gaps of type 4 will most probably require being
addressed by separate projects.

If, during the project implementation, it turns out that any assumptions are incorrect, the related
conceptshould be adjusted with the consortium's consent.

The following section gives a brief review and summary of the conclusions of the gap analysis. Each
section covers adifferentarea. |t providesaholisticviewfrom the perspective of experts on the subject
matter onthe advantages and disadvantages of the current situation, and the proposed approach with
reference to currentlegislation and best practices where applicable.

8.1 Detailed analysis of identified gaps

Each gap has beenthoroughly analysed. This section provides an extensive analysis, mainly prepared
by dedicated subject matter experts, containing their views on the topic and the advantages and
disadvantages of the current state and the proposed approach.

As mentioned above, part of the analysis was focused also on the evaluation of importance of
particular gaps and their relevance to the scope of ICARUS. This analysis was performed together by
expertsand consortium members.

Results are presented inthe Figure 8-1.
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Figure 8-1 Importance and relevance to ICARUS project of identified gaps

Importance is scaled from 1 (least important) to 10 (most important), based on the average scores
given by all partnersinthe evaluation. Inturn, relevance of the topicto the scope ofthe ICARUS project
is based on the number of votes given to each item and measured on a scale from 0 (notrelevant) to
9 (mostrelevant).

From this analysis of relevance and importance, it can be concluded that the following gaps from the
upper-right quarter of the diagram, representing the mostimportantand most relevant topics, should
be considered and thoroughly addressed by the ICARUS project:

138

A reliable positioning service with integrity calculation (i.e. protection levels) essential for
drone operation, especially BVLOS. There are no reference values defined for UAS (section
8.4.3)

Communication of GNSS augmentation data. There isthe need for a wide telecommunication
datalinkto provide required data (section 8.4.2)

Standardisation of handling of known measurement and calculation errors. Lack of standards
and recommendations (section 8.5.12)

Standardisingthe display of information about the height / altitude reference system. Lack of
standards fordisplay information about the H/A reference system to the UAS operator (section
8.5.4)

Definition of rules to be used for DEM / DTM / DSM models. Correlation with current and
future legislation (section 8.3.1)

Navigation System Error Estimation/Evaluation. There is no a unified manner for determining
NSE (section 8.4.1)
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e Obstacle standardisation. Dimensions plus surrounding zone. Lack of definition for minimum
surroundings (section 8.3.4)

e The conceptinvolves connecting U-space systems to official QNH pressure data sources. There
are no standards forexchanging QNH data across EU/World. Support foremergency situations
inwhichthe QNH pressure was not specified. (section 8.5.1)

Onthe otherhand, during the analysis some of the gaps were classifiedas being of very littlerelevance
to ICARUS (but it could be important for them to be addressed by standardisation/regulatory bodies
or in another project than ICARUS), and have been assigned low importance. These gaps, located in
lower-left quarter of the diagram, are:

e Intellectual properties vs normative law. No guidance for meteorological data in terms of
access and payment (section 8.6.2)

e Theissue of cost and legal distribution of official QNH dataamong U-space users (CIS/ FIMS /
USSP / SUSSP). Cost of data acquisition (section 8.5.2)

Allthe identified gaps are described in following section. Recommended actions are also provided.
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8.2 General: GAMZ Geometric Altitude Mandatory Zone

8.2.1 Achieve safe segregation between manned and unmanned aviation at

low level
Concept Introduction of GAMZ (Geometric Altitude Mandatory Zones)
Purpose Usinga common altitude readout for traffic separation
Current state Except for take-off and landing or within segregated flightareas, minimumflight
Level 1 altitudeis specified for aircraft operated under VFR in visibility conditions of 1,500m

horizontallyand 300m (1,000 ft) verticallyis:
e 150m AGL (500ft) or
e 150m (500ft) above the highestobstacle within a radius of 150m (500ft) from
the aircraftor
e 300m (1,000ft) above the highest obstaclewithin a radius of 600mfrom the
aircraftover congested areas of cities, towns or open-air assembly of persons.
(SERA.5005)

This does not exclude lightaircraftusingairspace below 150m AGL.

Identified gap Determining maximum vertical level of UAS flightaltitude.

Weight 9

Owner All

Solution/Action The concept of a U-space Transition Altitude (UTA). UAS flights mustuse same reference
Available Q3 as aircraftwhen in close proximity to the lower limit of the aircraftflightaltitude band

2021 andabove.
Regional QNH will be considered and when check in for flightis performed itshall be
translated to a valuereadableby UAS with subsequent updates if necessary. This allows
acommon pressurereference be used near the upper boundary of low-level airspace.
Use of QNH by all users.

Analysis Except for certain activities (HEMS, crop-dusting, air-lifting, etc.), and take-off and
landing, manned flights arenot possible below 150m AGL.
However, ultralight-aircraftcan useairspacebelow 150 mAGL. Inall cases, pilots
maintain visual contactwith the surroundings/ground/ obstacles/terrain and take
decisions for avoidance.
Duringlow-level flights, a pilot’s attention is focused on avoiding obstacles and traffic. It
is highly difficultto see a UAS inflightunless there is some kind of technological aid.
A systemfor determining pressurealtitude will notdeliver an adequate solution for this
issue (barometric gradient, errors).
Recommended Recommend amendment of EC legally binding Implementing Rules on aviation safety
actions (e.g. SERA; 923/2011)
Develop or amend, at the level of AMC, consensus-based industry standards, by ISO,
EUROCAE, orsimilar
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8.2.2 Achievesafevertical segregation between manned/ unmanned aviation
at low level

Concept

Purpose

Current state
Level 1

Identified gap
Weight 8
Owner All

Solution/Action
Available Q3

2021
Analysis
Recommended
actions
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Introduction of GAMZ (Geometric Altitude Mandatory Zones)

Use of a common altitude readout for traffic separation

Most UAS flights arebased on altitude defined as vertical distancefromthe placeof
departure. Other airspaceusers usebarometric altitudewith anappropriate QNH or
QFE setting depending of the type of operation.

Different reference systems for altitude reporting.

Use of a translation servicefor UAS users to enable commonality with existingair traffic.
Use of QNH for separation frommanned aircraftdoes not exclude use of GNSS-derived
altitude for UAS-UAS conflictresolution.

Manned aircraftoperators —pilots —do not expect to haveto divert attention atlow
altitudes from piloting to cope with a new altitudereference or an altitudeindicator
other than that normally used. At low altitudes, a pilot’s main concernis toavoid
structures, terrain and traffic. The main focus is airspeed, vertical speed indicatorsand
the “world outside”. Even a brief deviation fromthat routine canleadto compromising
of safety.

Ifa segregated GAMZ is of 2 NM diameter and lightaircraftis crossingitwith speed of
90 KIAS, the pilotstays withinitfor 80 sec. Duringsuch a shortperiod, it would be
necessary to set/change the altimeter reference after obtaining an adequate value. VHF
communications atsuch lowaltitudes is questionable. In addition, mostlow-level flyers
sacrificeradio-comms for safety sincein mostcases they are out of VHF range.

Even ifitwere assumed that the altimeters could automatically rescale when entering
or leavingthe GAMZ, horizontal buffer zones would be necessary to allow the change to
the correct height/altitude to take place(similarto altitudetransition layer used by
manned aviation).Suchanassumption callsinto question the existence of relatively
small GAMZ zones.

Recommend amendment of EC legally binding Implementing Rules on aviation safety
(e.g. SERA; 923/2011)

Develop or amend, at the level of AMC, consensus-based industry standards, by ISO,
EUROCAE, orsimilar
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8.2.3 Achieve safe vertical / horizontal segregation between manned /
unmanned aviation at low level

Concept Introduction of GAMZ (Geometric Altitude Mandatory Zones)

Purpose Defininga common altitudereference system.

Current state Rules of airand airspacesegregation for differentusers.

Level 1

Identified gap Lack of technical solutions common to manned and unmanned aviation.

Weight 5

Owner All

Solution/Action A common and economicallyviablesolutionis needed.

Available For time being, airspace segregation seems to be only option.
This segregation may be of differentforms such as zones areas, tracks or corridorsfor
UAS.

Analysis Detecting UAS traffic usinghumansenses is difficult. In addition, determining the

direction and speed of movement might be impossible for a human operator ina given
set of circumstances. Fromthis pointof view, itis imperativeto channel UAS traffic
around areas of manned air activity. For this, altitude reference must be set to local
practicee.g. QNH for determining air structures and reporting within CNS system
requirements
Recommended Develop or amend, at the level of AMC, consensus-based industry standards, by ISO,
actions EUROCAE, orsimilar
Gap possibly filled by planned activities in ICARUS Project

8.2.4 Achieve safe vertical / horizontal segregation between unmanned
airspace users at low level

Concept Introduction of GAMZ (Geometric Altitude Mandatory Zones)

Purpose Defininga common altitudereference system.

Current state GNSS-derived altitudeand when required pressuresensor or/and translation for CNS

Level 1 purposes.

Identified gap Lack of translationinformation and common standard to derive pressure-based altitude

Weight 8 information from GNSS data as appropriateto the flightarea. Lack of local QNH

Owner All  broadcastfor autonomous systems, lack of thorough analysis of QNH values atvery low
level.

Solution/Action GNSS altitude can be used for this purpose —in most cases vertical displacement of the

Available flighttrack will stay within thebarometric step. Designingan appropriateairspace

buffer in the vertical planewill compensate for GNSS system inaccuracies.
This buffer can sharethe PBN/RNP navigation conceptin respect to area of operation
and altitude.

Analysis For some more advanced UAS applications,itis necessaryto design a certain amount of
freedom inthe command module to achieveautonomous avoidancewithin designated
limits.

Segregated airspacecanhavea discreet parameter describingthe level of freedom for
manoeuvrings duringavoidance (e.g., overtaking, overpassing).

Recommended Develop or amend, at the level of AMC, consensus-based industry standards, by ISO,
actions EUROCAE, orsimilar
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8.3 Topography - DTM/DSM models

8.3.1 U-space area definition

Concept

Purpose

Current state

Level 1

Identified gap

Weight 8

Owner EGEQOS
DICEA

Solution/Action

Available

Analysis

Recommended

actions

Definition of rules, to be used of DEM / DTM / DSM models.

Clear and easyto understand standardisation of field models is needed.

There are many field models, scattered across multiplesources and databases.

Correlation with current and future legislation

Definition of areas where single DTM/DSM or hybrid DTM/DSM models can be used

947 docs: ANNEX UAS OPERATIONS IN THE ‘OPEN’ AND ‘SPECIFIC’ CATEGORIES, PART A,
UAS OPERATIONS IN THE ‘OPEN’ CATEGORY: (3) When flyingan unmanned aircraft
within a horizontal distance of 50 metres from an artificial obstacletaller than 105
metres, the maximum height of the UAS operation may be increased up to 15 metres
above the height of the obstacleatthe request of the entity responsiblefor the
obstacle.

Develop or amend, at the level of AMC, consensus-based industry standards, by ISO,
EUROCAE, orsimilar
Gap possibly filled by planned activities in ICARUS Project

8.3.2 Data model standardisation

Concept

Purpose

Current state

Level 1

Identified gap

Weight 4

Owner EGEOS
DICEA

Solution/Action

Available

Analysis

Recommended

actions
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Definition of metadata specific to operations in U-space.

Clear andeasyto understand standardisation of field models is needed.

No standardised metadata to describethe terrain profileand obstacles.

Lack of U-spacespecific metadata for DEM/DTM/DSM models.

Knowing the needs related to flightplanningas well as the methods of riskestimation, a
metadata description model should be created for U-space needs.

The use of standard metadata will facilitate flight planningandrisk assessment
processes for operations in the area of GRC risks.

Gap possibly filled by planned activities in ICARUS Project
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8.3.3 Timeliness of data and distribution methods

Concept

Purpose

Current state
Level 1

Identified gap
Weight 3
Owner EUSCIT
Solution/Action
Available

Analysis

Recommended
actions

144

DTM/DSM distribution model

Worldwide process standardisation

Lack of coherent systems, standards, formats thatclearly definethe validity of the data
model each time the model is requested. The lack ofa single,common communication
model for unmanned operations.

Lack of distribution standards. Lack of distribution timeline (e.g. 947 docs, etc.)

Standardisation of acceptableformats for storing data models along with their
metadata. Use of AIRAC-based distribution concept.

Data timeliness is one of the key aspects of the use of field models. Our observations
show that the up-to-date aspectof the data has been neglected sofar.Itis well known
that the terrainis changing,and a map created on the basis of collected data il lustrates,
atleastina static way, dynamically changingreality.

Another importantaspectis the way of distributingdatainsuch a waythat they are
accessibleinanunderstandableformat, are unambiguous in terms of the time of use
and have updating mechanisms. Additionally, the aspectof transferringrelatively large
data files should betaken intoaccount. It should be remembered that the higher the
accuracy,the more data there are. As arule, survey data are large, often fragmented
files, the analysis of which requires connection, which takes time and resources.
Duringthe ICARUS project, we would liketo test a data distribution model conceptually
similar to Aeronautical Information Publication (AIP) used by manned aviation.

An AIP is a publication issued by or with the authority of a stateand contains
aeronauticalinformation of a lasting character essential to air navigation. (ICAO Annex
15 - Aeronautical Information Services)

The AIP contains details of regulations, procedures and other information pertinentto
the operation of aircraftin the particular country towhichitrelates.Itis usuallyissued
by or on behalf of the respective civil aviation administration and constitutes the basic
information sourcefor permanent informationandlongduration temporary changes.
We believe that this data distribution model, takinginto accountdata retention,
accuracy specification, information abouttemporary or repeated changes, should have
similar mechanisms as official aeronautical publications.

Duringthe ICARUS project, we would liketo develop a standardised structureand
contents, taking the features of topographicinformation intoaccount.

