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Abstract: Urban air mobility is a rapidly growing field of research. While drones or unmanned aerial 
vehicles have been operated mainly in the private and military sector in the past, an increasing range 
of opportunities is opening up for commercial applications. A new multitude of passenger-carrying 
drone or air taxi concepts promises to fulfill the dream of flying above congested urban areas. While 
early research has been focusing on vehicle development, solutions for urban air traffic management 
are lagging behind. This paper collects and reviews the main findings of past urban-air-mobility-
related research projects at the German Aerospace Center (DLR) to serve as a basis for ongoing 
research from an air traffic management perspective. 
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1. Introduction 
Urban Air Mobility (UAM) is defined as an air transportation system for passengers 

and cargo in and around urban environments by EASA (European Union Aviation Safety 
Association) [1]. As of today, in 2022, EASA expects first UAM operations to take place in 
European cities in three to five years. The delivery of goods will most likely be among the 
first commercial services to be offered and passenger transport will follow at a later stage. 
While initial services are supposed to be offered with piloted vehicles, remotely controlled 
or autonomous flights could also become possible according to EASA [2]. In order to 
safely operate these new types of vehicles, they have to be integrated into the existing 
airspace. A variety of research projects with the participation of the German Aerospace 
Center (DLR) (see Figure 1 and Table 1) had this scope, of which this paper provides an 
overview. 

The paper starts in Section 2 with a retrospect on the time when helicopters became 
commercially available and were the then-new airspace users. Special focus is given to 
their effect on airport capacity and on rotorcraft-specific procedure design as well as the 
necessary pilot-assistance systems for meeting navigation performance requirements. 
Section 3 introduces drones as novel airspace users. The challenge of airspace integration 
is addressed and technologies for increased automation and conflict detection are re-
viewed. Coming from unmanned to passenger carrying drones, Section 4 deals with the 
hype of urban air mobility related to passenger transport. Self-piloted “easy to fly” vehi-
cles are also addressed. Finally, Section 5 summarizes ongoing UAM-related research pro-
jects at DLR with a focus on air traffic management, Section 6 discusses the results and 
Section 7 concludes the main findings of this review paper. 
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Figure 1. Timeline of projects included in this review. 

Table 1. Overview of key projects. 

Project Topic  Years Partners Key Outcome 

EC DG VII 

Study on poten-
tial benefit to air-
port/ATM con-
gestion through 
special opera-

tional procedures 
for rotorcraft 

1994–1995 

Eurocopter, Agusta 
Westland, DFS Deutsche 

Flugsicherung Gmbh, 
Aeroport de Paris, TU 
Braunschweig, DLR 

Scenario development, procedure 
design and capacity assessment for 

fixed-wing replacement by rotorcraft 
and tiltrotor at hub airports 

OPTIMAL 

Optimized 
Procedures and 
Techniques for 

IMprovement of 
Approach and 

Landing 

2005–2007 

DLR, INECO, AIRBUS, 
THALES ATM, ISDEFE, 

NLR, AENA, 
EUROCONTROL, THALES 

Avionics, AGUSTA, DFS, 
LVNL, ENAV, SICTA 

Definition and validation of innovative 
procedures for the approach and 

landing phases of aircraft and rotorcraft
in a pre-operational environment 

GRADE 

Increased 
General Aviation 

and Rotorcraft 
operations 

supported by 
GNSS solutions 

2018–2019 
CIRA, BULATSA, DLR, 

MATS, NAIS, TUBS, 
UNIPARTH, ISSNOVA 

Demonstration of Standard Point-In-
Space (PinS) helicopter procedures as 
well as low-level IFR routes (LLR) for 

helicopters 

PJ.01 EAD 
Enhanced 

Arrival and 
Departures 

2017–2019 Airbus Helicopters, Thales 
Avionics, DLR 

Validation of Advanced PinS helicopter 
procedures supported by SVS und 

HMD systems 

CityATM 

Demonstration 
of Traffic 

Management in 
Urban Airspace 

2018–2021 

DLR (5 institutes/facilities), 
in cooperation with NXP, 

FlyNex GmbH, DFS 
Deutsche Flugsicherung 

GmbH, Auterion AG, 
Zentrum für Angewandte 

Luftfahrtforschung GmbH, 
KopterKraft 

U-space Demonstration Platform with 
focus on density-based airspace and 

traffic management 



Aerospace 2023, 10, 81 3 of 24 
 

 

USEPE 
U-space 

Separation in 
Europe 

2021–2022 

ISDEFE, Nommon, 
Universitetet i Sørøst-Norge, 

DLR, Leibniz Universität 
Hannover, POLIS, Indra 

Navia AS 

Concept and simulation of an advanced 
separation and traffic management for 

an urban drone airspace. 

ALAADy 
Automated Low 

Altitude Air 
Delivery 

2016–2019 DLR (7 institutes/facilities) 
Concept and feasibility study for the 
operation of a large cargo drone in 

lower airspace. 

ALAADy-Demo ALAADy 
Demonstrator 

2016–2019 DLR (3 institutes/facilities) 
Realization of several technical 

prototypes for a rotary wing 
(gyrocopter) cargo drone. 

ALAADy-CC 
Cross Country 
Air Delivery 2022–2024 DLR (6 institutes/facilities) 

Realization of an actual test-flight 
operation of a gyrocopter cargo drone. 

U-ELCOME 

U-space 
European 
COMmon 

dEpLoyment 

2022–2025 

EUROCONTROL, DLR, 
ENAV, ENAIRE, Thales, 

Airbus, CRIDA, EUROUSC, 
CIRA, Honeywell (51 

partners) 

Implementation of a common 
framework and understanding for the 

deployment of U-space ConOps. 

myCopter 

Enabling 
Technologies for 
Personal Aerial 
Transportation 

Systems 

2011–2014 
MPI for Biological 

Cybernetics, UoL, EPFL, 
ETHZ, KIT, DLR 

Control concepts for PAV 
demonstrated in ground-based and in-

flight simulations, human-machine 
interfaces, computer-vision-based 
automation, collision avoidance, 

automatic landing place detection and 
societal impact assessment 

Metropolis 

Relating 
Airspace 

Structure and 
Capacity for 

Extreme Traffic 
Densities 

2013–2015 TU Delft, DLR, ENAC, NLR 
Development and assessment of 

airspace concepts for high-density 
UAM operations 

CORUS-XUAM 

Concept of 
Operations for 
European U-

space Services—
Extension for 

Urban Air 
Mobility 

2020–2022 

Eurocontrol, ADP, Aslogic, 
The British Light Aviation 
Centre Limited, DFS, DLR, 
Droniq, DSNA, ENAIRE, 

ENAV, Hemav Foundation, 
INDRA, Swedish Civil 

Aviation Administration, 
NATS, Pipistrel, SkeyDrone, 
UNIFLY, UPC, Volocopter 

Updated U-space ConOps including 
Urban Air Mobility operations 

HorizonUAM 

Urban Air 
Mobility 

Research at the 
German 

Aerospace 
Center (DLR) 

2020–2023 DLR (11 institutes/facilities) 

Assessment of chances and risks of 
urban air mobility concepts regarding 
vehicle, infrastructure, operation and 

public acceptance 

2. Rise of the Helicopter 
The first rotorcraft took off at the beginning of the 20th century but it took until World 

War II for the helicopter to unfold its full potential [3]. At that time, researchers, designers 
and city planners dreamed of helicopter passenger services above the urban skies. In the 
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1950s, when helicopters became available for commercial operations, many cities 
dreamed of incorporating helicopter services in urban areas. Examples can be found in [4] 
for the UK cities of London and Birmingham. In the 1960s and 1970s several cities such as 
San Francisco, Los Angeles and New York had regular helicopter services being offered 
[5]. In a NASA study from 1977, Dajani et al. [6] predicted that helicopter passenger ser-
vices could fill the gap between existing short-haul commercial aviation and high-speed 
ground transportation systems. Helicopters were suggested to be used especially for al-
ternate airport access as well as urban and intercity operations. 

Nevertheless, by the 1980s most existing urban helicopter passenger services were 
terminated. Government subsidies had ended and made the rather costly, noisy and dan-
gerous helicopter operations inefficient compared to emerging mass transportation sys-
tems such as subways or rail lines. Some major cities such as San Francisco even com-
pletely banned helicopters from city centers except for emergency operations [5]. Today, 
helicopters are mainly present in urban environments for medical emergency operation, 
law enforcement or VIP (very important person) passenger transport. 

The idea of Urban Air Mobility (UAM) services was taken up again in 2016 by Voom 
[7], an Airbus company. Voom initiated a prototype concept for air taxis as extended ur-
ban helicopter services. Regular flights were offered in Sao Paulo (Brazil), Mexico City 
and the Bay Area (USA). Due to the COVID-19 pandemic the Voom project was termi-
nated in 2020. Voom claims to have operated the first mobile helicopter-booking platform 
with the goal to extend access to UAM for a diverse pool of customers. The experience 
serves as inspiration for the development of air vehicles specially tailored for such opera-
tions. Established manufacturers, such as Airbus and Boeing, are currently testing con-
cepts for electrically powered vehicles with vertical lift-off and landing abilities (eVTOL). 
In summary, more than 700 conceptual eVTOL designs by 350 different companies or in-
ventors have been catalogued by the Vertical Flight Society [8] and new ones are continu-
ously being added. 

Next to the vehicles themselves, their safe integration into the airspace is vital for 
introducing additional traffic operations. The first air traffic control rules were established 
in the 1920s [8]. Today, Air Traffic Control (ATC), Air Space Management (ASM), Air 
Traffic Flow Management (ATFM) and Air Traffic Services (ATS) form the ATM system 
[9]. With an increasing number of flights, the air traffic management (ATM) system was 
expanded to a system consisting of air route traffic control centers and airport traffic con-
trol towers [10]. Since the early years of ATM, the dominant airspace users have been 
fixed-wing aircraft. From an ATM perspective, integrating helicopters, or in general ver-
tical take-off and landing vehicles (VTOL), into the air traffic flow is a challenge due to 
their special performance characteristics compared to fixed-wing aircraft resulting in non-
optimal usage of airport capacity. 

2.1. Tackling Airport Congestion 
During the early 1990s Europe’s airport and air traffic management system was ex-

periencing severe capacity issues. Several research initiatives were started to tackle the 
problem. One of them was funded by the EC DG VII under the title “Study on potential 
benefit to airport/ATM congestion through special operational procedures for rotorcraft” 
(1994–1995, Project Consortium: Eurocopter (lead), Agusta Westland as helicopter manu-
facturer, DFS Deutsche Flugsicherung Gmbh, Aeroport de Paris, TU Braunschweig and 
DLR, funded by the European Commision DG VII.) [11]. It focused on possibilities to in-
tegrate large helicopters and tilt-rotor aircraft to relieve airport/ATM congestion at large 
airports. The study elaborated state-of-the-art (=1994) equipment and procedures as well 
as on a future scenario of 2015. In both time horizons rotorcraft arrivals and departures 
were operating on arrival and departure routes perpendicular to the fixed-wing runway 
directions. 
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DLR concentrated on scenario development and a capacity increase simulation for 
Frankfurt airport. Three possible evolution cases were considered for large rotorcraft traf-
fic: The Add-on Case assuming additional traffic generated by rotorcraft, the Replacement 
Case where rotorcraft replace short-haul fixed-wing aircraft and the Slot-fill Case, where 
freed slots are filled by heavy fixed-wing aircraft. 

Rotorcraft were operating either from and to an existing helipad close to the runways 
or a new location at sufficient distance to the existing runways to allow independent op-
eration [1]. For the 2015 scenario minimum separation values were assumed to reduce to 
1.5 NM (radar) or 3 NM (wake vortex). 

The added rotorcraft traffic lead to up to forty additional rotorcraft movements per 
hour. As fixed-wing and rotorcraft have significantly different transport capacities a new 
capacity indicator was introduced, the slot weight capacity SWC. SWC took not only the 
added slot capacity into account but also the payload processed. The major finding was 
that a significant SWC increase of 33% and 42% was observed for today’s (1994) visual 
operations and instrument operations in 2015, respectively, but only if the new VTOL site 
had a sufficient distance from the fixed-wing runways [12]. 

From a 2022 perspective it is obvious that large rotorcraft and tiltrotor aircraft have 
not been introduced in considerable numbers for the anticipated transport tasks. In addi-
tion, the anticipated separation reductions for radar as well as for wake vortex separations 
have not been reached up to now. Minimum radar separation for consecutive landings is 
still at 2.5 NM and minimum wake vortex separation values are between 3 and 8 NM 
depending on the weight classes of leading and following aircraft. The current DLR re-
search SupeRO (Super Close Runway Operations) introduces a new concept to overcome 
these limitations by focusing on minimal lateral separation [13]. 

On the other hand, the required GNSS (Global Navigation Satellite System) naviga-
tion has been established and the design principle to separate fixed-wing aircraft and ro-
torcraft operations as far as possible is still valid. 

2.2. Rotorcraft-Specific Procedure Design 
The European project OPTIMAL (Optimized Procedures and Techniques for IM-

provement of Approach and Landing) (2005–2007, Project consortium: DLR, INECO, AIR-
BUS, THALES ATM, ISDEFE, NLR, AENA, EUROCONTROL, THALES Avionics, AGU-
STA, DFS, LVNL, ENAV, SICTA, partly funded by the European Commission under grant 
agreement no. 502880.) aimed to define and validate innovative procedures for the ap-
proach and landing phases of aircraft and rotorcraft in a pre-operational environment [14]. 
In particular, for rotorcraft, Simultaneous Non-Interfering (SNI) procedures allowing 
fully independent aircraft/rotorcraft traffic streams were considered. Increasing the ATM 
capacity while maintaining and even improving safety was one goal of this project. An-
other objective was to minimize external aircraft/rotorcraft noise nuisance. Those achieve-
ments were enabled by new technologies such as SBAS and/or GBAS (Satellite-/Ground 
Based Augmentation System) as well as available precision-approach landing aids such 
as ILS and MLS (Instrument/Microwave Landing System). At that time, the DLR Institute 
of Flight Guidance demonstrated the rotorcraft system’s 4D flight guidance capabilities. 
For these advanced interoperability flight trials, DLR’s research helicopter EC135 was 
equipped with an SBAS receiver and a special 4D-capable experimental rotorcraft flight 
management system (FMS) using a 4D referenced flight guidance. SBAS offers a perfor-
mance comparable to an ILS CAT I without requiring any specific installation on the 
ground and consequently is well-adapted to rotorcraft IFR (Instrument Flight Rules) op-
erations at isolated helipads such as, for example, hospitals or helidecks. In the framework 
of the flight trials the practical flyability of the helicopter-specific steep and curved time-
referenced IFR approach procedures were confirmed. The approach procedures were ini-
tially developed for Bremen airport (EDDW). Vertical guidance allowed a precise height 
control throughout the final descent and reduced the risk of collision with terrain at night 
or in bad weather conditions. Approaches with vertical guidance are known as being 
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much safer than laterally guided NPAs (Non-Precision Approaches) referring to world-
wide aircraft accident statistics [15]. 