The implementation of the idea of data rotation about field models would be similar to
AIP. AIPs arekept up-to-date by regular revision on a fixed cycle. For operationally
significantchanges ininformation, the cycle known as the AIRAC (Aeronautical
Information And Control) cycleis used: revisions (normally 1 every 28 days) are
produced every 56 days (double AIRAC cycle) or every 28 days (single AIRAC cycle).
These changes are received well inadvancesothat users of the aeronautical data can
make necessary amendments, for example, updating standard routes and flight
management systems (FMS), drone mission planners, Edgeservers, andsoon.

AIPs are cumbersome documents, not usuallyintended to be used in the air.
Commercial organisations makerelevantextracts to form flightinformation publications
(Flight Information Publication) of convenientsizeto be used on aircraft.

Develop or amend, at the level of AMC, consensus-based industry standards, by ISO,
EUROCAE, orsimilar
Gap possibly filled by planned activities in ICARUS Project
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8.3.4 Obstacle standardisation

Concept

Purpose

Current state

Level 2

Identified gap

Weight 7

Owner EGEOS
DICEA

Solution/Action

Available

Analysis

Recommended

actions
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* X %
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* *

* *
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Review and standardise definitions for U-space.

Clear and easy-to-understand definitions.

Dimensions plus surrounding area. Lack of definition for minimum surroundings.

Definition of a point (slender) and a lineobstacle. Minimum dimensions (width and
height) of an obstacle, which determines whether it will betreated (counted) as a DSM
model or an obstacle within the meaning of eTOD. The presence of higher obstaclesin
the area determining the need to report a new obstacleinthe system.

The definition of an obstacleis notas trivial as itmightseem at firstglance. The
presence of an obstacleshould always betaken inthe context of other natural and
unnatural structures surroundingit.Imaginea mast12 metres high. Such masts might
not obstructair trafficina forestor relatively closeto a taller building. Butif the same
mastis puton the roofof a buildingorina field,its presence can havea significant
impacton the safety of operations and, in this sense, the aspectof flight planning.
Another extremely importantaspectis the pixel size (data resolution). If the pixel has an
accuracy of 3 metres and the masthas aradius of 30 cm, itmost likely will notappear
on the DSM model. Hence the need to create another layer containinginformation
about slender obstacles and their visualisation on appropriate models.

Develop or amend, at the level of AMC, consensus-based industry standards, by ISO,
EUROCAE, orsimilar
Gap possibly filled by planned activities in ICARUS Project
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8.3.5 Obstacle standardisation for U-space services

Concept

Purpose

Current state
Level 1

Identified gap

Weight 5

Owner EGEOS
DICEA

Solution/Action

Available

Analysis

Recommended

actions

146

U-space requirementsadded to official regulations.

Distinctarea definition

The current area definitions only apply to manned aviation.

Understandingthe needs specific to U-space and defining minimum requirements
categorisedinasimilarwaytothose usedin aviation. Areview of current standards is
needed.

Stringent numerical requirements established for four distinct areas of the state
territory Area 1-4. Dissemination to standardisation bodies.

The definition of an obstacle (source: SKYBRARY)

An obstacledatabaseis a digital representation of the obstacles thatincludes the
horizontal and vertical extentof man-made and natural significantfeatures.Inthe
context of eTOD, obstacles aredefined as: “All fixed (whether temporary or permanent)
and mobile objects, or parts thereof, that

a)arelocated on anareaintended for the surface movement of aircraft;or

b) extend above a defined surfaceintended to protect aircraftin flight; or

c) stand outsidethose defined surfaces and thathave been assessedas beinga hazard
to air navigation.”

There is a need, by analogy, to define, reviseand update the definition of areas for U-
space. States are required to ensure the availability of electronic TOD,inaccordance
with stringent numerical requirements established for four distinct areas of state
territory. These areas are:

. Area 1: the entire territory of a state;

o Area 2: terminal control area (or limited to a 45-km radius —whichever is
smaller),sub-divided in 4 smaller sections;

. Area 3: aerodrome/heliportarea:area that extends from the edges of the

runway to 90 m from the runway centre lineand for all other parts of
aerodrome/heliportmovement areas,50 m from the edges of the defined areas;

. Area 4: Category |l or |l operations area (restricted to those runways intended
for Category Il or Il precision approaches): the width of the area shall be 60 m on either
side of the extended runway centre linewhilethe length shallbe900 m from the
runway threshold measured alongthe extended runway centre line.

Develop or amend, at the level of AMC, consensus-based industry standards, by ISO,
EUROCAE, orsimilar
Gap possibly filled by planned activities in ICARUS Project
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8.3.6 Terrainchange monitoring

Concept
Purpose
Current state
Level 1
Identified gap
Weight 5
Owner EGEOS
DICEA
Solution/Action
Available
Analysis
Recommended
actions

Founding Members

* X %
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Method to remotely detect anthropological kind changes in a given area.

Worldwide process standardisation

There are purely legislative methods for monitoringareas for new obstacles

Lack of methods for identifying obstacles automatically.

Checking the possibility of tracking and notifying about changes thanks to satellite
observations

There are many factors thataffect the capacity of the airspace,and thus the
determination of the minimum safe distances between aircraft (separations).
Conceptually, the most desirable conceptfrom a business pointofview is the conceptin
which drones will flyalongany shortestroute. This concept has been known for yearsin
manned aviationandis called the Free Route concept. But, due to the necessity to
reconcilethe interests of many airspaceusers,including the safety of people and
property on the ground, incertainareas, especially highly urbanised ones, there will be
aneed to channel traffic. Traffic shaping will need to consider, assessand minimisethe
risk of GRC and ARC, as well as the safeestablishmentof UAS through paths with
obstacles.

At present, there is nolawthat, as is the casewith public, controlled airports, could
protect such areas fromunexpected construction. The pointis that the Local
Administration Unit, when issuingany consentfor the construction of a facility,
assuminga facility higher than the nearest facility i n the vicinity, would haveto consult
with the organiser of unmanned traffic, e.g. U-space provider about its construction.
This might requireadjustinglocal construction law.

Therefore, a temporary solution, but nevertheless burdened with a largeerror, could be
to monitor terrain changes by means of satellite observations. Another solution could
be monitoring changes with dedicated flights.

Gap possibly filled by planned activities in ICARUS Project
Future additionalresearch
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8.3.7 Ildentification of slender obstacles

Concept

Purpose

Current state

Level 1

Identified gap

Weight 2

Owner EGEOS
DICEA

Solution/Action

Available
Analysis

Recommended
actions
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Discovery the height of the slender obstacles using satellite observations

Worldwide process standardisation

There are no effective methods of observingslender obstacles usingsatellitedata.

There is no unambiguous method of detecting slender obstacles by means of satellite
observation.

Possibility ofinstallinginexpensive deflectors, and of enforcingtheir usethrough law.

Inareas where there is nolegislative protection againstthecreation of new obstacles, it
is necessaryto use wide-area monitoring systems, capableespecially of determining
slender (tall) obstacles. The only global method is to use satellite observations.
However, due to the point-like nature of obstacles, they may not be visibleto satellites.
Hence the idea of usingsmall deflectors installed on obstacles thatcould beseen
through satelliteradarimages.

Gap possibly filled by planned activities in ICARUS Project
Future additionalresearch
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8.3.8 Support for Flight Planning

Concept

Purpose

Current state
Level 4

Identified gap
Weight 2
Owner DRAR
Solution/Action
Available Q2

2021
Analysis
Recommended
actions
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Discovery of critical obstacle and profile heights within contingency volumes

Increasing thesafety of planned operations

Currently, there areno standards for presenting data for planned routes and the
surrounding contingency areas. An example solution was presented in the BFPaa$S (ESA
project) project.

We are lackingtheability to check profiles on various terrain models. An algorithmis
available, and developed by the BFPaaS (ESA) project.

The ability to check the highestterrain pointfor the route profileand the given
contingency area, based on the known terrain model

Mappinga route for an BVLOS flight, without information aboutthe altitude of the
terrainand obstacles intheimmediate vicinity of the designated route, may give
erroneous confidencein the safety of flight planning. Unfortunately, our analyses
showed that the calculation of the flightroute without takinginto accountthe
contingency buffer might resultina collision with an obstaclein the event of position
errors. This ruleapplies tothe planned flight paths, to arrivalsand departures,and to
holding or controlled zones.

Attempts have been made to applyalgorithms that, for the designated routes, will
provideinformation aboutobstacles in the vicinity for set parameters derived from the
aircraftcharacteristics.

To establish theintrinsic UAS Ground Risk Class (GRC), the applicantneeds the
maximum characteristic UAdimension (e.g. wingspan for fixed wing, blade diameter for
rotorcraft, maximum dimension for multicopters, etc.) and the knowledge of the
intended operational scenario. Theapplicantneeds to have defined the area at risk
when conductingthe operationincludingthe operational volume, whichis composed of
the flightgeography and the contingency volume. To determine the operational volume
the applicantshould consider the position-keeping capabilities of the UAS in 4D space
(latitude, longitude, height and time). In particular theaccuracy of the navigation
solution, the flighttechnical error of the UAS and the path definition error (e.g. map
error)and latencies should beconsidered and addressed in this determination.The
associated ground risk buffer with atleasta 1to 1rule (i.e.ifthe UAis plannedto
operate at 150m altitude, the groundrisk buffer should atleastbe 150m.) (Source
Edition 2.0, JAR-DEL-WG6-D.04)

Gap possibly filled by planned activities in ICARUS Project
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8.4 GNSS

8.4.1 GNSS Positioning, Integrity, and Signal Monitoring

Concept

Purpose

Current state

Level 2

Identified gap

Weight 7

Owner TPZ
TOPV

Solution/Action

Available

Analysis

Recommended
actions
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Navigation System Error Estimation/Evaluation

Worldwide process standardisation

Currently, there areno standards for NSE applied to UAS

There is no a unified manner for determining NSE

NSE is estimated a-priori from:

[1] Global Positioning System Standard Positioning Service Performance Standard, USA
DoD, April 2020.

[2] Global Positioning System Precise Positioning Service Performance Standard, USA
DoD, February 2007.

[3] Global Positioning System Wide Area Augmentation System (WAAS) Performance
Standard, USA DoD / FAA, October 2008.

[4] Galileo Open Service Service Definition Document, May 2019.

[5] GSA, EGNOS Safety of Life (SolL) Service Definition Document, Issue3.3.

[6] GSA, EGNOS Open Service (0OS) Service Definition Document.

[7]1 O. Montenbruck, P. Steigenberger, A. Hauschild, “Multi-GNSS signal-in-spacerange
error assessment— Methodology andresults”,2018.

[8] Space and Geophysics Laboratory Applied Research Laboratories of The University of
Texas at Austin, “An Analysis of Global Positioning System (GPS) Standard Positioning
Service Performance for 2019”, May 2020.

[9] U.S. Federal Aviation Administration, “Global Positioning System Standard
Positioning Service Performance Analysis Report”, July 2020.

[10] European GNSS (Galileo) Services Open Service Quarterly Performance Report,
April-June 2020.

The accuracy of the computed position solutionistightly related to several aspects that
are difficultto specify a-priori. Usually, in the navigation domain, the accuracyis defined
as the 95™ percentile of the navigation positioning solution error, both in the vertical
and horizontal dimensions (2-sigma error). Extensivetest campaigns are suggested for
the specification of NSE before validation of a GNSS receiver for UAS. Nevertheless,
sinceaccuracyisusually notthe main driver (although accuracy requirements aregiven
in Minimum Operational PerformanceStandards) intheapplication domainsrelated to
human safety, the most important aspectis usually thereal-time reliability of the
solution,i.e. its integrity.

Develop or amend, at the level of AMC, consensus-based industry standards, by ISO,
EUROCAE, orsimilar
Gap possibly filled by planned activities in ICARUS Project
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8.4.2 Communication of GNSS augmentation data

Concept

Purpose

Current state

Level 3

Identified gap

Weight 9

Owner TPZ
TOPV

Solution/Action

Available

Analysis

Recommended
actions

Communication of GNSS augmentation data

Backup satellite channel for data communication

Augmentation data need a datalinkto be sent to UTM, drone pilots or the drone itself
to improve accuracy and enableintegrity calculation

There is a need to havea wide telecommunication datalink to providerequired data

To solvethe possiblelack of a terrestrial communication link a satellitechannel could be
used to providedata or the calculation should bedone on board takingdata directly
from satellitebroadcast

Inthe currentproject, the effective throughput of navigation-related data generated
can be detected. It has to be emphasised that a satellitelink could introducetoo high a
latencyinthe data provision, threateningthe possibility of computing the solutionand
its integrity-related parameters timely enough. This aspectcould be investigatedin
ICARUS activities andin future projects.

Gap possibly filled by planned activities in ICARUS Project

8.4.3 Definition of Minimum Performance Standard for Integrity of BVLOS
operations

Concept

Purpose

Current state
Level 4
Identified gap
Weight 10
Owner TPZ
TOPV
Solution/Action
Available

Analysis

Recommended
actions

Founding Members

* X %
* *
* *

O

* *
* ok

EUROPEAN UNION ~ EUROCONTROL

Reliable positioning service, integrity computation (i.e. Protection Levels) essential for
drone operation especially BVLOS

Defininga minimum performance standard for integrity to enable safedrone operations
in BVLOS

Integrity reference values are derived from manned aviation

There are no reference values defined for UAS

Make theoretical studies and intensetest campaigns startingfromone done in ICARUS
to determine UAS integrity parameters

This is one of the very critical points of the use of GNSS as a positioningand navigation
method for the UAS. The analysisand definition of standards and requirements for what
concerns these aspects is outof scope of the present project. Nevertheless, ICARUS
studies and outcomes could lead to interestingresults and to recommendations or
notes. Besides, the topicis treated in other different scopes (such as EUROCAE WG-105
SG-62, “GNSS for UAS”, and RTCA SC-228 “Minimum Performance Standards for
Unmanned AircraftSystems”). The outcomes of the deliberations of these working
groups have not yet been published, so the suggestionis to adopt the performance
standards used for manned aviation for current project, and eventually to try to study
the effect of tuning some of the fixed parameters, to better adapt them to the context.