In OPTIMAL, two different guidance concepts were validated: a tunnel-in-the-sky 
and a bug guidance added to a PFD (primary flight display). 

The tunnel-in-the-sky display shows the predefined flight route in the form of a vir-
tual 3D tunnel to increase the pilot’s situation and mission awareness (Figure 2). The tun-
nel coordinates are based on the time-based trajectory which is generated by the trajectory 
generator of the FMS considering the performance parameters of the helicopter. The Bug-
PFD-guidance display is based on a standard PFD display which is extended by guidance 
parameters for speed, altitude and heading (Figure 2). 

 
Figure 2. Tunnel−in−the−sky display (dark purple lines) and overlaid Bug-PFD-guidance display. 

In total four flight days with 49 approaches to Bremen airport were arranged to val-
idate these two different display formats. The wind conditions varied between 2 and 5 kts 
from variable direction to 18 kts from 195°. The SBAS system gave a high-precision posi-
tion and all flight tests were executed as had been determined in the pre-flight prepara-
tions. 

Regarding the performance of the tunnel-in-the-sky display, the vertical FTE (flight 
technical error) was about 10 m and the lateral FTE was lower than 25 m—this was close 
to the desired performance. 

The flight technical errors with the use of the modified PFD guidance display (with-
out tunnel guidance) were much higher, because the pilot has to bring the current altitude, 
speed and heading values in line with the commanded values. This produces a higher 
workload. In contrast to the PFD display the pilot can operate easily inside the area of the 
tunnel display to feel confident operating inside an obstacle-free area. 

Similar display concepts were also investigated and validated by flight trials in later 
projects, e.g., GRADE (2018–2019, Project consortium: CIRA, BULATSA, DLR, MATS, 
NAIS, TUBS, UNIPARTH, ISSNOVA, funded by the EU Horizon 2020 / SESAR Joint Un-
dertaking, grant agreement no. 783170) or SESAR2020 project “Enhanced Arrival and De-
partures” (PJ.01 EAD) (2017–2019, Project consortium: Airbus Helicopters, Thales Avion-
ics, DLR, funded by the SESAR Joint Undertaking.). The operational scope of the exercises 
conducted in the first above-mentioned project GRADE was to demonstrate the feasibility 
and benefits of executing SESAR 1 solution Sol#113, which covers the demonstration of 
Standard Point-In-Space (PinS [16]) helicopter procedures as well as low-level IFR routes 
(LLR) for helicopters [17]. The concept of PinS is a flight operation based on GNSS and 
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designed for helicopters only. It relies on the possibility for the pilot to conduct flights 
under Instrument Meteorological Conditions (IMC) to/from a PinS and not directly 
to/from the heliport. Those procedures enable heliport or landing site operators to imple-
ment IFR procedures on non-instrument FATO (Final Approach and Take-Off) located on 
aerodromes or isolated heliports as well as landing locations. It was also demonstrated 
that the PinS procedure can be conducted independently from approaching fixed-wing 
traffic, resulting in a Simultaneous Non-Interfering operation [17]. For guiding the pilot 
along the planned flight route, different display formats of a primary flight display (PFD, 
Figure 3), navigation display (NAV) and Synthetic Vision System display (SVS, Figure 4) 
were customized and finally tested on a head-down display on DLR’s HubSim simulator 
in the scope of a real-time simulation. 

 
Figure 3. Primary flight display with course deviation indicator. 

 
Figure 4. Synthetic vision system with tunnel-in-the-sky display. 
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The objective of the demonstration was to show the flyability of the designed Low-
Level IFR routes as well as the designed PinS procedure. The flight trials included a Low-
Level IFR routing from the urban area in Braunschweig to a helipad at Braunschweig-
Wolfsburg airport and were supported by slightly modified guidance displays compared 
to what was used within the real-time simulations (see Figures 2 and 3). These modifica-
tions focused on the extension of “Standard” to “Advanced” (e.g., curved) PinS proce-
dures using RF (Radius-to-Fix) legs. RF legs are fixed-radius curve elements and provide 
a repeatable track over the ground. Advanced PinS instrument approach procedures, as 
opposed to the classical PinS, further utilize RF leg types when transitions between 
straight segments of different ground tracks are desired. With advanced PinS these RF 
legs can be placed in the intermediate approach up to the final approach point (FAP), after 
the initial departure fix (IDF) and after the missed approach point (MAPt). 

Data analysis showed that, in general, for all flights under PFD with course deviation 
indicator (CDI) configuration, pilots tend to react later to deviations from the route. With 
tunnel-in-the-sky guidance the lateral accuracy was always much better than RNP 0.1 (Re-
quired Performance Navigation of 0.1 (RNP 0.1) means that the rotorcraft’s navigation 
system must be accurate within a circle with a radius of 0.1 nautical miles) except for two 
flights close to the start of the procedure. The ratings for situational awareness (SA) barely 
showed enough SA for the PFD and fair ratings for the tunnel-in-the-sky guidance dis-
play. It can be argued that, in comparison with the tunnel-in-the-sky guidance display, 
pilots felt much less aware of their situation and what pilots stated as being “behind” the 
helicopter. This shows that with CDI guidance pilots always have to reduce an already 
built-up deviation. It was much easier with a tunnel-in-the-sky guidance display to pre-
vent a deviation to build up at all. 

Regarding the task load analysis (NASA-TLX), the PFD provoked much more work-
load for the pilots than the tunnel-in-the-sky guidance. Nevertheless, the variation in the 
ratings for the PFD was very high. 

The benefit of advanced PinS was further assessed and validated within the frame-
work of the SESAR2020 project “Enhanced Arrival and Departures” (PJ.01 EAD). Three 
exercises were conducted to demonstrate and analyze two different enabling technolo-
gies. Exercises one and two integrated a synthetic vision system (SVS) together with a 
Helmet-Mounted Display (HMD) supporting manual flight that can increase the safety 
and reliability of rotorcraft operations through dedicated symbology for specific rotorcraft 
operations, especially during arrival and departure operations including visual segments. 
With the same scope the third exercise used an IFR-certified avionics suite (Helionix®, 
Honeywell Aerospace, Phoenix, AZ, USA), including a flight management system (FMS) 
and a four-axis autopilot to automatically fly an advanced PinS procedure [18]. 

The objective was to analyze the benefit of Satellite-Based Augmentation System 
(SBAS)-based navigation for advanced PinS Required Navigational Performance (RNP) 
approaches and departures to/from Final Approach and Take-Off (FATO) areas. Further-
more, the corresponding rotorcraft-specific contingency procedures in case of loss of com-
munication were defined. As the SBAS navigation, the corresponding contingency proce-
dures will need to comply as much as possible with profiles adapted to exploit rotorcraft 
performance and reduce fuel consumption and noise emission. The pilot was supported 
during these operations by dedicated symbology presented on a helmet-mounted display. 
In addition, the new procedures were validated in nominal and non-nominal conditions 
with and without autopilot coupling. The procedures also helped to reduce the noise of 
approaches in populated areas, and for rotorcraft to operate close to airports without com-
ing into conflict with fixed-wing traffic or requiring runway slots. 

Separately at Airbus Helicopters facilities in Donauwoerth, flight trials with curved 
and steep approaches were performed with a four-axis autopilot coupling to achieve a 
high degree of automation and thereby significant crew workload reduction in the ap-
proach and departure phases. During these trials, the pilots assessed and validated the 
benefit of integrating such vision systems and advanced autopilot modes to support the 
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pilots. Consequently, safety and reliability of rotorcraft operations were increased. The 
pilots also evaluated the benefit of having SBAS navigation for advanced PinS RNP 
0.3/LPV (Localizer Performance with Vertical Guidance) approaches and departures to 
and from the FATO area. 

3. Drones Enter the Airspace 
With the introduction of unmanned aerial systems (UAS), also known as drones, a 

new era of aviation arose in the 1990s. The technology started off by providing new capa-
bilities for military applications as well as in the consumer leisure market. Ever since, an 
increasing range of commercial applications has been investigated. In the USA the Federal 
Aviation Administration (FAA) initiated the implementation of a traffic management sys-
tem for unmanned air traffic (UTM) [19]. The European drones outlook study [20] esti-
mates 400,000 drones being in service in Europe by 2050. In order to integrate these new 
airspace users, the European Commission (EC) launched the initiative to establish U-space 
[21], a framework for enabling safe, efficient and secure access to airspace for large num-
bers of drones. U-space also includes a UTM. 

3.1. The Challenge of Integrating Drones into the Airspace 
The vision of a complete integration of new air traffic participants with conventional 

manned air traffic, already declared in the “European ATM Master Plan” [22], envisages 
a flexible, scalable system for manned and unmanned aviation supported by a digital eco-
system, full air–ground system integration, distributed data and services, and high levels 
of automation and connectivity among all actors. This vision is to be divided into different 
phases based on U-space and is planned to be realized by 2040. 

Complementing the “European ATM Master Plan” from 2020, the “Strategic Re-
search and Innovation Agenda (SRIA)” [23] describes the resulting Research and Innova-
tion (R&I) objectives for the next years based on the vision outlined in the European ATM 
Master Plan. The most important challenges and R&I needs mentioned for the full inte-
gration of drones are: 
• Maturation, validation and deployment of the fundamental U-space services (U1 and 

U2) across Europe 
• Development of advanced U-space services (U3 and U4) to enable UAS/UAM mis-

sions in high traffic density and complex scenarios 
• Enablement of UAM by developing concepts and solutions for the integration of au-

tonomous operations over populated, complex and congested airspace environments 
• Definition of systems and interfaces for a seamless integration of ATM, UAM and U-

space 
• Development of concepts and solutions considering social acceptance, environmen-

tal impacts and sustainability (e.g., UAM noise, visual pollution, privacy, emissions 
and recycling/resource management) 

• Elaboration of concepts for U-space application above the Very Low Level (VLL) air-
space 
SRIA plans a European development and implementation of U-space with initial 

UAM applications and integration into existing ATM processes within a time horizon of 
2030. Several EU projects are already working on solutions for the above-mentioned chal-
lenges. DLR has several ongoing projects with institutional funding, e.g., ALAADY-CC, 
City-ATM and HorizonUAM, which already focus on finding feasible concepts and solu-
tions for traffic and airspace management, while considering various requirements with 
regard to social acceptance, safety and environmental compatibility. 

Alongside those projects, DLR has already conducted or is preparing field studies to 
measure the social acceptance from different perspectives (e.g., passengers, pedestrians, 
home owners, car drivers) and to measure drone noise as a function of different vehicle 
configurations and flight maneuvers. DLR has also proposed a density-based U-space 
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management system to open up the airspace equally for UAS with low equipment levels 
as well as for those with higher standards of equipment [24]. 

A first concept of operation for U-Space was proposed in [25] in the project CORUS. 
The DLR internal project CityATM (2018–2021. Project consortium: DLR (5 institutes/fa-
cilities), in cooperation with NXP, FlyNex GmbH, DFS Deutsche Flugsicherung GmbH, 
Auterion AG, Zentrum für Angewandte Luftfahrtforschung GmbH, KopterKraft. Institu-
tional funding) deals with the practical application of the investigated U-space services in 
simulation and flight tests. Operational and technical concepts for airspace management, 
information provision, traffic flow control and monitoring, as well as infrastructure for 
communication, navigation and surveillance were defined, simulated and validated in 
three flight-testing phases: a bridge inspection with multiple drones in the center of the 
city of Hamburg, dynamic geofencing [26] and safe drone operation in dense traffic [27] 
were demonstrated. The projects i-LUM [28] and UDVeo [29] are further elaborating a 
prototypical UTM for the use case Hamburg. 

Another important challenge for the full integration of drones is the upcoming im-
plementation of the U-space EU regulation into national regulations in January 2023. On 
the one hand, every EU nation already has its own national law that needs to be adapted 
carefully to protect the interests of already-established air traffic actors while fostering 
new and innovative air traffic solutions and supporting the vision of a new air mobility. 
This might result in individual interpretations and national adaptations of the U-space 
Regulation to meet the specific requirements on a national level. On the other hand, dif-
ferent initiatives and regulatory bodies foresee these developments and try to elaborate 
guidelines for the implementation of U-space (see EASA’s Draft on U-space Acceptable 
Means of Compliance (AMC) and Guidance Material (GM) [30]). Nevertheless, harmoni-
zation of U-space has several aspects, ranging from U-space airspace definition itself 
(from airspace class to geographical zones), roles and responsibilities of actors (esp. Air 
Traffic Control ATC, U-space Service Provider USSP and Common Information Service 
Provider CISP), singularity of CISP and USSP or cross-border applicable interfaces and 
data that could be shared between different U-space implementations. 

3.2. Increased Automation and Conflict Detection 
The aim of the DLR project ALAADy (2016–2019. Project consortium: DLR (7 insti-

tutes/facilities), institutional funding) [31] was to fully define and examine the possibilities 
of a large drone with a payload capacity of above 500 kg in terms of technical feasibility, 
operational integration and economic efficiency. To this end, seven institutes and divi-
sions of DLR have been involved in the project. Unmanned freight operations had previ-
ously been investigated in the project UFO [32]. While not being a UAM project from the 
beginning, ALAADy and its successors have contributed a number of essential building 
blocks for forthcoming UAM research. In the following we will summarize some essential 
findings of the project. 

The first result was an early concept for integrating large drones into the existing 
airspace [31]. The key idea of ALAADy was based on the use of airspace G (and VLL) for 
cargo drone operations. This is motivated by the fact that a lower altitude usually means 
a more direct access to a potentially unmanned vehicle, and a smaller possible impact in 
case of an emergency situation. Consequently, the concept included ideas to keep away 
from inhabited areas on the ground (minimizing the ground risk), and to use cooperative 
transponders such as TCAS (Traffic Alert and Collision Avoidance System), ADS-B (Au-
tomatic Dependent Surveillance Broadcast) and FLARM (Flight Alarm) to produce a com-
monly shared traffic awareness for all participants in a given airspace. This led to the con-
cept of a dedicated airspace “G+”, that is, a part of airspace G providing a traffic awareness 
service that is available and mandatory for every vehicle inside, see Figure 5. This idea 
ultimately evolved into concepts now found in U-space [25], namely in the form of ser-
vices such as “Tracking” and “Monitoring”. 
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Figure 5. Shared traffic awareness concept in ALAADy. 