Develop or amend, at the level of AMC, consensus-based industry standards, by ISO,
EUROCAE, orsimilar
Gap possibly filled by planned activities in ICARUS Project

151



EDITION 00.01.11

8.5 Altitude/Height reference systems - technical aspects

8.5.1 Data exchange

Concept
Purpose

Current state
Level 1

Identified gap

Weight 6

Owner DRAR
ECTL

Solution/Action

Available

Analysis

Recommended

actions
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The concept involves connecting U-space systems to official QNH pressure data
sources.

Ensuringa minimum of safety in the transition areasand wherever there will be
manned traffic mixed with unmanned

Each member state (ANSP) has its own system for collecting QNH pressuredata

No standards for exchanging QNH data across EU/world. Support for emergency
situations in whichthe QNH pressurewas not specified.

Connection to official QNH pressureinformation distribution systems in the region and
local data (atthe airport). Information on primary and backup QNH regions. Monitoring
of changes inthe boundaries of QNH regions.

Undoubtedly, the use of barometric sensors will benecessaryinthe transition layersas
well as wherever there will be manned and unmanned aviation.Hence, access to the
official QNH pressure data for selected official areasas well aslocal pressurefor airports
is absolutely required. The issue of the use of barometric sensors in GAMZ spaces
should also beconsidered, but with increased measurement accuracy, greater than the
unit changeof 1hPA, 1ImmHg, inHg, as is the casefor manned aviation.

Develop or amend, at the level of AMC, consensus-based industry standards, by ISO,
EUROCAE, orsimilar
Gap possibly filled by planned activities in ICARUS Project
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8.5.2 Distribution of QNH information

Concept
Purpose

Current state
Level 1

Identified gap

Weight 1
Owner DRAR
ECTL*
EUSCIT
Solution/Action
Available
Analysis
Recommended
actions

Founding Members

* X %
* *
* *

* *
* ok

O

EUROPEAN UNION ~ EUROCONTROL

The issue of cost and legal distribution official QNH data among U-space users (CIS /
FIMS / USSP / SUSSP)

Ensuringa minimum of safety in the transition areasand wherever there is both
manned and unmanned traffic.

The costof obtaining QNH data is probably negotiated individually with official
meteorological data suppliers. ltmustbe assumed thatin some countries the costof
obtaining QNH informationis included in the state supportfor VFR flights.

Cost of data acquisition

As QNH data may belong to the group of normative information, the data should be
distributed free of charge. The consortium members decided to send a questionto all
European ANSPs asking:

QNH questionnairefor ATS

1. Are there anylegal or financial constraints or issues prohibiting you fromsharingreal -
time QNH values used by your system/ subsystem/ ATS with a U-space/ICARUS service
provider?Ifso, what are they?

2. How canreal-time QNH values be legally obtained by an ICARUS service providerin
your FIR?

3. Are there anytechnical issuesto be overcome before providing QNH values?Ifso,
what are they?

4. What QNH contingency procedures are used if there are problems with local sensors
or their communication channels, etc.? Especially, what QNH valuedo aircraftusein
such cases?

5. Are there anyareas where measured, forecast, or calculated QNH cannotbe treated
as accurateforaviation purposes?

The aggregated results of the questionnairewill beused to further analyses.

It should be considered whether QNH pressuredatais legally normative. Ifso, this data
should be public and free of charge.
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8.5.3 Usage of telecommunication networks’ capabilities

Concept
Purpose

Current state

Level 1
Identified gap
Weight 1
Owner DRAR
Solution/Action
Available

Analysis

Recommended
actions

An attempt to use telecommunications networks, especially Edge computing, to
distribute information about local obstacles

Increasingthesafety of unmanned flights, without the need to involveon-board
obstacledetection systems, either visual or radar.

The idea of publishinginformation aboutlocal obstacles using telecommunications
networks is a new feature. There are no currentstandards.

There are no systems that broadcastinformation aboutlocal obstacles.

Need to analysethe availabletelecommunications systems (3G/ LTE / 5G / Wi-Fi / BT).
Recommendations for effective protocols should be produced.

Information aboutobstacles is required atthe flight planningstageand duringthe
flight. Whilethere are methods for storingand updating obstacledatabases, dueto the
possibility of a sudden obstacle, itwould be useful to have a system that publishes the
current data locally. This would bethe equivalentof a lighthouse, alsoinforming users
about other local threats. Inaddition, the function could be used inthe event of a drone
which was suddenlyina placewhere itwas not planned, e.g. due to a failure.

Develop or amend, at the level of AMC, consensus-based industry standards, by ISO,
EUROCAE, orsimilar

8.5.4 Drone vertical position standardisation

Concept

Purpose

Current state

Level 1

Identified gap

Weight 8

Owner TOPV
EUSCIT

Solution/Action

Available

Analysis

Recommended

actions
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Standardising the display of information about the height / altitude reference system.

Standards for the definingthe reference system used for height/altitude across drone
manufacturers and the ways itis calculated by every drone (manufactured or home-
made). Only by knowing the reference systems and methods of calculatingaltitudeinall
aircraftwill itbepossibleto clearly determine their respective heights.

Lack of recommendations and standards for defining height/altitudeacross drone
manufacturers.

Lack of standards for displayinginformation about H/A reference system to the UAS
operator

A proposal for a nomenclatureto be used when definingthe reference system

The vocabulary used to specify the reference model used must be unambiguous and
easyto remember andunderstand. Description kits to explain their meaninginthe
application’shelp and FAQ should also beprepared.

Develop or amend, at the level of AMC, consensus-based industry standards, by ISO,
EUROCAE, orsimilar
Gap possibly filled by planned activities in ICARUS Project
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8.5.5 Standardisation of the of switching between altitude/height reference

systems
Concept
Purpose
Current state
Level 1

Identified gap

Weight 4
Owner TOPV
EUSCIT
Solution/Action
Available
Analysis
Recommended
actions

Standardisation of the method of switching between altitude/height reference
systems.

Only by knowing the reference systems and methods of calculatingaltitudeinall aircraft
will itbe possibleto clearly determine their respective heights.

Lack of recommendations and standards for defining height/altitudeacross drone
manufacturers

Lack of possibility to switch between reference systems in cheaper drones. No standard
or recommendation.

Recommendations for manufacturers to use switches for reference models.

The menu of the application controllingthe drone shouldincludea switch between
reference models for definingaltitude. The switch should be provided with an
instruction manual with information whereand at what time the model should be used.

Develop or amend, at the level of AMC, consensus-based industry standards, by ISO,
EUROCAE, orsimilar
Gap possibly filled by planned activities in ICARUS Project

8.5.6 Standardisation of the method of enforcing the use of specific height/
altitude reference system.

Concept

Purpose

Current state

Level 1

Identified gap

Weight 5

Owner TOPV
EUSCIT

Solution/Action

Available

Analysis

Recommended

actions

Standardisation of the method of enforcing the use of specific height/ altitude
reference system.

Only by knowing the reference systems and methods of calculatingaltitudeinall aircraft
will itbe possibleto clearly determine their respective heights.

Lack of recommendations and standards for defining height/altitudeacross drone
manufacturers

Itis not possibletoforce the use of a specific reference model. No recommendation for
producers.

An interfaceor APl must be created for the U-space interface(in addition to document
945) so that the take-off of a drone inthe GAMZ area will only be possible after
enforcingthat drone to usea GAMZ-specific reference system.

The problem of forcing the useof appropriatereference methods incommercial drones
is a problem on the border of business and technology. Drone manufacturers are
generallyreluctantto enforce regulations on their equipment, shiftingthe responsibility
for the flightto the drone operator/pilot. The rulehere is thatno one will say where my
drone canflyasitcould potentially limitsales. Unfortunately,suchanapproach,in
whichthe entire responsibility is shifted to the drone operator, who is often unaware,is
not conduciveto the general safety of operations. Hence, the necessity to enforce the
use of anappropriatereference system should be ensured atthe legislativelevel and
legally enforced.

Recommend amendment of EC legally binding Implementing Rules on aviation safety
(e.g. SERA; 923/2011)

Develop or amend, at the level of AMC, consensus-based industry standards, by ISO,
EUROCAE, orsimilar

Founding Members

* X %
* *
* *

O

* *
* ok

EUROPEAN UNION ~ EUROCONTROL
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8.5.7 Accesstodevice calibration data

Concept Possibility to access device calibration data.

Purpose By addingcalibration calculations, itwill be possibleto determine vertical position error.
It will bepossibleto clearly determine their respective heights of all aircraft.

Current state Lack of recommendations and standards for determination height/altitudeacross drone

Level 1 manufacturers.

Identified gap There is no information aboutthe calibration of barometric measuring devices.

Weight 1

Owner POLIMI

Solution/Action Definition of a method of exchanginginformation on calibration data.

Available

Analysis This element is of particularimportanceinareas wheredrones will flyinthe presence

of manned aviation. Measurement sensors usedin IFR/ VFR flights arestandardised

and certified in manned aviation. To maintain the required level of safety, the

certification aspectofsensors in drones should betaken into account.
Recommended Develop or amend, at the level of AMC, consensus-based industry standards, by ISO,
actions EUROCAE, orsimilar

8.5.8 High-level recommendation for the use of units and abbreviations
specifying the selected reference model.

Concept High-level recommendation for the use of units and abbreviations specifying the
selected reference model.
Purpose Appropriaterecords inthe documentation at each level: manufacturers, standardising
bodies, local, European and global regulations.
Current state There is no standard for presenting the height format and the reference system with
Level 2 units
Identified gap Some ideas already existfromother EU projects
Weight 3
Owner EUSC??
ECTL
Solution/Action Recommendation to use unified units for selected areas and methods of their
Available conversion (rounding) and presentation.
Analysis There are many metric systems in the world. Unification and clear recommendations
are needed to avoid so-called "obvious errors"ininterpretation.
Recommended Develop or amend, at the level of AMC, consensus-based industry standards, by ISO,
actions EUROCAE, orsimilar
156 Founding Members
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8.5.9 Use of an exact take-off position for altitude recalculation

Concept

Purpose

Current state

Level 1

Identified gap

Weight 2

Owner TOPV
TPZ

Solution/Action

Available

Analysis

Recommended
actions

Use of an exact take-off position for altitude recalculation

Take-off position could be used for a standardised determination of take-off altitude

No reliableanalyses

It should be checked, among several popular drone manufacturers and controllers,
whether there is a method of sending data about the place of take-off in telemetry

Analysis of the possibility of accessinginformation about the take-off positionin
popular drones and frequently used open-source flightcontrollers.

For the purposes of the ICARUS project, we assumethatitis possibleto calculate the
altitude based on the take-off site known from the field models used. Additionally, this
information can be used to verify whether the currently displayed heightis correctly
calculated.

Develop or amend, at the level of AMC, consensus-based industry standards, by ISO,
EUROCAE, orsimilar
Gap possibly filled by planned activities in ICARUS Project

8.5.10 Offline vs online DTM/DSM data sets

Concept
Purpose
Current state
Level 1
Identified gap
Weight 1
Owner EGEOS
DRAR
Solution/Action
Available
Analysis
Recommended
actions

Founding Members

* X %
* *
* *

O

* *
* ok

EUROPEAN UNION ~ EUROCONTROL

Definition of when DTM/DSM data can be used offline and when online

Assumingthat not all drones, especially thecheaper ones, will be ableto upload terrain
models before take-off, the possibility of calculating heightusing external systems, e.g.
5G edge computing, should be taken into account.

Lack of standards and recommendations.

There are no reliableanalyses of the use of field models interms of computing power of
drones and the necessary bandwidth to send sufficientarea to the drone.

For now, there is a need to identify the advantages of usingonlineand offline models.

Itis well known that field data filesizes arerelativelylarge. Itis also known that
processingthem requires adequate computing power. Due to the current power deficit
on the drone, itshould be considered whether anonlineor offlinemodel will be more
effective.

Develop or amend, at the level of AMC, consensus-based industry standards, by ISO,
EUROCAE, orsimilar
Gap possibly filled by planned activities in ICARUS Project
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8.5.11 The broadcasting methods for Height / Altitude information.

Concept
Purpose
Current state

Level 1

Communication methods for Height / Altitude transformation

Possibility of calculating height using external systems, e.g. 5G edge computing.

Lack of standards and recommendations.

Identified gap

Weight 4

Owner DRAR

There is a need to convert and broadcastelevation reference models and converted
eldentification (telemetry) data inthe U-apace.

Solution/Action
Available

The use of availabletelecommunications methods for publishingand broadcasting data
safely and unambiguously.

Analysis

Recommended
actions

The GAMZ concept involves the use of external calculationsto determine the vertical
position of the aircraft. For this, the existing telecommunications systems should be
considered, as well as modern methods currently being developed, e.g. with 5G
systems.

Gap possibly filled by planned activities in ICARUS Project

8.5.12 Standardisation of handling of known measurement and calculation

errors

Concept
Purpose
Current state
Level 2
Identified gap
Weight 9
Owner TOPV

TPZ
Solution/Action
Available
Analysis
Recommended
actions
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Standardisation of handling of known measurement and calculation errors.

Errors might change calculations

Lack of standards and recommendations.

Develop or amend, at the level of AMC, consensus-based industry standards, by ISO,
EUROCAE, orsimilar
Gap possibly filled by planned activities in ICARUS Project
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8.5.13Vulnerability and responsiveness to cyber attacks

Concept

Purpose
Current state
Level 1

Identified gap

Weight 2
Owner TPZ

TOPV
Solution/Action
Available
Analysis
Recommended
actions

Providing resistance to known and potential unknown methods of cyber-attack

Ensuringthe safety of air operations.

Lack of standards and recommendations.

The newly created system developed under the ICARUS project will operatein
accordancewith the CIA paradigm: Confidentiality, Integrity and Availability. In order to
produce services and systems onthe manned and unmanned aviation market,itis
necessary to create a singlesourceof reliableinformation. Dueto the obvious factthat
itis notpossibleto aggregate all the necessaryinformation needed to run the servicein
one system (database),a coherent, structured communication layer mustbe created,
with the specification of appropriate secure protocols.

The implementation of the ICARUS servicewill be carried outinaccordancewith the
SWIM concept (System Wide Information Management).

Future additional research

8.5.14 Achieve safe segregation between manned and unmanned aviation at

low level
Concept
Purpose
Current state
Level 1

Identified gap
Weight 6
Owner ECTL
Solution/Action
Available

Analysis
Recommended
actions

Founding Members

* X %
* *
* *

O

* *
* ok

EUROPEAN UNION ~ EUROCONTROL

Introduction of GAMZ (Geometric Altitude Mandatory Zones)

Use of common altitude readout for traffic spacing

Lack of standards and recommendations.

Existence of SORA definitions for manned aviation. Lack of standardisation for
unmanned and hybrid flights. No regulation of standardisation for flights near the U-
spacetransition layer.

Definition of rules thatprecisely characterisetheuse and area of switching of altitude
reference systems

Develop or amend, at the level of AMC, consensus-based industry standards, by ISO,
EUROCAE, orsimilar
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8.5.15 Contingency plans

Concept
Purpose

Current state

Level 1

Identified gap
Weight 5
Owner POLIMI

Solution/Action

Available

Analysis

Recommended
actions

160

Contingency plans for GNSS degradation.

Ensuringa minimum of safety and contingency plans in the event of failureofa system
or one of its components.

Barometric sensors areusedin drones, but ina non-standardised way. Even with the
ADS-B standard, measured values arerounded to the nearesttens of ft accordingto the
protocol.

There are no standards for the use of pressuresensors with higher accuracythan 1hpA,
1mmHg, linHg. There are no standards for a reference pressurefor drones, with the
possibility of usingan accuracy greater than a standardised unitof measure. There are
no standards for determining when and under which circumstances a switch or the use
of barometric sensors could beapplied.

Based on the analysis of popular barometric sensors, an attempt should be made to
determine the minimum safevalue of the pressurechange providing unambiguous
determination of the vertical position. On this basis, an attempt to determine the
cruisinglayers, takinginto accountthe terrain profiles, should be made.

In manned aviation, barometric pressureis used, with the unitscalelimited to one
hectopascal (1hPa), mmHg or inHg. This is dictated by historical reasons as well as the
factthat pressuredatais transmitted orallyviaa radio channel,and pressureis dictated
by radio. Currently used digital pressuresensors havea much higher accuracy (to the
level of centimetres), standards should be considered for the minimum safevalue of
pressuredifferences in which popularand cheap pressuresensors used on drones could
provideinformation aboutthe altitudeinthe event of failureor shortage of the GNSS
system, or even inspecial cases toreplaceit.Also, it should be noted that where the
ATM system converts ADS-B level data to display the barometric equivalentlevel data,
the displayed data should notbe used to determine vertical separation until thedata
are verified by comparison with a pilot-reported barometric level.

Develop or amend, at the level of AMC, consensus-based industry standards, by ISO,
EUROCAE, orsimilar

Gap possibly filled by planned activities in ICARUS Project

Future additional projects
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8.5.16Safety promotion, knowledge dissemination

Concept

Purpose
Current state
Level 1

Identified gap
Weight 4
Owner EUSCES
Solution/Action

Available
Analysis

Recommended
actions

Founding Members

* X %
* *
* *

* *
* ok

O

EUROPEAN UNION ~ EUROCONTROL

Means of promotion and communication of requirements and standards in an
understandable manner

Definition of CARS specific documentation and vocabulary.

Due to the need to unify experiences between two interestgroups, geodetic and
aviationservices, thereis a need to consolidatethe methods of namingand
communication.

The lack of uniform nomenclature canlead to misunderstandingsandincorrectuse of
reference models and field data, which has a direct impacton air traffic safety.

Definition of CARS specific documentation and vocabulary.

The aspect of user education cannot be ignored in this project. Itshould be

remembered thatthe system will only beas good as the people usingit understand how
it works. Hence, with such a complicated level of progress of procedures and technical
requirements, as well as the need to meet the appropriateconditions for theuse of
systems, proper and easy-to-understand standardised education material is necessary.
Promoting education through international organisations such as EuroCAE, JARUS
should also beconsidered.

Recommend amendment of EC legally binding Implementing Rules on aviation safety
(e.g. SERA; 923/2011)

Develop or amend, at the level of AMC, consensus-based industry standards, by ISO,
EUROCAE, orsimilar

Gap possibly filled by planned activities in ICARUS Project
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8.6 Other

8.6.1 Responsibility vs insurance

Concept

Purpose
Current state
Level 1

Identified gap
Weight 5
Owner EUSCES

Solution/Action
Available

Analysis

Recommended
actions

Establishing clear and transparent rules in the area of responsibility for data
processing systems and data delivery platforms

Separation of responsibilities between process participants

Existingliability law does not cover the use of data for UAS flights in the context of
terrainand obstacledata exploration. There are no defined limits of liability between
the participantsin the development, analysis, processingand delivery of data.

There are no provisions clearly defining the responsibility of data providers and data
users.

Creation of norms and principles to defineresponsibilities in theareas of data
production, data analysis, data processing and data delivery. Determining methods for
verifyingalgorithms thathavea directimpacton safety.

New and emerging digital,and increasingly autonomous, technologies challengesome
of the fundamental legal and institutional principles of civil aviation. New entrants have
a fundamentally different safety and operational mindsetcompared with traditional
manned-aviation stakeholders. The progressive deployment of U-space solutions will
benefit all airspace users (manned and unmanned) by providinga full setof services.
However, the smooth adoption and public acceptanceofthese new technologies and
services depend, to a large extent, on clarifyingthe responsibilities and liabilities of the
involved stateand non-state actors in this complex environment.

Recommend amendment of EC legally binding Implementing Rules on aviation safety
(e.g. SERA; 923/2011)

Develop or amend, at the level of AMC, consensus-based industry standards, by ISO,
EUROCAE, orsimilar

Founding Members
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8.6.2 Rules and standards for MET service provisions

Concept

Purpose

Current state
Level 1
Identified gap
Weight 1
Owner ECTL
Solution/Action
Available

Analysis

Recommended
actions

Founding Members

* X %
* *
* *

* *
* ok

O

EUROPEAN UNION ~ EUROCONTROL

Creating recommendations for regulatory authorities and standard development
organisations to ensure safe and uniform data treatment for MET services at VLL

Unifyingaccess todata and relyingon suitable MET service providers

Lack of clarity and completeness of rules and standards

No guidanceis yet drafted to ensure terms of access and fair payment of weather
services inthe U-Space.

1. Amend Commission Implementing Regulation (EU) 2019/317 of 11 February
2019 layingdown a performance and chargingscheme in the single European
sky, to allowfairaccessand pricing of weather services inthe EU atVLL,
includingfar fromaerodromes.

2. Contribute to the work of SDOs to ensure that their deliverables also cover the
needs for exchange of geographical and weather information.

3. Creation of Europe-wide recommendations unifyingthe access tothe QNH
data across Europe.

Aviation weather informationis a service provided to ANSPs and pilots by
meteorological air navigation service providers, generally local to the state overflown
(e.g. UK Met Office), though there are other sources. Itis essential thatvalues used by
UASs are the same as those used by manned aviationinthesame area. An ANSP, and
therefore a USSP, could haveto payfor this information,and any pricemust be within
the ability to pay of a USSP.

Currently EC Regulation 2017/373 covers MET services, based on Annex 3 to Chicago
Convention. However, these provisionsarenottailored to the needs of UAS at VLL.
The gap atthe level of safety regulationis beingclosed by Art. 12 of draft U-Space
regulation, whichis beingdiscussed at Commission level, following EASA Opinion
01/2020.

Standard Development Organisations (SDOs) aredraftingstandards for the functional
architecture (e.g. 1SO 23629-5), data exchange (e.g. 1SO 23629-7), UTM Service
Provision (e.g. 23629-12) and interfaces with vertiport operators (e.g. 5015-2).

Recommend to EC/EASA to consider access and charging of U-Space services.
Develop or amend, at the level of AMC, consensus-based industry standards, by ISO,
EUROCAE, orsimilar.

Investigatethe availability, cost,and unicity of standard QNH values for all regions of
Europe.
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9 Overall error budget

The main technical objectives identified in ICARUS will be investigated in more detail considering
different typesof errorthat may affect the direct vertical measurements and/or data provided by USSP
or otherdata providers.

To assess a feasible common vertical reference, possible errors must be estimated with a common
datum, especially in the case of acommon UAS-UAS reference. Thisisvery important because itis not
currently possibleto separate dronetrafficvertically, therefore a highlyaccurate vertical measurement
is needed to estimate the “thickness” of vertical safety layers to improve VLL airspace capacity and
allow other projects to study different traffic separation schemas.

For thisreason, this section presents an error budget analysis, following a PBN approach forthe UAS-
UAS case.

9.1 Introduction on RNP procedures

RNP procedures were introduced inthe PANS-OPS (Doc 8168), which became applicable in 1998.

These RNP procedures were the predecessor of the current PBN concept, which defines the
performance for en-route operations instead of simply identifying arequired radio navigation system
performance.

An RNP system uses its navigation sensors, system architecture, and modes of operation to satisfy the
RNP navigation specification requirements. RNPrequirementsmay limit the modes of operation of the
aircraft, e.g. for low RNP, where flight technical error (FTE) is a significant factor, manual flight by the
crew might not be allowed. Dual-system/sensorinstallations might also be required, depending on the
intended operation or need. RNP specifications include requirements for certain navigation
functionalities. Atthe basiclevel, these functional requirements may include:

e continuousindication of aircraft (drone) position relative to track to be displayed to the pilot
flying ona navigation displaysituated in his primary field of view;

e displayingof distance and bearingto the active waypoint;

e displayingof ground speed ortime tothe active waypoint;

e navigationdatastorage function

e appropriate failure indication of the RNP system, including the sensors.

An RNP specification is characterised by a suffix “X”, e.g. RNP3. This suffix refers to the lateral
navigation accuracy in nautical miles, which is expected to be achievedat least 95 per cent of the flight
time by the population of aircraft operating within the airspace, route or procedure.

The performance-based descriptionsaddress some characteristics that were causing variations in flight
trajectories, leading to more repeatable, reliable and predictable flight tracking, as well as smaller
obstacle assessment areas.

Currently, PBN aims to harmonise longitudinaland lateral performance requirements (i.e.2D) for RNP
specifications and in the future, it is expected to include 4D trajectory-based operations. These 4D

164 Founding Members

EUROPEAN UNION  EUROCONTROL



ICARUS CONCEPT DEFINITION: STATE-OF-THE-ART, REQUIREMENTS, GAP ANALYSIS f x»

ICARUS% JOINT UNDERTAKING

operations could be very effective for drones, allowing specific “routes” in any portion of airspace
where the GNSSsignal is “well received”.

The PBN and the RNP specifications were formulated by ICAOfor traditional aviation. However, for the
last few years such concepts have also been converted fordrone use through different R&D projects
and initiatives ([14], [15], [16], [17]). GNSS technology in this context can play animportantrole in the
definition of RNP specifications in terms of reduction of the “Navigation System Error” by considering
dual frequency GNSS receivers in multi-constellation configurations, as well as a significant
enhancementin the accuracy of measurement on the vertical axis above the WGS-84 datum, when
usedin combination with different GNSS constellations.

9.1.1 Required U-space Navigation Performance

Validated Required U-space Navigation Performance (RUNP) would use the same ICAO principles of
validation that are used in RNP and RNAV. The specification would use the same requirements set,
although the parameters of what produced a safe operation will have to be validated for a given
geospatial implementation. RUNP is written with a distance suffix, as is done for RNP. In the case of
RUNP the distance unit is given with an S| abbreviation, and is usually m, for metres ([15]). The
followingisan example of high-level RUNP parameters.

Examples high-level RUNP-5 m parameters

Accuracy +/- 5 metres (2*sigma, 95% probability)

Integrity Greater than 1x107/h with a Time-To-Alert of less than 1 second;

Availability | Better than 99% link-time (in nominal conditions);

Continuity At least 1x10#h continuous link-time;

Functionality | Managed ATZ

Table 9-1: example of high-level RUNP

9.2 Performance-based Navigation approach

ICAO PBN document 9613 explains the PBN concept and defines the aircraft area navigation
performance requirements in terms of navigation specifications. These prescribe the accuracy,
integrity, availability, continuity and functionality needed to supporta particularairspace concept.

The PBN concept representsashift from sensor-basedto performance-based navigation. Performance
requirements are identified in navigation specifications, which also identify the choice of navigation
sensors and equipment that may be used to meet the performance requirements. These navigation
specifications are defined at a sufficient level of detail to facilitate global harmonisation by providing
specificimplementation guidance for states and operators.
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PBN identifies the technologies that allow aircraft to fly flexible, accurate, three -dimensional flight
paths using on board equipmentand capabilities, freeing them from reliance on fixed, ground -based
radio-navigation aids, and creates economic, environmental, safety and access benefits.

The implementation of performance-based flight operations requires not only the functions
traditionally provided by the RNAV systems, but may also require specific functions to improve
procedures, and airspace and air trafficoperations, such as fixed-radius paths and lateral offsets.

This chapter transposes the performance-based navigation concept for manned aviation into the
domain of drones, considering GNSS as the primary technology for navigation and the capability of a
drone’s autopilotto maintainits desired path as explainedin the next paragraph.