Further, ALAADy identified challenges and possible solutions for detect-and-avoid 
(DAA) especially for larger unmanned vehicles. This comprised a review of state-of-the-
art cooperative DAA solutions and the development of methods to specify requirements 
for those systems given a range of vehicles very different from previous aviation. The state 
of the art at that time mainly comprised cooperative transponder technology such as ADS-
B and FLARM. As described, the project suggested to merge these into a common service 
(now known as “Tracking” in U-space) and further add position information from smaller 
drones that are available via their individual C2 links (Command and Control). This re-
quired a more or less complete coverage for the data-link used. ALAADy suggested to 
use the latest mobile communication standard, which was 4G-LTE (4th Generation Long 
Term Evolution) at that time. Further, modifications were suggested that can now be 
found in the 5G and forthcoming 6G standards. 

More generally, requirements for minimal distances for DAA were investigated. This 
resulted in the suggestion of a performance-based safety volume for each airspace partic-
ipant. Figure 6 shows an example of such a performance-based safety volume with three 
differently sized areas depending on the opponent’s velocity: The faster other aircraft are 
approaching, the larger the safety volume has to be. 

 
Figure 6. Performance−based safety volume for DAA (detect-and-avoid). 

Requirements and frameworks for onboard safety monitoring and an overall safe op-
eration of a partly autonomous vehicle were also assessed [31]. During flight, a number 
of pre-defined limits for variables of the vehicle state are monitored to assure the correct 
working of these functions. The result is a safe operation. One example for an operational 
limit is geofencing. Geofencing prevents an unmanned aircraft from entering a forbidden 
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airspace using virtual fences. ALAADy developed an algorithm and described parameters 
for a safe buffer distance to use in geofencing. Further, the use of a formal specification 
language and simulation results that support the verification and validation of safety var-
iables was devised. The chosen specification language is not limited to geofencing; other 
operational limits can be expressed and monitored in-flight to assure safe operation. 

A wide range of options for technically realizing autonomous vehicles with cargo 
payloads above 250 kg is shown in [31]. Figure 7 shows a choice of different frames and 
builds for a large cargo drone. Each of these is based on a different lift technology resulting 
in its very own decisions for energy supply and propulsion, which again resulted in dif-
ferent endurance, payload capacity and efficiency. Starting from top-right in clockwise 
order the following options are shown: gyrocopter, boxed-wing and fixed-wing. Beyond 
that, it was determined if, e.g., blimps and ultra-light technologies could be an option. 
Further, safety aspects for emergency landings were taken into consideration (as shown 
in the figure), e.g., parachutes, spiral glide-path landing and autorotation landing. Ulti-
mately, for the project’s scope the gyrocopter design was chosen since it proved to have 
the best compromise of performance, efficiency and safety. 

 
Figure 7. Possible configurations for a large cargo drone. 

For all other designs, key aspects driving this decision have been documented to as-
sist future decisions that might be motivated by other use cases (e.g., passenger transport 
vehicles). 

ALAADy has inspired a number of follow-up projects, as well as initiated software 
that has been successfully used in these projects. Aspects of a modular on-board avionics 
and functional blocks defined therein have found further development in a European con-
text [33]. Beyond that, the aspect of conflict detection and conflict-free planning has been 
investigated [34]. While strategic conflict avoidance has been identified as a major service 
in U-space it has also been stated that DAA will play a role as one of the main capabilities 
in U-space that complement the given services [25]. The aspect of DAA and the related 
area of remain well-clear (RWC) has been recently investigated [35,36]. Software devel-
oped in these contexts has been re-used in later investigations [37]. Further, ideas from 
ALAADy as well as from the aforementioned density-based approach [24] have found 
their way into more recent projects: In the EU project USEPE (2021–2022. Project consor-
tium: ISDEFE (lead), Nommon, Universitetet i Sørøst-Norge, DLR, Leibniz Universität 
Hannover, POLIS, Indra Navia AS. Funded by European Commission H2020 / SESAR 
Joint Undertaking under grant agreement no. 890378.) a combined concept integrating the 
U-space density-based approach is tested. This again has inspired the definition of a met-
ric for comparing aerial traffic scenarios [38], and the investigation of safe DAA ranges in 
constrained areas such as urban environments [39]. An actual operational cargo drone 
prototype was built in ALAADy-Demo (2016–2019. Project consortium: DLR (3 insti-
tutes/facilities), institutional funding.) (see Figure 8). This unmanned cargo gyrocopter 
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demonstrator is further elaborated in the project ALAADy-CC (2022–2024. Project consor-
tium: DLR (6 institutes/facilities), institutional funding.) (cross country). 

 
Figure 8. Cargo drone prototype build in ALAADy-Demo. 

4. The Hype of Urban Air Mobility 
With drones becoming technically feasible and advancements in the development of 

electric engines, the dream of electric passenger drones, also called eVTOL (electric Verti-
cal Take-off and Landing) arose. Until 2022, more than 700 eVTOL concepts have been 
published [40]. UAM was officially declared as “hype” with Gartner [41] publishing their 
annual hype cycle for emerging technologies. In 2019, here “Flying autonomous vehicles” 
were to be found in the middle between the phases of innovation trigger and the peak of 
inflated expectations. An overview of the multitude of current UAM research activities is 
provided in [42]. 

4.1. Self-Piloted Personal Aerial Vehicles 
The 2011–2014 research project myCopter (2011–2014. Project consortium: MPI for 

Biological Cybernetics (lead), UoL, EPFL, ETHZ, KIT, DLR. Funded by EU 7th Framework 
Programme, grant agreement no. 266470.), funded by the European Union (EU), was ini-
tiated before UAM was hyped in the media. It was one of the first on so-called Personal 
Aerial Vehicles (PAV) [43]. The underlying idea was to make flying a rotorcraft as easy as 
driving a car today. In future use cases, minimally trained pilots should be able to pri-
vately operate their PAV. To investigate the requirements, selected enabling technologies 
for personal aerial transportation were analyzed. DLR focused on vehicle technology and 
pilot assistance investigations. A steering wheel control concept was developed and tested 
extensively in piloted simulations, see Figure 9. The steering wheel concept resulted in 
reduced workload for helicopter pilots and minimally trained PAV pilots compared to 
conventional rotorcraft controls [44]. The underlying control laws were evaluated in 
ground-based simulation as well as in real flight on DLR’s in-flight simulator FHS, a 
highly modified EC135 helicopter. Additional pilot assistance systems such as a tunnel or 
so-called highway-in-the-sky navigation display (Figure 10) were investigated by the con-
sortium [45,46]. Similar display concepts had also been investigated for helicopter pilots 
as described in Section 2.2. Path-planning [47] as well as automatic landing place detection 
[48] were assessed with drones replacing the PAV by the project partners of myCopter. 
The problem of ATM was addressed in discussions and identified as a potential bottleneck 
for implementation of UAM but no further research could be conducted at that time. 
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Figure 9. Steering wheel control for a personal aerial vehicle [44]. 

 
Figure 10. Highway-in-the sky concept as navigation assistance for minimally trained pilots [46]. 

4.2. Airspace Management for High-Density Operations 
Deeper insight into future ATM concepts could be gained within the European pro-

ject Metropolis (2013–2015. Project consortium: TU Delft (lead), DLR, ENAC, NLR. 
Funded by EU 7th Framework Programme, grant agreement no. 341508.) [49]. Here, the 
research focus was no longer on the vehicle itself but on the underlying management sys-
tem. Even extreme traffic densities were simulated considering personal as well as un-
manned aerial vehicles. Assuming high-density airspace operations, the influence of air-
space structure on capacity, complexity, safety and efficiency were assessed. The Metrop-
olis concept of operation considers four different airspace concepts: full mix, layers, zones 
and tubes [50]. 

In the early 2010s, it was expected that the development of mega cities would con-
tinue during the following decades and two new entrants would populate the airspace 
above these cities: PAV for individual passenger transport and UAV for parcel deliveries 
[50]. In Metropolis airspace design options for the urban environment were assessed to 
process the expected huge numbers of new airspace users in a safe and orderly manner. 
Within the project DLR concentrated on the ATM concept development and scenario def-
inition [51]. 

Metropolis defined four mega city scenarios with 14, 18, 22 and 26 million inhabitants 
with 4% of the population to be expected to use PAVs by 2050. The per capita demand for 
UAV deliveries was set to 5.5 packages to be delivered per annum. Due to different per-
formance characteristics, UAVs were supposed to use the airspace between 1100 ft and 
1650 ft and PAVs were expected to fly between 1650 ft and 6500 ft above ground. Mini-
mum separations were set to 250 m horizontally and 50 m vertically. Landing and take-
off spots were placed on top of existing buildings or traffic infrastructure. 

Four airspace concepts were defined to strategically separate and organize the traffic 
flows tactically as shown in Figure 11. They were all evaluated with regard to their effect 
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on safety and capacity. In the “Full Mix” concept aircraft are allowed to take the direct 
path between origin and destination as well as their desired flight level. A deviation from 
the direct path is only necessary to avoid other aircraft, weather or obstacles such as ter-
rain or buildings. The “Layer” concept extends the hemispheric rule of today’s fixed-wing 
air traffic by introducing layers with a heading range of 45° and a height of 300 ft. Shorter 
flights stay at the lower-level layer set while longer flights use the higher levels to reduce 
fuel burn. The “Zone” concept introduces a horizontal airspace structure with rings and 
radials around a city center creating a radial grid. A vertical segmentation is not foreseen. 
The concepts “Full Mix”, “Layers” and “Zones” use pairwise conflict resolution with a 
look-ahead time of 60 s and resolution options to change heading, altitude or speed of the 
aircraft. The fourth concept “Tubes” introduces four-dimensional tubes with a fixed route 
structure and a time-based conflict resolution only. 

 
Figure 11. Metropolis airspace concepts Layers, Tubes, Zones and Full Mix [50]. 

The four concepts were implemented for PAV operations in NLR’s (Netherlands Aer-
ospace Center) traffic simulator TMX covering a 40 × 40 nautical miles portion of the fic-
tional Metropolis city. UAV operations were simulated with the “Full Mix” concept due 
to their short-haul traffic characteristics in the vicinity of package-distribution centers. 

The simulation results indicated that the “Layer” concept achieved the safest opera-
tions by inducing the lowest number of intrusions per flight (a safety indicator) and almost 
the same route efficiency as the “Full Mix” concept. The “Zones” and “Tubes” concepts 
had significantly lower efficiency values as well as higher conflict and intrusion values. 

5. Ongoing Research 
Several national and international projects have so far provided valuable results for 

the integration of UAM into the airspace. UAM integration was investigated from differ-
ent perspectives (e.g., collision avoidance, airspace structure, flight rules, separation man-
agement or emergency management) and several solutions were developed and demon-
strated successfully. Those pieces now need to be put together and aligned to form an 
overall picture for a fair, safe, efficient future airspace system. 

5.1. Concept Development and Operational Aspects 
Building upon the U-space ConOps published in 2019 [25], CORUS-XUAM (2020–

2022. Project consortium: Eurocontrol (lead), ADP, Aslogic, The British Light Aviation 
Centre Limited, DFS, DLR, Droniq, DSNA, ENAIRE, ENAV, Hemav Foundation, INDRA, 
Swedish Civil Aviation Administration, NATS, Pipistrel, SkeyDrone, UNIFLY, UPC, Vo-
locopter. Funded by the SESAR Joint Undertaking.) is going to deliver an extended ver-
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sion in which passenger-carrying drone operations are considered to be conducted in ur-
ban and densely populated environments. In order to accommodate such operations, the 
existing European airspace structure and rules of the air, strategic and tactical processes 
as well as procedural and collaborative interfaces between involved stakeholders need to 
be re-evaluated and some of them need to be re-shaped in the long-term. A U-space Co-
nOps “2.0” is expected which will be based on both conceptual analyses as well as first 
flight trials in a real U-space environment with full-size air taxis and delivery drones. This 
includes important insights regarding the technical feasibility of proposed solutions and 
faced challenges, the distribution of responsibilities inside U-space airspace and stake-
holder interaction/interoperability. 

Other current European projects, especially the new SESAR3 Joint Undertaking’s 
Digital Sky Demonstrators project “U-space European COMmon dEpLoyment (U-EL-
COME)“ (2022–2025. Project consortium: EUROCONTROL (lead), DLR, ENAV, ENAIRE, 
Thales, Airbus, CRIDA, EUROUSC, CIRA, Honeywell (51 partners). Funded by European 
Commission’s Connecting Europe Facility.), will also perform a series of tests and demon-
strations in various operational environments across 15 locations in Spain, Italy and 
France bringing together different U1 and U2 U-space services and solutions from related 
EU projects. The foundation services will cover e-registration, e-identification and 
geofencing (U1), and initial services for drone operations management, including flight 
planning, flight approval, tracking and interfacing with conventional air traffic control 
(U2). One of the main goals of U-ELCOME is to develop a scalable U-space architecture 
enabling the required level of information exchange and coordination among U-space ser-
vice providers (USSPs) and between USSPs, ATM and vertiport using interoperable 
standards. This will allow for automated drone traffic management and situational aware-
ness among all U-space stakeholders. U-ELCOME will therefore enable the next step to-
wards implementing complete U-space foundation services for different real-life use 
cases. DLR will contribute to this ambitious project by providing guidelines for the har-
monization and interoperability of different solutions and interfaces. 

5.2. Bringing Together DLR Expertise on UAM 
HorizonUAM (2020–2023. Project consortium: DLR (11 institutes), cooperation with 

NASA and BHL. Institutional funding.) [52] is a major collaborative research project at 
DLR that brings together the expertise of eleven individual institutes. This allows the con-
sortium to evaluate the chances and risks of UAM from a system-of-system perspective. 
The UAM vehicle, infrastructure, operation and social acceptance are the four focus areas 
of HorizonUAM. The research focus of HorizonUAM lies on passenger transport use 
cases such as Intra-City, Sub-Urban-Commuter, Airport Shuttle, Inter-City and Mega-City 
flights [1]. In a first UAM implementation phase until 2025 it is expected that air taxis will 
be piloted, while for a mature UAM system after 2050 remote or fully autonomous vehicle 
operations are envisioned. 

Once the vehicle-related challenges are resolved, the question of how to integrate 
UAM traffic into the existing airspace structures has to be addressed. In general, airspace 
is separated into low-level uncontrolled airspace as well as controlled airspace in higher 
altitudes as well as around airports and landing sites [8]. Due to their operations at low 
altitudes, UAM traffic, as current helicopter traffic, is able to operate mainly in uncon-
trolled airspace and thus independent of ATC [53]. However, when entering a control 
zone, for example to perform shuttle services to and from airports, direct contact with 
ATC is required given current aviation regulations [8]. Previous studies identified ATC 
workload as a major bottleneck for the scalability of UAM operations in controlled air-
space [54,55]. In consequence, the ConOps of different aviation authorities (e.g., [18,54]) 
suggest independent UAM corridors controlled by an entity independent of the current 
ATC system or even an entire self-coordination among UAM vehicles within the corri-
dors. Especially for the first development phases of the UAM systems, it is doubtful 
whether the required technical prerequisites will be available. An additional challenge is 
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posed by the low operating altitude of UAM vehicles, which is highly exposed to drone 
and bird movements and will require novel approaches for collision avoidance [56]. For 
this purpose, one work package of the HorizonUAM project is investigating options for 
how to best support controllers of the current ATC system with controlling initial UAM 
traffic occurring in addition to their existing duties and how the increased probability of 
wildlife strikes might affect workflows. To set up a test case, a route network for shuttle 
services to and from Hamburg Airport (EDDH) was defined. Based on fast-time safety 
and capacity studies, a suitable vertiport site at the airport was identified [57,58]. There-
after, controller procedures to integrate UAM traffic on those routes were defined. The 
control zone of Hamburg includes all of the city as well as the suburbs. Consequently, the 
entire UAM route network lies within the control zone and, due to current legislation [59], 
UAM vehicles have to contact ATC prior to take-off both from the airport as well as from 
the outside vertiports and need to be controlled throughout their entire flight. To support 
controllers in this additional workload, as well as in the coordination between conven-
tional IFR traffic and UAM traffic, a set of controller support tools was developed [58]. 
These were validated with controllers in real-time human-in-the-loop simulations in au-
tumn 2022. 