9.2.1 LATERALNAVIGATION

The inability to achieve the required lateral navigation accuracy may be due to navigation errors
related to aircraft or drone tracking and positioning. The Total System Error (TSE), defined as the
deviation of aflight’s true position away fromthe desired path, is the sum of three main errors:

e Path Definition Error (PDE): Traditionally this errorin manned aviation occurs when the path
defined in the RNAV system does not correspond to the desired path. The use of an RNAV
system presupposes that a defined path, representing the intended track, is loaded into the
navigation database. This error may be transposed in drone domain considering the
cartographic systems (digital maps) that pilots use when planning their missions on their
ground stations and the actual paths reported to U-space.

e Navigation System Error (NSE): refers to the difference between the aircraft’s position as
estimated by the navigation sensor, i.e. the GNSSreceiverin this case, andits true position;

e Flight Technical Error (FTE): refersto the aircrew’s (pilot’s) orautopilot’s ability to followthe
defined path ortrack, including any display error. This error can be monitoredby the autopilot
or by aircrew procedures, and could be provided by amap display. It represents the difference
between the aircraftlocation indicated by the navigation system and the defined flight path.

Desired Flight Path

4 PDE#$ Defined Flight Path

Nrsg(irse Orsg)

Nppe(Mros Oppgs ;|

TSE - Total System Error
FTE - Flight Technical Error

TSE FTE NSE - Navigation System Error
PDE - Path Definition Error
Nere(iere: Orre) {y
+/ ES Estimated Positions
NSE )=, (Navigation System Flight Path)
Nase Gtnses Owse) ¥ — .
A T Drone True Positions
Statistical independence (Actual Flight Path)

Figure 9-1: Total System Error decomposition

The figure above shows the actual position of the drone, its Actual Flight Path (blue), the Desired Flight
Path (yellow), the Navigation System Flight Path (red) — that is the path indicated by the aircraft
avionics, and the path that was defined inthe flight control system(green). The elements that separate
the desired path from the actual one are the components of the Total System Error (TSE). According

to the literature for manned aviation, the Path Definition Error (PDE) is sufficiently small compared
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with the other errors that it can be safely neglected; however, this might be not true for drones due
to the accuracy required for certain kinds of operation. In fact, it could be that PDE should not be
neglectedif the accuracy of cartography requiredis ata centimetric/ decimetriclevel.

9.2.2 Assumptions onErrors

The distribution of these errors is assumed to be independent, zero-mean and Gaussian. Therefore,
the distribution of TSE is also Gaussian with a standard deviation equal to the root sum square (RSS)
of the standard deviations of these threeerrors.

The FTE for drones is expected to be the main contributor to the TSE. FTE is a characteristic function
of the specific drone (drone + autopilot guidance or drone + pilot control), sensitive to weather
conditions and the drone’s velocity. As shown in Figure 9-2, a lateral shift can occur between two
consecutive estimations of adrone’s position, and this is quantifiable onlywhen anew drone position
isupdated.

AFP

L<t<t, Exsi (1)
NSFP
11
AFP e @ pc e e e e dd e e o e =
SPTE (IZ)
Exse (1) €yse (1)
DFP = NSFP DFP = NSFP e Mo DFP

Figure 9-2: Generation of FTE during the update of drone position

At the left of Figure 9-2, if the drone’s estimated position at time t; coincides exactly with the desired
path (DFP=NSFP), this position estimate can have beenaffected onlyby the NSE. So the actual position
(AFP) differs from the estimated one by eys(t1). In @ GNSS-based navigation system, the main factors
that make up the NSE are the User Equivalent Range Error (UERE) and the Geometric Dilution Of
Precision (GDOP), which are described in the following paragraph.

The UERE refers to the pseudorange measurement errors caused by tropospheric and ionospheric
errors, the multipath effect, clock error, etc. while GDOP specifies the error propagation as a
mathematical effect of satellite geometry on positional measurement precision. So NSE is strongly
dependent on the GNSS receiver used and on the techniques and configurations used to mitigate
errors on the pseudo-range measurement. Usually, in non-urban environments or in any case where
thereisa verylow multipath error, the NSEvalue is estimated ataround 1-2 m. [14]

If t, is the time at which the navigation system next updates the drone’s position, during the time
interval t; < t < t,, the real position of the drone (AFP) could change due to a turbulence effect or a
changein the flightdirection, while the estimate of the drone’s position (NSFP) remains the same, so
the navigation errorincreases by &,(t—t,). Finally, att, the drone updates its position, detecting a shift
compared with the desired path &(t, —t;). This is the Flight Technical Error and it is denoted in the
figure as eg(t,).
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If the cause of the error persists, it will increase until the drone’s pilot or the autopilot do something
to fixit. Itis interesting to note that at every position update, the navigation error (NSE) dependsonly
on the estimate of the pseudo-ranges and therefore not onthe drone’s speed oron the wind speed.

Since FTE is the main contributorto the lateral TSE, it isinteresting forthe purpose of ICARUS project
to correlate FTE, NSE and PDE with a sensitivityanalysis, varying the speed of the drone, and the wind
speedina direction perpendicularto the direction of the flight (crosswind and updraft).

9.3 UAS-UAS Common altitude reference

The first error-budget investigation, using a WGS-84 datum, is the common altitude reference at VLL
where two UAS are flying usingthe same geometricdatum, with no other U-space service request for
augmenting their horizontal and vertical accuracy. The model of the datum itselfis embedded in the
GNSS receiver.

A PBN approach is used for determining vertical and horizontal error for both drones, with the
following assumptions:

UAS- UAS Common altitude reference error budget

Industrial grade Hexcopter (Use Case Il)

UAS 1 Remotely piloted

MTOM: 25 kg

Industrial grade Quadplane, VTOL (Use Case l)
UAS 2 Remotely piloted

MTOM 24,9 Kg

Point—to-Point, Linear
Planned Trajectory Cruise speed: 10 m/s (ground speed)

Automatic (Autopilot engaged)
Crosswind (gust) component 15 m/s

Environmental Conditions .
Updraft wind (gust) component 15m/s

DFMC Industrial Grade GNSS Receiver
EGNOS enabled forboth UAS

GNSS Receiver

Table 9-2: Assumptions for UAS- UAS Common Altitude Reference error budget

Figure 9-3: UAS-UAS case
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The errorbudget willbe determined using a literature review approach for the estimation of the errors,
but also by means of numericsimulations and real flight sessions when needed. In particular, once all
the sources of error have been identified, a theoretical RNP specification for navigational accuracy can
be drafted.

9.3.1 Path definition error

The reference, or desired, trajectory can also be corrupted with errors and anomalies such as
administrative errors (e.g. naming and labelling), inaccuracies of data in the database (including as a
result of surveying errors), lack of up-to-date information (e.g. unreported new buildings in VLL) and
misinterpretations of the geodeticdatum.

This Path DefinitionError (PDE), typically neglectedfortraditional aviation, cannot be always neglected
for drones, especially when planning missions where a high level of detail is required. In this case, the
errorcan be directly related to the cartographicsystem used by the ground control stationin use (level
of zoom, details of the map, accuracy of cartographic representation, etc.) and the DSMused.

This error can spread from the centimetre level up to one metre on the horizontal plane (e.g. Open
Street map, etc.). The error on the vertical axis can be much higheras describedin the next paragraphs.
However, usinga GNSS DFMC receiver for theacquisition of the “Home Point fix” for updating the DTM
value (especially in case of recurrent missions) could be agood mitigation strategy to limit this error.

9.3.2 Navigationsystemerror

9.3.2.1 Introduction

Generally speaking, itisimportantto definethe Navigation System Error (NSE) so that the Total System
Error (TSE — see Figure 9-1) can be defined as accurately as possible. Even if nominally independent
from any other error source, it is however difficult to isolate the NSE within the TSE during a normal
test campaign. Moreover, ifthe drone has an autopilot mechanism (even ifonly for flight stabilization),
the NSE and the FTE (Flight Technical Error), if not carefully considered, can be substantially
inextricable.Forthese reason,specificand extensive measurement campaigns to characterize at most
the NSE would be necessary. In absence of that, the best that can be done is to do some theoretical
considerations, together with the study — when the data are available and applicable —of technical
data sheets of the receiverandthe antenna, provided by the manufacturer, of the environment, and
finally of the historicseries and figures of the performances achieved in similar conditions.

9.3.2.2 Theoretical considerations and accuracy according to performance
standards

Theoretically speaking, a precise definition, a-priori, of the NSE is quite impossible, due to the large

number of factors that must be considered:

1. Errors originating from the space and control segments: seasonal and clock errors, satellite
hardware biases, non-optimal attitudes, inaccuracies in the definition of centre of phase of
antennas, etc.; possible satellite or system failures are not considered hereand are treated as
outliers—they are allocated in the integrity budget.

2. Errors introduced by Signal in Space propagation: uncompensated effects of troposphere,
ionosphere, relativisticgradient, etc.
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Environment and intrinsic receiver errors: noise, multipath, signal blocking (obstacles), non-
optimal correlators, antenna and circuits, hardware biases, geometry of the visible
constellation (DOP), unintentional or malicious interference, type of processing and the
observables used in it (e.g.: the ionospheric-free combination eliminates the 99% of the
ionosphericdelay, butamplifies the noise), etc.

A common way to categorise and provide arough description of theimpact on the positioning accuracy
of the abovementionederror componentsis provided by the GPS/Galileo Performance Standards( [1],

[2], [3], [4]):

URE (UserRange Error) / SISE (Signal In Space Error), concern the signal “portion” of the overall
error budget

UEE (User Equipment Error), define the portion of the error due to the receiver

UERE (User Equivalent Range Error), considers the overall contribution of the above
componentsto the measurementerror: UERE = /(URE)? + (UEE)?

DOP (Dilution Of Precision), considers theimpact of satellite geometry, as seen by thereceiver,
on the positioning error (overall — PDOP, or decomposed in the horizontal/vertical
components—HDOP/VDOP): Positioning_Error = UERE X DOP

Accordingto performance standardsfor GPS SPS and Galileo OS, the following signal-in-space accuracy
values are guaranteedin nominal conditions:

Constellation | SIS Accuracy Conditions and Constraints

e For any trackable and
healthy SPSSIS

e Neglecting SF ionospheric
delay model errors

e Including group delay time

e < 7.0 m (95%) Global Statistic URE during
Normal Operations overall Age Of Data
e < 3.8 m (95%) Global Statistic URE during

GPS . correction (TGD) errors at
Normal Operations at Zero Age Of Data 1
e <97 m (95%) Global Statistic URE during o ) )
. e Including inter-signal bias
Normal Operations at Any Age Of Data
(P(Y)-code to C/A-code)
errorsat L1
e IncludinglISCerrors
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e Calculatedovera period of

30 days
e For any healthy OS SIS
above a minimum

elevation angle of 5

degrees

Galileo e <7m (95%) global average, overall AgeOf Data [ e Including Broadcast Group
Delay errors

e Propagation and user
contributions excluded

e Neglecting single
frequency ionospheric
delay model errors

Table 9-3: Signal-in-space accuracy for GPS and Galileo nominally declared in performance standards ([1], [4])

It must be emphasised that the performances listed above do not consider the error induced by
atmospheric propagation. Therefore, the residual error after compensation of the affecting delays
must be derived statistically from the processing over long time series —this depends, of course, on
the compensation model applied in the receiver. Atthe same time, the error is a function of the Age
Of Data, i.e. the time passed since last navigation message update.

Inaddition tothe figures listed above, many other components contribute to building the overall error,
and typically depend on the environment and the satellite elevation. Moreover, as previously
mentioned, to considerthe overall UERE, the errors introduced by the receiverequipmentshouldbe
considered. Someassumptions are made in [1] related to different receiver qualities: the “traditional”
specifications foresee a UEE of 5.5 m (95%; 2.8 m 1-sigma); the “improved” specifications have a UEE
of 4.6 m; the “modern” 4.5 m; the “advanced” (dual frequency ionospheric-free), 1.6 m (0.8 m 1-
sigma).

As an example, three tables obtained from [1] and [4] with the main error contributions to UERE are
given below.

1-sigma for E1 Single 1-sigma for DF lono-Free

Error source
Frequency [m] E1/E5a [m]

Signal in Space Ranging Error (SISE) 0.67 0.67
Residual ionosphericerror 6 (5°)to 3 (90°) 0.08 (5°) to 0.03 (90°)
Residual Troposphericerror 1.35 (5°) to 0.14 (90°) 1.35 (5°) to 0.14 (90°)
Thermal noise, Interference, Multipath 0.69 (5°) to 0.63 (90°) 0.50 (5°) to 0.23 (90°)
Satellite BGD error 0.30 0.0
Code-Carrierionosphericdivergence error | 0.30 0.0
Total (1-sigma, i.e. ~68th percentile) 6.24 (5°) to 3.17 (90°) 1.59 (5°) to0 0.72 (90°)

Table 9-4: Typical UERE budget in Rural Pedestrian (RP) User Environment (Galileo)
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UERE Contribution (95%) [meters]
Segment Error Source - -
Zero AOD | Max. AOD in Normal Operation
Clock Stability 0.0 7.5
Group Delay Stability 1.6 1.6
Space Differential Group Delay Stability 2.4 2.4
Satellite Acceleration Uncertainty 0.0 2.0
OtherSpace Segment Errors 1.0 1.0
Clock/Ephemeris Estimation 2.0 2.0
Clock/Ephemeris Prediction 0.0 4.4
Clock/Ephemeris Curve Fit 0.1 0.1
Control

lono Delay Model Terms N/A N/A
Group Delay Time Correction N/A N/A
Other Control SegmentErrors 1.0 1.0
lonospheric Delay Compensation 4.5 45
Tropospheric Delay Compensation 3.9 3.9
User Receiver Noiseand Resolution 2.9 2.9
Multipath 2.4 2.4
OtherUser Segment Errors 1.0 1.0
95% System UERE (SPS) 8.0 12.0

Table 9-5: Typical Dual Frequency UERE Budget (GPS)

UERE Contribution (95%) [meters]
Segment Error Source . -
Zero AOD | Max. AOD in Normal Operation
Clock Stability 0.0 7.5
Group Delay Stability 1.6 1.6
Space Differential Group Delay Stability 0.0 0.0
Satellite Acceleration Uncertainty 0.0 2.0
OtherSpace Segment Errors 1.0 1.0
Clock/Ephemeris Estimation 2.0 2.0
Clock/Ephemeris Prediction 0.0 4.4
Clock/Ephemeris Curve Fit 0.6 0.6
Control
lono Delay Model Terms 9.81t019.6 9.81t019.6
Group Delay Time Correction 2.3 2.3
Other Control Segment Errors 1.0 1.0
lonospheric Delay Compensation N/A N/A
Tropospheric Delay Compensation 3.9 3.9
User Receiver Noiseand Resolution 2.9 2.9
Multipath 2.4 2.4
OtherUser SegmentErrors 1.0 1.0
95% System UERE (SPS) 11.9to0 20.7 14.8 to 22.6
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Table 9-6: Typical Single Frequency UERE Budget (GPS)

Regarding the augmentation system, the different SBAS performance standards ([3], [5], [6]) provide
guaranteesaboutaccuracy improvements as listed in the tables below.