A vertiport provides limited resources in terms of take-off and landing pads, parking 
spots and charging infrastructure; therefore, the vertiport represents one of the key infra-
structure elements in a UAM network. An exemplary vertiport layout and its used termi-
nology is displayed in Figure 12. 

 
Figure 12. Exemplary UAM vertiport layout [60]. 

A vertiport’s real-time operational capability needs to be considered, not only during 
strategic/pre-tactical planning phases and active flight phases where tactical actions and 
deviations need to be accommodated, but also during demand and capacity evaluation 
and traffic flow optimization tasks. Since the vertiport describes a significant bottleneck 
especially for near-term UAM applications, a vertiport’s performance, operational capa-
bility and resilience are of great interest. In HorizonUAM, the vertiport is being examined 
in terms of regulatory and operational state of the art [60], exemplary layout designs and 
corresponding concept of operations for both low- and high-density throughput scenarios 
[61], performance-based rating of a vertiport’s airside operation [62] and a vertiport’s 
placement inside airport environment [57]. Furthermore, a vertiport network in an urban 
environment was developed and compared to ground-based traffic networks [37] and the 
development and validation of real vertiport prototypes and their operation inside a 
scaled urban environment suitable for flight testing [63] is envisaged. 

5.3. Building a “U-Space Regulatory Sandbox” 
DLR already has plans to continue the valuable research conducted in City-ATM and 

HorizonUAM. Both projects brought together the expertise of several research institutes 
and developed innovative concepts and technologies for the integration of drones and 
(e)VTOL into the current airspace. The SESAR Joint Undertaking has emphasized how 
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important large-scale demonstrations are for the maturation of U-Space and UAM in Eu-
rope (call VLD2). Among the funded VLD2 projects are CORUS-XUAM, as already men-
tioned above, and Uspace4UAM, which aims at bridging the gap between development 
and deployment of U-space capabilities and services [64]. The SESAR project AMU-LED 
has held several open days for demonstrating air taxi flights [65] and has assessed U-space 
system models [66]. Furthermore, GOF 2.0 combines UAS, eVTOL and manned opera-
tions in urban airspace, SAFIR-MED focuses on medical air mobility applications, and 
TINDAIR seeks to demonstrate deconfliction methods [67]. 

In a next step, DLR plans to realize a “U-space Regulatory Sandbox” at its National 
Experimental Test Center for Unmanned Aircraft Systems. The Test Center is located at 
the commercial airport Magdeburg-Cochstedt (EDBC) and provides an ideal environment 
for the implementation of a U-space airspace. Together with several research institutes 
and external partners DLR will coordinate a four-year project to implement a U-space 
airspace, the necessary infrastructure and U-space services adapted to the geographical 
location of the airport Magdeburg-Cochstedt. In addition, a U-space simulation and vir-
tualization environment will be provided, in which new and innovative solutions for U -
space can be validated and experienced independently of a geographic location within 
different virtual environments. The focus of DLR’s work will be on the one hand the de-
velopment and validation of advanced U-space services in close coordination with 
EASA’s guidelines and other related EU projects. Here, the interaction between different 
actors in U-space (esp. multiple USSPs, CISP, ATM) is an important aspect that will be 
closely investigated to elaborate recommendations and provide possible solutions. The 
active airport itself enables research on solutions and technologies for seamlessly integrat-
ing unmanned systems with manned aviation. Therefore, a model city [63] including mul-
tiple vertiports will be located in the airport’s vicinity. On the other hand, a virtual and 
augmented environment will be developed and demonstrated to enable not only mixed-
reality flight trials in different surroundings, but also to give, e.g., urban developers, avi-
ation authorities or local residents the opportunity to experience future mobility concepts. 

6. Discussion 
The AirportIV study from the 1990s concentrated mainly on the capacity-generating 

effect of introducing high-frequency rotorcraft operations at fixed-wing airports. One ma-
jor result was a required sufficient distance between fixed-wing runways and flight paths 
on the one hand and rotorcraft landing and take-off sites on the other hand. Due to the 
considerable differences in transport capacities between rotorcraft and fixed-wing aircraft 
a modified capacity performance indicator is recommended and should be considered in 
developing today’s UAM integration at fixed-wing airports. 

The Metropolis study delivered the first indications of a layered airspace concept as 
most suitable for high-density UAM operations. Open research questions were identified 
for parameter variation and specification as well as for enhanced conflict detection and 
resolution. 

With regard to operational feasibility, procedures to integrate UAM traffic in existing 
control zones, e.g., around airports, is crucial. In real-time human-in-the-loop simulations 
taking place within the HorizonUAM project in autumn 2022, controller procedures and 
support tools were evaluated to support tower controllers when controlling UAM traffic 
in addition to their regular tasks. Initial results suggest that the integration may be feasible 
if regulations for separations are clearly specified when defining a clear route network for 
UAM traffic and if IFR and UAM traffic are flowing as independently as possible. With 
the latter two being highly dependent on the geography of a specific UAM region, further 
research should emphasize deriving general rules that can be adjusted to individual sites. 

Currently, vertiports are mostly investigated on a strategic/conceptual and individ-
ual level. However, a UAM network consists of a set of vertiports, most likely with differ-
ing characteristics, capacities, concepts and layouts. Therefore, holistic UAM network 
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simulation activities need to be carried out in order to understand the behavior and dy-
namics of a UAM network operation on a micro and macro level. For spring 2023, one of 
HorizonUAM’s objectives is to connect different modules (demand, mode selection, fleet, 
airspace and ground capacity management, etc.) in order to develop a holistic system-of-
system analysis and to derive requirements regarding those individual elements based on 
a dynamic UAM network operation with on-demand UAM requests via fast-time simula-
tion. 

Summarizing the outcome of the definition and validation of Standard and/or Ad-
vanced PinS helicopter flight procedures, it can be stated with confidence that a combina-
tion of HMD system and autopilot can reduce pilot workload and greatly enhance situa-
tional awareness. Other projects are currently investigating the transmission of additional 
information via other perception channels (tactile, auditory) and how it leads to more ben-
efit in accomplishing the mission task. 