. GPS standalone error EGNOS-applied error
Error sources (1-sigma) . .
size [m] size [m]

GPS satellite residual error for the worst

. 4.0 2.3
user location
Verticalionosphericdelay residual error 2.0to0 5.0 0.5
Vertical troposphericdelay residual error 0.1 0.1
Receivernoise 0.5 0.5
Multipath (45° elevation) 0.2 0.2
GPS UERE at 5° elevation 7.4t0 15.6 4.2
GPS UERE at 90° elevation 4.5t06.4 2.4

Table 9-7: Comparison of typical EGNOS and GPS stand-alone SIS UERE
Horizontal Accuracy 95% [m] Vertical Accuracy 95% [m]

APV-1 & LPV200 guaranteed
performances?? 3.0 4.0

Table 9-8: EGNOS Sol Service performance values

9.3.2.3 Accuracy according to observed data and performance reports

As previously mentioned, the valuesdeclared by the performance standards are quite conservative. In
effect, ithas been observedthat the overall performances of the GNSS systems tend toimprove over
time, with agradual refinement of the control segment algorithms and increasedexperience [11]. The
use historical data enables estimates thatare more closely aligned to reality to be made. Examples of
the accuracy of the four major constellations are given in the following figures ([7]).

12 Values committed inside the APV-l & LPV-200 99% availability areas. Accuracy values at given locations are
availableat: https://egnos-user-support.essp-sas.eu/new_egnos_ops/
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Figure 9-4: Probability density function (PDF) of globally averaged Signal In Space Range Error values for the
four major navigation satellite systems in August 2017
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Figure 9-5: Monthly signal-in-space range errorsof the four major navigation satellite systems for January to
December 2017.

The top of the blue partin the charts in Figure 9-5 is the overall SISRE 95th percentile.

All the considerations made so far demonstrate that it is very difficult to allocate a precise a-priori
error budget for the NSE, even with theoretical considerations and standard performance
specifications. Inthe absence of an extensive test campaign, therefore, the accuracy will be assessed
as follows,based on data published in the periodicreports of the GPS and Galileo operators ([9], [10]).
It should be noted thatthe conditionsin which the dataare collected forthe performance reportsare

quite different from the context of the ICARUS project: the receivers used are fixed, the antenna is
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calibrated and georeferenced, and there is generally an “open sky” environment. For this reason, some
precautions should be applied to the accuracy data obtained for building the error budget allocation.

9.3.23.1 GPS

Data from the reference stations shownin Figure 9-6 were used in [8] for analysing the year 2019.

NGA Monitor Stations Used In Report (11 total)

Figure 9-6: Maps of the Network of Stations Used in [8]

The following horizontal and vertical accuracy figures, referred to as Single Frequency (L1) Standard
Positioning, are published in the yearly analysis, together with several different Key Performance
Indicators:

e Horizontal Vertical
Statistic
IGS [ NGA| IGS | NGA
Mean Error [m] 210 | 109 |3.76 | 1.46
Median Error [m] 1.25 |1.09 | 2.12 | 1.45
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Maximum Error [m] 33.63 | 1.25 | 72.95 | 1.63
Error Standard Deviation[m] | 3.60 | 0.03 | 6.71 | 0.05
Table 9-9: Daily Average Position Errors for 2019

e Horizontal Vertical
Statistic IGS |NGA| IGS | NGA
Mean Error [m] 8.36 2.88 | 8.82 4.18
Median Error [m] 3.77 2.87 | 6.65 4.10
Maximum Error [m] 160.71 | 3.94 | 437.25 | 6.40
Error Standard Deviation[m] | 17.00 | 0.16 | 28.39 | 0.43

Table 9-10: Daily Worst Site 95" Percentile Position Errors for 2019

Moreover, [9] gives the performances related to the second quarter of 2020. The data are obtained
from asubset of the Wide Area Augmentation System (WAAS) and the International GNSS Service (IGS)
reference station networks. The results are presented in graphical form, related to Single Frequency
(L1) Standard Positioning, in the following figures.

Vertical Position Error Histogram: 1 April - 30 June 20
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Figure 9-7: Global Vertical Error Histogram

176 Founding Members

** x
*
*

* *
* ok

O

EUROPEAN UNION  EUROCONTROL



ICARUS CONCEPT DEFINITION: STATE-OF-THE-ART, REQUIREMENTS, GAP ANALYSIS f x»

SESAR

|CARUS%€ JOINT UNDERTAKING

Horizontal Position Error Histogram: 1 April - 30 June 20
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Figure 9-8: Global Horizontal Error Histogram

9.3.2.3.2 Galileo

The second quarter of 2020 is analysed in [10]. The results are heterogeneous with respect to the
published GPS data: they are presented on a per-month basis (and not aggregated),and are related to
a Dual Frequency lonospheric-free Positioning (for E1/E5a and for E1/E5b signal combinations). The
following figures show only one representative month (April).
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2020
2.5x106 - .
" L
HPE |8 00 | d
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3D a el
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E s (I
E1-E5a | 5 DAOT AT gsih =170 m |
(DF) !
500000 H .
F/NAV
o 1 1 1
] 5 10 15 20
Horizontal Error (meters)
Note: 104 samples > 20 [m], less than 0.01 %

Figure 9-9: Horizontal Positioning Error for “Galileo-only” users in April 2020 using E1/E5a combination
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Figure 9-10: Horizontal Positioning Error for “Galileo-only” users in April 2020 using E1/E5b combination
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Figure 9-11: Vertical Positioning Error for “Galileo-only” users in April 2020 using E1/E5a combination
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Figure 9-12: Vertical Positioning Error for “Galileo-only” users in April 2020 using E1/E5b combination

9.3.2.3.3 EGNOS

The year 2019 isanalysedin [13], using data from the reference stations shownin Figure 9-13.

The horizontal accuracy results for all the stations remained below 1.4 metres (95%), and the vertical
accuracy below 2.4 metres (95%); Open Service EGNOS processing was applied for improving the

accuracy of the GPS solution.

The performances forthe individual stations are givenin Table 9-11.
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Station

Station

Aalborg X 1.4 Lappeenranta
Agadir 0.8 1.4 La Palma 1.0 1.5
Alexandria 1.1 1.8 Lisbon 0.9 1.4
Athens 0.7 1.3 Madeira 0.8 1.2
Berlin 0.8 1.2 Malaga 0.8 L0
Canary Islands 1.1 1.4 Pala de Mallorca 0.7 0.9
Cork 0.9 1.2 Reykjavik 0.9 1.8
Catania 0.7 1.2 Roma 0.7 1.1
Djerba 0.9 1.1 S. de Compostela 0.9 1.0
Egilsstadir 0.7 1.7 Sofia 1.2 1.9
Glasgow 1.0 1.4 Swanwick 1.1 1.6
Golbasi 0.9 1.5 Toulouse 0.8 1.1
Giavle 0.8 1.6 Trondheim 0.7 1.5
Haifa 1.3 2.2 Tromsoe 0.9 2.2
Jan Mayen 11 23 Warsaw 0.9 14
Kirkenes 0.8 1.8 Ziirich 0.8 1.3

O

Table 9-11: EGNOS Open Service Accuracy (95%) for the considered year
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Figure 9-13: stations used in EGNOS performance evaluation

9.3.2.4 Error Budget Allocation

Asseeninthe previous paragraph, the dataare still heterogeneous; for this reason, we can try toinfer
a budget allocation for the NSE from the available data. Since the conditions of the flight of a drone
cannot be considered to be as good as those of the reference network stations (good sky visibility,

antennadimensioned to minimise multipath, static, georeferenced, using an expensive receiver, etc.),
conservative figures are given. It should be emphasised, however, that the availability of the signals,
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the DOP, and hence the accuracy, are betterinthe dual-constellation configuration thanin the single-
constellation.

Horizontal Error Vertical Error

Configuration Processing Budget (95%) [m] | Budget (95%) [m]

Single frequency (L1)

Accuracy augmentation from

GPS + EGNOS/EDAS EGNOS/EDAS 2.0 3.0
LPV-200 Integrity provision
through EGNOS/EDAS
lonosphere-free dual frequency
GPS + Galileo+ (E1/E5a, L1/L5)
2.5 3.5
ARAIM LPV-200 Integrity provision

through ARAIM application

Table 9-12: NSE Budget Allocation

Once again, it is importantto note that the accuracy performance of a receivercan only be precisely
determined afteran extensive and in-depth measurement campaign, since itis strictly related to the
receiver implementation. Moreover, since the accuracy figures are statistic quantities and not
guarantees, should not be used to define any kind of horizontal/vertical alert service definition; since
human safety requirements are involved, the integrity parameters (i.e. protection levels) must be used.

9.3.3 Flight technical error

The Flight Technical Error (FTE) is additional error in, or deviation from, the reference trajectory
(additional to the navigation system error), due to the process of physically flying the drone under
operational circumstances. Due to external circumstances (such as wind and turbulence) and the
aircraft’s performance, the pilot (or the autopilot) cannot keep the aircraft exactly on the reference
trajectory. This aspect will become increasingly important as reference trajectories get more
complicated. Flight pathsthat now basically consist of straight-line segments connected by fixed radius
turns will be replaced increasingly sophisticated curved segments, especially for rotorcraft drones
flyinginVLLin close to ground obstacles.

Flight Technical Error is expected to be the main contributor for determining the Total System Error.
Accordingto ICAOQ, the FTEis defined as the capability of the pilot/crew to keep the planned trajectory.
The following assumption is made to enable the same concept to be transposed to the unmanned
world:

Our Assumption: ﬁ Capability of the drone Autopilot
Flight Technical Error to keep the desired flight Path

K

For thisreason, the FTE can be interpreted as the capability of the specificdrone/autopilot to keep its
trajectory, despite external disturbance such as wind or wind gusts. From a “Theory of Systems” point
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of view, the FTE provides a measurement of the specificdrone/autopilot transfer function in response
to external stimulus.

Flight Technical Error

Loitering Hovering

=

" Single Sokition

Horizontal: < 1 m (2 sigma)

jus (I | ical
50 m radius (lateral), vertical to be assessed Vertical: 1,6 m (2 sigma)

Figure 9-14: Fixed wing drones and copters has in general different FTEs

A feasible strategy for assessing the FTE is through numeric simulations, exploiting flight simulation
engines providedby the drone manufacturers (both proprietary and opensource) that can be typically
configuredin “Hardware-in-the-Loop” or “Software-in-the Loop”. Such platformshave been integrated
or reused from other projects to assess both vertical and horizontal FTE.

Since FTE isthe main contribution to the TSE, we wantto analyse its sensitivity by varying:
e Thedrone’sspeed (GS)
e Windspeed (i.e.cross wind-gusts)

In particular, having fixed a time interval At whenthe wind gust hits the drone, its lateral shift (FTE)
dependsonthe windspeed w and on the speed of the drone v:

epre = f(v,w)

The function f dependsessentiallyon the dronespecifications, its groundspeed,and on the wind gust’s
duration.

9.3.3.1 FTE Simulator for multicopters

There are several autopilot systems for drones on the market. They can be closed box systems
developed by the drone manufacturer, but there are also a few open-source systems available. As
these systems differ, it is hard to declare an expected value for the FTE in general. The FTE function
has been investigated using the simulator system shown in Figure 9-15, using the following
components:

e aDJIS900 drone;

e a Windows PC, running the DJI Assistant 2 program, version 1.2.4, connected through a USB
cable to a DJI N3 Flight Controller mounted on-board the drone;

e aRaspberryPl3board connectedtothe DJI N3througha Controller Area Network (CAN) cable;
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e a DIl Lightbridge Ground Control Controllerwith atablet runningthe DJI GO application.

> 4 NS
e 7 18 7
Hexacopter DJI S900 with DJI N3 Flight Controller

i |
Raspberry PI 3
with DJI Onboard-SDK

PC with DJI Simulator Application

== - .
= Remote Controller with DJI GO application

Figure 9-15: Simulation system setup used for TSE sensitivity analysis

Q@)

A simple flight scenario (straight trajectory) was developed using the DJI On-board SDK on a custom
C++ application running on the Raspberry Pl 3 board; the flight path was created using two waypoints
with known positionsin Earth-Centred, Earth Fixed (ECEF) coordinates, flying north to south.

Several automaticflights were performed using different wind speeds (5, 8, 10and 15 m/s) and various
drone speeds (3, 5, 7 and 10 m/s). During the tests, different wind gusts were simulated by entering
the wind speed on the simulator program on the east-west componentfield (cross wind), as shown in
Figure 9-17, forapproximately 5seconds, making sure that the drone had reached the expected speed.
During each automatic mission, the trajectory of the drone was logged and the positions of the flown
path were compared with the plannedtrajectory.
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184

& DIl Assistant 2
< clpr | N3
A Dashbeard

*Z'é} Basic Settings

ﬁ Flight Settings

¥ Tools

8 DJI Device

B sok
(%] Firmware Update

Flight Data

Simulator Settings

Latitude 47044384 degres
Lengitude 143320480 degree
Wind Speed

Morth Component 0,00 m/s
East Component 0,00 m/s
Downward Component 0,00 m/s
Configuration Mode Fezltims

Figure 9-16: DJI Assistant 2 simulation program with wind speed settings

@15
& il

Figure 9-17: Effect of wind tested by simulator

Ready to Go (GPS)

v.s:0,0 m/S H.S:5,0 M/S

and the popular pilots’ applications DJI GO
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The figures above show the application used by the pilotto monitor a flight route and the simulated
wind speed. The different paths traced during various flights can be seen in white; in this flight the
drone speedis5 m/s as highlighted in the red box.

9.3.3.2 Test results

For every simulation, the maximum lateral shift (the distance between the drone’s centre of gravity
(CG) and the line thatjoins the start and the end points of the defined path) was calculated. The data
were processed using MATLAB software with the following results:

Horizontal FTE [m] (5 second wind-gust duration)

w=5m/s w=8m/s w =10 m/s w=15m/s
v=3m/s 0.30 0.72 1.16 3.10
v=5m/s 0.38 0.83 1.31 3.33
v=7m/s 0.47 0.97 1.48 3.47
v=10m/s 0.61 1.21 1.83 4.79

Table 9-13: FTE (maximum value) with various wind velocities and drone speeds

The f (v, w) function was estimated by fitting a two-dimensional third-order polynomial to the datain
Table 9-13:

fW, W) = poo + P10 W+ Po1 V + Pao W2+ P11 VW + Poa V% + p3gW 3 + ppw?v
+ praw v? + po3 V3

The estimated coefficients of the function are givenin Table 9-14.

Coefficients of the sensitivity function f(v,w)

Poo P1o Po1 P20 P11 Poz P30 P21 P12 Po3

-2.083 0.3169 | 0.7911 -0.01204 -0.06945 -0.08832 0.0008573 0.001706 0.004144 0.003178

Table 9-14: Coefficients of the sensitivity function f (v, w)

The RMS error between the values reported and those calculated with the estimated sensitivity
function f (v, w) is0.05 m. Figure 9-18 gives a plot of the function f(v,w) forwind speeds between 5
and 15 m/sand for drone speeds between 3and 10 m/s. The plot clearly shows how the sensitivity of
the FTE to the wind speedincreases with increasing drone speed.

Founding Members 185

* %
*
*

* *
* ok

O

EUROPEAN UNION ~ EUROCONTROL



EDITION 00.01.11

10

Drone Speed [m/s] 3775 Wind Speed [m/s]
Figure 9-18: Sensitivity function for FTE of a 20kg Hexcopter

The sensitivity function f(v,w) binds the maximum value of FTE to the wind speed (w) and to the
drone speed (v). The sensitivity function in Figure 9-18is for wind gusts of 5-second duration. The red
dotsrepresentthe calculated values from the simulated datareportedin Table 9-13.

The following figuresshow sometests of the hexcopter flying at aground speed of 5m/s with different
wind gusts profiles.

6 T T T T T T T T
—5m's
—8mfs
10 mfs
5 15 mis H
4+ -
I &l
5
£
=]
2+ —
A A
7/,- & 7\‘. o = S
o s A T ———— -
| | 1 | | | | ]
0 50 100 150 200 250 M 350 400 480
Time [100ms]
Figure 9-19: Flight Technical Error (FTE, “offset” in the plot) at different wind speed
186 Founding Members

N &
-y

*
* ok

EUROPEAN UNION  EUROCONTROL



ICARUS CONCEPT DEFINITION: STATE-OF-THE-ART, REQUIREMENTS, GAP ANALYSIS f x»

ICARUS% JOINT UNDERTAKING

143321 T T
No wind
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Latitude

Figure 9-20: Impact on drone path expressed in Geographical Coordinates with respect to planned route

Data SO NOAATUISENavy: NCANGEBCO.

41902/42.99"N  14°19'53.25"E

Figure 9-21: Impact on drone path on pilot’s HMI

Following the same approach, the test was repeated for the vertical axis where updraft was applied
with different intensities. Table 9-15 gives the discrepancies of the trajectory and the registered
vertical positions fromthe vertical profile.

It must be noted that, since the simulatorin unaffected by NSE, all the contribution can be put down
to FTE.
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Vertical FTE [m] (5 second wind-gust duration)
w=5m/s w=8m/s w =10 m/s w =15 m/s
(updraft) (updraft) (updraft) (updraft)
v=3m/s
0.019 0.043 0.065 0.140
(GS)
v=5m/s
0.022 0.047 0.069 0.142
(GS)
v=7m/s
0.027 0.053 0.074 0.153
(GS)
v=10m/s
0.034 0.061 0.085 0.166
(GS)

Table 9-15: FTE (vertical) with various wind velocities (updraft) and drone ground speeds.

The mostinteresting result of these testsisthe great resilience of multirotorsin keepingtheir height,
even in presence of strong updrafts or downdrafts. This is logically due to their ability to generate

vertical draftin combination with strong control algorithms used by the autopilot.

Some results of the vertical behaviour of the multirotor are giveninthe following figures.
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Figure 9-22: Error in height with different updraft wind intensity
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Figure 9-23: Details of the errorin height with different updraft wind intensity
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9.3.3.3 FTE Simulator for Fixed-wing drones

Two open-source flight simulation engines were used to assess FTE for fixed wing drones: ArduPilot
and PX4, configured in Software-in-the-Loop (SITL) mode in conjunction with Gazebo, a well-known
robotics simulator used for displaying the vehiclein 3D and for the dynamicmodelling of wind ( Figure
9-24).

- BOB|=%Z |k Rk O|&E

" Real Time Factor Sim Time: Real Time: Ilterations:

Figure 9-24: Gazebo simulator with the VTOL vehicle ready to take-off.

The flight scenario chosen for the simulation was the delivery of spare part to an offshore oil & gas
platform in the Adriatic Sea as previously described in use case |. The offshore platform selected for
the simulationis the ENI gas platform named “PORTO CORSINIMW C” located at about 7 km from the
coast, near Marina di Ravennaasshownin Figure 9-25.
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Poito Corsini MW G

na di Ravenna

Figure 9-25: Planned flight path

Several automaticflights were performed using different wind speeds (5, 8, 10and 15 m/s) and various
VTOL fixed wing drone speeds (20, 25 and 30 m/s). During the tests, some wind gusts were simulated
using a custom Python application running on the Linux simulation PC; the flight path was created
using two waypoints with known positions (Home Location: 44.4950449, 12.2847878; Offshore
Location: 44.508981, 12.37289) at a cruise altitude of 110 m.

During each automatic mission, the trajectory of the VTOL fixed-wing drone was logged and the
positions alongthe flown path were compared with the planned trajectory.

9.3.3.3.1 Test Results

For every simulation, the maximum lateral shift (distance between the drone’s centre of gravity (CG)
and the line thatjoinsthe startand the end points of the defined path) was calculated. The datawere
processed using MATLAB software with the following results:

FTE [m] Horizontal
w=5m/s w=8m/s w=10 m/s w=15m/s
v=20m/s 2.43 3.21 4.78 8.46
v=25m/s 1.88 3.27 4.24 7.05
v=30m/s 1.95 3.35 3.77 6.04

Table 9-16: (maximum value) with various wind velocities and drone speeds (wind gust duration 5 seconds)
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Figure 9-26: Horizontal FTE Drone speed 20m/s
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Figure 9-27: Horizontal FTE Drone speed 25m/s
Founding Members 193

*

* *
* ok

O

EUROPEAN UNION ~ EUROCONTROL



EDITION 00.01.11

Flight Technical Errar [m]

5 e Ta ird
h Wind Spaes b mis

‘Wind Speeac 10 mis
‘Wind Spees 15 mis

Lirmes =]

Figure 9-28: Horizontal FTE Drone speed 30m/s

Figure 9-29: Flight Mission to the offshore with 20m/s drone speed and 12 m/s wind speed
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Figure 9-30: Transition between multirotor and fixed wing mode
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Figure 9-31: FTE during the whole mission to the offshore with a wind speed of 12 m/s

It is to be noted that the take-off and landing phases are affected by higher errors, considering the
transition phase from quadcopterto fixed-wingand vice-versa.
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Figure 9-32: Zoom of the horizontal FTE when the drone has reached the expected speed of 20 m/s

Followingthe same approach, the test was repeated for the vertical axis where different intensity
updrafts were applied.

FTE [m] Vertical
w=5m/s w=8m/s w =10 m/s w =15 m/s
(updraft) (updraft) (updraft) (updraft)
v=20m/s
0.791 0.757 1.169 1.445
(GS)

Table 9-17: FTE (vertical) with various wind velocities (updraft) and drone’s Ground speeds. The wind gust

duration is 5 seconds

Some results of the vertical behaviour of the fixed wing are given in the following figures.
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Figure 9-33: Vertical FTE - drone speed 20m/s
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Figure 9-34: Drone speed 20m/s- Wind speed 5m/s (Autopilot logs during simulation)
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Altitude Estimate
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Figure 9-35: Drone speed 20m/s- Wind speed 8m/s (Autopilot logs during simulation)
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Figure 9-36: Drone speed 20m/s - Wind speed 10m/s (Autopilot logs during simulation)
198 Founding Members

N &
-y

* 4k

EUROPEAN UNION  EUROCONTROL



ICARUS CONCEPT DEFINITION: STATE-OF-THE-ART, REQUIREMENTS, GAP ANALYSIS f x»

|CARUS%€ JOINT UNDERTAKING

Altitude Estimate

116 -|
. — GPS Altitude
] —— Barometer Altitude

114 7] —— Fused Altitude Estimation
i O Altitude Setpoint

12 — Thrust [0, 100]

E 10 |

108 |

106 -

104 7 VTOL mode
: T T T T T T T T T T T T T T T T

1:55 2:00 2:05 2:10

Figure 9-37: Drone speed 20m/s - Wind speed 15m/s (Autopilot logs during simulation)

9.3.4 Conclusions

The first case (UAS-UAS) is concluded with a summary table with all the errors estimated for two UAS
(multicopter and Fixed-wing drone), flying in a given airspace volume with a waypoint-to-waypoint
trajectory overa common WGS-84 datum. A PBN approach isfollowed.

The main conclusions refer to the identified limitations by which vertical (and horizontal) UAS-UAS
separationis possible.

Horizontal | Vertical

Examination | accuracy accuracy Notes and Limitations
(95%) (95%)

Error Statistical
source | characterization

Not Negligible forvery precise UAS
operations (typicallywhere RTKis
8,00 m required).

Cartographyerrors maydepend by
negligible the mission planning software used
using DFMC | and its related maps (horizontal

o . GNSS maps, 3D models for DSM).
PDE Normal distribution Analysis 1,50 m . L X
Receiver Mitigation for the vertical
and accuracy: the home point
proposed calculated bydrone’s DFMC GNSS
operational | receivercanbeusedto provide
mitigation additional measurements to the
USSP, forenhancing the accuracy
of the vertical elevation model.
NSE o . DFMC
Normal distribution Analysis 2,00 m 3,00 m
Conf.1 (GNSS + EGNOS/EDAS)
NSE Normal distribution Analysis 2,50 m 3,50 m DFMC
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Conf.2 (GNSS + Galileo +ARAIM)
953 Cross wind component (horizontal):
15m/s
(worstcase
FTE o ) ) ) Drone GS:10m/S
Normal distribution Simulation according 0,34 m .
(Copter) ith Updraft component (vertical):
wi
) ) 15m/s
simulation)
Drone GS:10m/S
Cross wind component (horizontal):
14,10 m
15m/s
FTE (worstcase
) o ) ) ) Drone GS:25m/S
(Fixed Normal distribution Simulation according 2,90 m .
. . Updraft component (vertical):
Wing) with
. . 15 m/s
simulation)

Drone GS:20m/S

Table 9-18: summary of error budget allocation in UAS-UAS common reference case

TSE Copter (with PDE mitigation) TSE Copter (without PDE mitigation)
Horizontal Accuracy Vertical Accuracy Horizontal Accuracy Vertical Accuracy
OpDE ONSE OFTE-copter OppE ONSE OFTE-copter OpDE ONSE OFTE-copter OppE ONSE OFTE-copter
0,75 1,00 4,79 0,00 1,50 0,17 0,75 1,00 4,79 4,00 1,50 0,17
2 Z a 2 2 2 0-2 2 2 0-2 0.2 2 0.2
OppE ONSE FTE—copter || OPDE ONSE FTE—copter OppE ONSE FTE—-copter PDE ONSE FTE—copter
0,56 1,00 22,94 0,00 2,25 0,03 0,56 1,00 22,94 16,00 2,25 0,03
z z pl z
OTsE O7sE OTSE OTsE
24,51 2,28 24,51 18,28
lo 20 60 1o 20 60 1o 20 60 1o 20 60
4,95 9,90 29,70 1,51 3,02 9,06 4,95 9,90 29,70 4,28 8,55 25,65