With regard to the operational concept of PinS procedures, there are still some re-
strictions in Germany for applying the PinS concept. Instrument flights for rescue helicop-
ters are currently only permitted above a certain altitude and usually have to be detected 
by air traffic control radar from this altitude. Below this defined limit, visual flight is man-
datory for pilots, and if the cloud base is too low, helicopters are therefore not allowed to 
take off. Even stricter values apply at night: If there are clouds at a height of less than 1200 
ft (around 400 m), helicopters are currently not allowed to take off. The same rules would 
apply for piloted eVTOL in Germany. With the PinS method, significantly more opera-
tions in adverse weather conditions are possible, even when the cloud base is low. Projects 
such as ALAADy and ALAADy-Demonstrator have shown that the operation of larger 
cargo drones in mainland Europe is in principle possible. However, a number of open 
questions still need to be addressed, starting from the actual demand and the overall vol-
ume for such operations, going over the integration into the still-developing U-space, 
leading to questions of social acceptance and ecological feasibility. Since the start of these 
projects, concepts such as U-space and SORA have been heavily developed and under-
went several revisions. The concepts devised in ALAADy will have to be revised under 
the perspective of an ever-changing legal and social environment. 

From a European perspective one of the main challenges for the next years will be 
the harmonization of procedures, systems and requirements for cross-national U-space 
and UAM implementations. Here, a close coordination of implementation mechanisms 
and flexible systems to capture national implementation differences will be necessary to 
prevent isolated solutions and to foster the market uptake of innovative drone and air taxi 
applications across Europe. This will strongly depend on higher levels of digitalization 
and automation, especially with regard to the vision of a seamless integration of manned 
and unmanned traffic—and in the long-term with other transport modes (e.g., trains, 
trams, cars, ships) as well—in a future transport system. This vision is included in the EU 
Drone Strategy 2.0, while the needs and requirements identified to realize this vision were 
described in the SRIA for the Digital European Sky. 

7. Conclusions 
The review of UAM related air traffic management projects conducted at DLR has 

revealed the complexity of airspace integration concepts for different vehicle types and 
high-density operations in urban environments. The following conclusions can be drawn 
from the review. 
• Implementing UAM cannot be seen as a single discipline. A multidisciplinary ap-

proach is necessary for successful maturation of the existing concepts. For a func-
tional UAM system not only do vehicle design and certification have to be mastered 
but also airspace integration, operational aspects, infrastructure requirements and 
public acceptance are to be considered. 
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• It is expected that first implementations of UAM will rely on piloted vehicles that 
will benefit from improved pilot-assistance functionalities. At a later stage remotely 
controlled or autonomously operating vehicles bear the potential for an increase in 
capacity and efficiency. 

• The design principle to separate fixed-wing aircraft and rotorcraft operation as far as 
possible is still valid for the optimization of airport capacity. 

• For piloted rotorcraft or VTOL operations, pilot displays such as tunnel-in-the-sky 
displays assist in reaching a better flight path accuracy compared to conventional 
primary flight displays when rotorcraft-specific approaches or noise-abatement pro-
cedures are to be flown. A combination of helmet-mounted display system and an 
autopilot coupling will further reduce pilot workload. 

• With increased autopilot assistance in highly augmented rotorcraft, non-conven-
tional control concepts such as steering wheel control could further reduce pilot 
workload. 

• GBAS/SBAS-guided Point-in-Space (PinS) procedures for rotorcraft can be con-
ducted independently from approaching fixed-wing traffic, resulting in a Simultane-
ous Non-Interfering (SNI) operation. They also help to reduce the noise of ap-
proaches in populated areas, and for rotorcraft to operate close to airports without 
coming into conflict with fixed-wing traffic or requiring runway slots. 

• An important challenge for the integration of UAS/UAM into the existing airspace is 
the upcoming implementation of the U-space EU regulation into national regulation 
in January 2023. 

• Ongoing research will have to focus on the development of advanced U-space Ser-
vices (U3 and U4) as they are necessary to enable UAS/UAM missions in high traffic 
density and complex scenarios. 

• Strategic conflict avoidance has been identified as a major service in U-space. Detect 
and avoid services for tactical conflict avoidance will play a role as one of the main 
capabilities in U-space that complement the given services. 

• A “Layer” concept for UAM airspace management achieved the safest operations in 
simulation by inducing the lowest number of intrusions per flight compared to other 
concepts such as “Full Mix”, “Zones” or “Tubes”. Efficiency was high for both 
“Layer” and “Full Mix” concepts. 

• UAM traffic is supposed to operate mainly in uncontrolled or future U-space airspace 
and thus independently of air traffic control (ATC). However, when entering a con-
trol zone at an airport direct contact with ATC is required given current aviation reg-
ulations. Supporting systems for ATC controllers are needed in order to cope with 
the increasing workload due to additional UAM traffic. 

• Further research is necessary on the performance-based rating of airside operations 
at future vertiports as well as on the design of vertiport networks in urban environ-
ments. 

• Large-scale demonstration of UAM use cases have the potential to booster the matu-
ration of UAM technology and will serve to make the public aware of the possibilities 
of UAM. For field tests in close-to-reality environments suitable testing sites have to 
be provided for research and demonstration activities. DLR’s “U-space Regulatory 
Sandbox” at the commercial airport Magdeburg-Cochstedt, Germany, is planned to 
become such a test site including a functional U-space airspace in 2026. 

Author Contributions: Conceptualization, B.I.S.; writing—original draft preparation, B.I.S., D.G., 
T.L., F.K., I.C.M., N.P. and K.S.; writing—review and editing, B.I.S.; All authors have read and 
agreed to the published version of the manuscript. 

Funding: This research received no external funding. 

Conflicts of Interest: The authors declare no conflicts of interest. 

Nomenclature 



Aerospace 2023, 10, 81 21 of 24 
 

 

ADS-B Automatic Dependent Surveillance Broadcast 
ATC Air Traffic Control 
ATFM Air Traffic Flow Management 
ATM Air Traffic Management 
ASM Airspace Management 
C2 Command and Control 
CDI Course Deviation Indicator 
CISP Common Information Service Provider 
DAA Detect and Avoid 
DLR Deutsches Zentrum für Luft- und Raumfahrt e.V. (German Aerospace Center) 
EASA European Union Aviation Safety Agency 
EC European Commission 
EU European Union 
EGNOS European Geostationary Navigation Overlay Service 
eVTOL electric Vertical Take-Off and Landing 
FAA Federal Aviation Administration 
FATO Final Approach and Take-Off 
FHS Flying Helicopter Simulator 
FLARM Flight Alarm 
FMS Flight Management System 
FTE Flight Technical Error 
GBAS Ground-Based Augmentation System 
GNSS Global Navigation Satellite System 
HDM Head-Mounted Display 
HMD Helmet-Mounted Display 
IDF Initial Departure Fix 
IFR Instrument Flight Rules 
ILS Instrument Landing System 
IMC Instrument Meteorological Conditions 
LLR Low-Level IFR Routes 
LTE Long-Term Evolution Broadband Standard 
LPV Localizer Performance with Vertical Guidance 
MAPt Missed Approach Point 
MLS Microwave Landing System 
NAV Navigation Display 
NLR Netherlands Aerospace Centre 
PAV Personal Aerial Vehicle 
PFD Primary Flight Display 
PinS Point-in-Space 
RF Radius-to-Fix 
RNP Required Navigation Performance 
RWC Remain Well-Clear 
SA Situational Awareness 
SBAS Satellite-Based Augmentation System 
SNI Simultaneous Non-Interfering 
SVS Synthetic Vision System 
SWC Slot Weight Capacity 
TCAS Traffic Alert and Collision Avoidance System 
UAM Urban Air Mobility 
UAS Unmanned Aerial System 
UAV Unmanned Aerial Vehicle 
USSP U-space Service Provider 
UTM Unmanned Air Traffic 
VFR Visual Flight Rules 
VIP Very Important Person 
VTOL Vertical Take-Off and Landing 
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