Table 9-19: Total System Error estimation for copters

TSE Plane (with PDE mitigation) TSE Plane (without PDE mitigation)
Horizontal Accuracy Vertical Accuracy Horizontal Accuracy Vertical Accuracy
OrpE ONSE OFTE-plane OrpE ONSE OFTE-plane OPDE ONSE OFTE-plane OpDE ONSE OFTE-plane
0,75 1,00 7,05 0,00 1,50 0,17 0,75 1,00 7,05 4,00 1,50 1,45
2 2 Z 2 2 Z 2 2 2 2 2 2
OppE ONSE OFTE—plane || OPDE ONSE OFTE—plane OppE ONSE OpTE—plane || OPDE ONSE OFTE-plane
0,56 1,00 49,70 0,00 2,25 0,03 0,56 1,00 49,70 16,00 2,25 2,10
2 2 2z z
OTsE OTSE OTSE OTSE
51,27 2,28 51,27 20,35
lo 20 60 1o 20 60 1o 20 60 1o 20 60
7,16 14,32 42,96 151 3,02 9,06 7,16 14,32 42,96 4,51 9,02 27,07

Table 9-20: Total System Error estimation for planes

From the analysis and simulations performed, we can conclude that:

e During BVLOS operations, for a straight trajectory (waypoint-to-waypoint), it is possible to
reach a navigation accuracy performance with a TSE of about:

o 10 metresforthe horizontal accuracy for multicopters (betterthan RNP0.01);

o 3to9 metresforthe vertical accuracy for multicopters (betterthan RNP0.005);

o 14 metresforthe horizontal accuracy for fixed-wing planes (betterthan RNP0.01);
o 3 to9metresforthevertical accuracy for fixed-wing planes (better than RNP0.005);

e Thevertical FTE has been proven to be very similarfor both multicopters and fixed-wingplanes
with comparable MTOM and the same flight and environmental conditions, but substantially
differentonthe horizontal plane in favour of multicopters.
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e UAS flying BVLOS in the same air volume, in automatic flight and with same WGS-84 datum,
could be possibly stay “well clear” of each other by considering a minimum vertical distance
(6sigma)of27 m

e UAS flying BVLOS in the same air volume, in automatic flight and with same WGS-84 datum,
could be possibly stay “well clear” of each other considering a minimum vertical distance (6
sigma)of43 m

e A “Home Point” update procedure before take-off for the vertical altitude measurement
through a DFMC GNSS receiveris a possible mitigation strategy to control the DTM /DSM
errors provided through a U-space geo-awareness service

e EGNOS is a “must have” technology for EGNSS integrity monitoring; some UAS speed
limitations may be considered to keep the time-to-alert (offered by design with EGNOS)
compatible with the horizontal and vertical alert limits, in the absence of U-space navigation
monitoring services.

9.4 UAS-Ground obstacle awareness

In additiontothe error components of the drone flight described in paragraph 9.1, another source of
error affecting the total error budgetis the one introduced by the use of digital terrain models, digital
surface models, and ground obstacles.

hng

Figure 9-38: UAS-Ground obstacles case

9.4.1 Digital terrain model, digital surface model, ground obstacles

The description of the errors affecting the different models used is provided for each implementation
inthe corresponding paragraphs of the chapter4.

Table 9-21 gives a summary of the accuracy of the differentdigital models.

NOTE —The statistical indices most often used for horizontal and vertical accuracy are CE90 and LE9O
respectively. Where necessary (values marked with *), the conversions from CES0/LE90 to CE95/LE95
are calculated assuming Gaussian distributions (see paragraph 4.6), even if the error distributions,
especially for the vertical accuracy, are generally leptokurtic; in any case, the conversion provides a
good approximation.

Horizontal accuracy (95%) Vertical accuracy (95%)
CE95 (m) LE95 (m)
SRTM 11* g*

Error source
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(off-the-shelf and on demand)

ASTER GDEM3 <30 <20
AW3D30/AW3DStd - MERIT DEM 12%* 10*
TanDEM-X DEM/WorldDEM < 11* < 12*
EU-DEM (latitude (¢ ) <or > 60°) 11*(p <60°) - 30 (9 >60°) | 9*(¢ < 60°) - 20 (¢ >60°)
Euro-Maps 3D DSM 6-11* 6-12*
Regional/Local DEMs

>0.1-0.2 >0.1-0.2

Table 9-21: Accuracy of the different Digital Terrain and Surface Models

9.5 UAS-Manned Flight reference

A final source of error affecting the total error budget is the conversion between the different
reference systems used to represent the heights.

Figure 9-39: UAS-Manned flight case

9.5.1 Height system conversion error

In this paragraph, the conversions between the different height reference systems described in
chapter5 are reconsidered in terms of the errors theyintroduce.

In particular, we considered two main conversions:

1. orthometric/normalto ellipsoidal height and vice versa, to be used for convertingthe DTM
/DSM reference system, the reference barometricstation (used with the QFE) and the mean
sealevel (used in QNH) to make them compatible with GNSS height observations;

2. barometricto orthometric/ normal height, to be used fordetermining the QFE or QNH-
based barometricheightto be communicated to general aviation aircraft that cannot directly

use GNSS instruments.
202
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The first conversion is based on a geoid / quasi-geoid model. It is recommended to verify that the
model used forthe conversionis consistent with the reference frame adopted by data, because both
orthometricand normal heights are often identified with the term “altitude above sea level” (asl
altitude). The height datum of the geoid model should also be verified and attention must be paid
especially when using global models or purely gravimetriclocal geoid solutions.

The second conversion is based on the ideal gas law (see chapter 5) and attention must be paid to
model errors due to lateral pressure variations.

The error sources of the two conversions are given in the following tables.

Geoid/quasi- | Expected

. Possible systematicerrors
geoid model | Accuracy

Global 0.30m < 1m, ifa non-consistentmodel, e.g. w.r.t. DTM, is used forthe
transformation
Continental 0.08 m
< 0.50 m, if the geoid model is wrongly used as a quasi-geoid model
Regional 0.03m orvice versa

Table 9-22: Conversion errorsfor orthometric / normal to ellipsoidal height and vice versa

Expected
Error source
accuracy
GNSS-derived height of the reference barometricstation <0.3m
Mis-modelling of the pressure-height equation and pressure measurement <3m
error
Lateral pressure variation (if not modelled according to chapter 5) ~10 m/ 1hPa

Table 9-23: Conversion errorsfor barometric to orthometric / normal height and vice versa

9.6 Error Budget summary

Horizontal total error | Vertical total error
. budget (95%) budget (95%)
Case Error Sources Considered - -
Fixed Fixed
. Copter ) Copter
wing wing
PDE (Path Definition Error)
UAS-UAS NSE (Navigation System Error) 14.5 m 10 m 3m 3m
FTE (Flight Technical Error)
PDE (Path Definition Error) 14.5 m 10 m 3m 3m
UAS-Obstacles | NSE (Navigation System Error) to to to to
FTE (Flight Technical Error) 33 m*? 31.5m*3 20 m*3 20 m?*3
13 Depending on the DSM/DTM/Obstacles precision (see9.4.1)
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Digital terrain/surface/obstades

PDE (Path Definition Error)
NSE (Navigation System Error)

UAS-Manned _ ] 14.5m** | 10.5m!* | 4.5m! 4.5 mt
FTE (Flight Technical Error)
Height system conversion
Table 9-24: Error Budget summary in the three cases depicted
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10 ICARUS Requirements analysis

10.1Requirements Analysis
This chaptersummarisesthe main findings of this documentin a set of requirements that have been
gatheredinthe form of an excel file (attached).

Most requirements have been defined inside this document, others have been collected in previous
U-space projects and harmonised with ICARUS findings. In both cases, the traceability from the parent
requirement has beenkept.

The types of requirementidentified at this stage are:
e General
e Functional
e Performance
e Operational
For each requirement, averification method has been proposed as follows:

Verification Methods

v" TEST (T): Compliance with requirements is validated by executing an item under controlled
conditions, configurations,and inputsin orderto observethe response.Results are quantified
and analysedin dedicated testreports;

v" ANALYSIS (A): Compliance with requirements is determined by interpreting results using
established principles such as statistics, qualitative design analysis, modelling and computer
simulation.

v" REVIEW OF DESIGN (ROD): Compliance with requirementsis validated by using existingrecords
or evidences such as validated design documents, approved design reports, technical
descriptions, engineering drawings

v/ INSPECTION (l): Compliance with requirements is determined by visual determination of
physical characteristics which include constructional features, hardware conformance to
documentdrawings or workmanshiprequirements, physical conditions, software source code
conformance with coding standards

The verification of the requirements proposed will be addressed during the verification stage in WP6,
where test cases will be defined in compliance with verification method specification.

All findings will contribute forthe definition of the final recommendations and ICARUS CONOPS.

Finally, the results of the usersurvey are given in the following paragraphs, as part of the contribution
for determining ICARUS requirements.
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10.2Requirements collected from User Survey

As part of the activities planned to define the ICARUS concept and requirements, a web survey was
designed to provide the consortium with the point of view of potential users of the ICARUS service.
This section presents the survey and its results.

The main goals of the survey were:

e Understanding the main differences between the two categories of user: UAS and GA
operator.;

e Investigatingthe mostcritical issues concerning GNSS and barometricaltitude measurements;

e Collecting feedback and input about operational needs concerning a common altitude
reference systeminVLLairspace;

e Exploring users’ acceptance of Geometric Altitude Mandatory Zones, the use of an altitude
translation service, and the use of a common “Zero” altitude in VLLAirspace.

Starting from these objectives, the survey’s targets were users of VLL airspace, including both
unmanned aviation pilotsand operators, and manned aviation pilots(also considering ultralight pilots),
the objective being to collect information from a purely operative point of view. Other groups of
stakeholders - representative of U-space service providers, ATMservice providers, CA authorities, and
regulators - were involved in the first Advisory Board (AB) where participants were asked the most
important questions of the survey.

In this perspective, therefore, three different categories are considered:

e UAS/unmanned aviation: Drone pilots and operators, both private and publicentities;
e Manned aviation: General Aviation pilots;
e AdvisoryBoard: participantsinthe first AB.

10.2.1 Methodology

The survey was submitted to UAS / unmanned aviation and manned aviation categories via the web
using the Google Forms tool from 15th Octoberto 25th November 2020. Third category participated
duringthe firstonline AB meeting.

Even if the topics were the same, the number of questions was different to fit with the specificity of
each category. In particular:

e 14 questionsto UAS/ unmanned aviation;

e 11 to mannedaviation;

e 5totheAB.
The questionnaire was divided into three sections: User profile (except for AB), common altitude
reference, and threats toflightand ground obstacles. It encompassed different types of question and
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answers, depending on the category of the respondents. The questionnaire included some
introductory material (video and/or brochure) to help respondents focus on the subject.

10.2.2 Results and Requirements
In total, there were 194 participants:

e 136 unmanned aviation;
e 37 mannedaviation;
e 21 AB participants.

The aggregate answers to the main questions from the sections “Common altitude reference” and
“Flying threats and ground obstacles”, that are most useful for the purpose of this document are
presentedin Figure 10-1.

e [ssuesrelatedtoBarometricaltitude measurement
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
Not accurate enough under 500 ft
Not accurate enough in cities under 500 ft

The use of home point is not practical

Drones should use barometric altitude for BVLOS navigation

Lk

B AB MUAS EManned

Figure 10-1: Survey results, Issues related to barometric altitude measurement

The AB and unmanned aviation stakeholders focused on the idea that “The use of home point
as ‘Height 0’ fordronesis not practical when addressing agreat number of UAS flights”, while
manned aviation thinks that “Drones should use barometric altitude for BVLOS navigation”,
someway adapting tothe way things are traditionally done.

e |[ssuesrelatedto satellite positioning (GNSS) altitude
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0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

GNSS signal over cities may affect the accuracy of geodetic altitude

GNSS signal can be jammed or counterfeit

Drones may use satellite positioning only for BVLOS navigation

GNSS altitude measurement is reliable for flight over the cities

B AB HMUAS EManned

Figure 10-2: Survey results, Issues related to satellite positioning (GNSS) altitude

All the respondents agree, with some small differences, about accuracy and integrity of
satellite (GNSS) altitude measurement, especially in an urban environment.

e Use of Geometric Altitude Mandatory Zones

Participants were told that ICARUS proposes to establish “Geometric Altitude Mandatory
Zones” (GAMZ) to overcome the problems with barometric altitude estimation in Very Low-
Level airspace. In these zones the altitude reference for UAS and manned aviation would be
geodetic (i.e. based on satellite positioning) rather than barometric. They were asked if they
agree with this proposal.

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

I don't know

HAB MUAS HManned

Figure 10-3: Survey results, GAMZ acceptance
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While manned aviation strongly disagrees with the concept of GAMZ, it is appreciated by
unmanned aviation and AB participants.

e Concerningthe use of an altitude translation service

Participants were asked for their opinion of the concept of a real-time service providing
altitude translation frombarometricto geodeticaltitude data, and vice versa. For UAS, a drone
pilot would request this via a U-space service; for manned aviation, a pilot would request
access to the GAMZ via VHF.

The formulation of the second part of the question reflects the different interfaces to the
possible service.

0% 5% 10% 15% 20% 25% 30% 35% 40% 45% 50%
e L
Not at all useful -
I don't know _

Figure 10-4: Survey results, translation service acceptance

Unlike GAMZ, the translation service received overall acceptance from all categories of
respondent.

e Aboutreportingobstacles

Participants were asked how they wouldrate the possibility of reporting (whether manually or
automatically with a U-space tracking service) the presence and position of ground obstacles?
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Very useful
Moderately useful

Slightly useful

'II"I

Not at all useful

| don't know .

HAB HUAS H

Figure 10-5: Survey results, ground obstacles’ presence and position reporting service
Only unmanned and AB participants were asked this question, and gave positive feedback.
By mergingthese results, we can summarise some features of the “ideal” ICARUS concept as follows:

e Resolvetheissue of the home point’s being ‘Height 0', whichis not practical when addressing
a large number of UASflights;

e Consider(and mitigate)the GNSSsignal multipathin urban environments;

e Acceptance of GAMZ in the community;

e Provide areal-time service that translates between geodeticand barometricaltitudes;

e Provide drones with the possibility of reporting the presence and position of ground obstades.
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