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Abstract

Approach and landing operations are among the most critical phases in aviation,
accounting for a significant proportion of accidents due to challenges as low visibility
conditions. These challenges are amplified in the emerging Urban Air Mobility (UAM)
context, where Vertical Take-Off and Landing (VTOL) aircraft operate in densely
populated urban environments, often with limited space and closer to potential
obstacles. Existing navigation systems, such as the Instrument Landing System (ILS)
and GNSS augmentation systems, are ill-suited to these scenarios due to their reliance
on ground-based infrastructure, susceptibility to signal degradation in urban areas, or
limitations in supporting variable approach trajectories. These factors necessitate the
development of innovative onboard navigation solutions that minimize infrastructure

dependency while ensuring robust, weather-resilient, and safe operations.

To address these challenges, this dissertation proposes a novel multi-sensor
navigation architecture specifically designed for UAM approach and landing
operations. The architecture integrates a GNSS receiver, an Inertial Measurement Unit
(IMU), two visual cameras and an Frequency Modulated Continuous Wave (FMCW)
radar. Each sensor complements the others, enabling a navigation solution capable of
providing accurate state estimation throughout the approach and landing phases. The
radar and cameras design prioritizes compatibility with the operational and regulatory
constraints defined by international aviation authorities, such as European Union
Aviation Safety Agency (EASA), including the integration of enhanced visual and

radar-aiding navigation cues tailored to specific vertiport infrastructure.

The vision system leverages advanced computer vision techniques, including
Convolutional Neural Network (CNN) for landing pattern detection and image
processing techniques for tracking of the area of interest and keypoints extraction. The
visual measurements are validated through integrity monitoring before being
incorporated into a loosely coupled Extended Kalman Filter (EKF), ensuring precise
pose estimation during critical flight phases. Meanwhile, the radar system
complements the vision-based systems providing resilience to adverse visibility

conditions and higher operative ranges. Radar data processing involves targets




detection and different matching algorithms exploiting the navigation state prediction
of the EKF and the known position of the targets on the vertiport, enabling early and
reliable detection of the landing area. The radar data is tightly integrated into the EKF,
allowing the filter to extract navigation information even from limited number of

targets correctly matched.

The performance of the proposed architecture is assessed through high-fidelity
simulations and experimental validation. Simulations emulate realistic urban
scenarios, including adverse visibility conditions, to evaluate the contributions of
individual sensors and the overall multi-sensor system. The visual measurements
prove essential to provide centimeter-level accuracy in the final phase of the approach
trajectory, while the radar enables the navigation system to meet the assumed
navigation performance requirements even at high ranges from the landing area and in
adverse visibility. Experimental validation, conducted via scaled flight tests using
Small Unmanned Aerial Vehicle (sUAV), demonstrates the effectiveness of the visual
processing pipeline, including the ability to correctly distinguish between multiple

landing patterns.
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Standard deviation of a statistical distribution
Radar Cross Section of a target

Vehicle attitude
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Acronym
AAM
ADC

Al

AoA
ARNS

AT

Az

BB

CAAC
CA-CFAR
CASA
CDGNSS
CNN
COPOSIT
CRF

CVS

DL

DLR

DNN
DVE-M
EASA
EFVS
EHVS
EKF

El

EM

EVS

Acronyms and abbreviations

Definition

Advanced Air Mobility
Analog-to-Digital-Converter

Artificial Intelligence

Angle of Arrival

Aeronautical Radio Navigation Service
AprilTag

Azimuth

Bounding Box

Civil Aviation Administration of China
Cell Averaging Constant False Alarm Rate
Civil Aviation Safety Authority

Carrier Phase Differential GNSS

Convolutional Neural Network

COplanar Pose from Orthography and Scaling with ITerations

Camera Reference Frame

Combined Vision System

Down Looking

German Research Center

Deep Neural Networks

Degraded Visibility Environment Mitigation
European Union Aviation Safety Agency
Enhanced Flight Vision System
Enhanced Helicopter Vision Systems
Extended Kalman Filter

Elevation

Electromagnetic

Enhanced Vision System
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evToL
FAA
FATO
FCC
FFT
FL
FMCW
FOV
FPSL
GBAS
GNN
GNSS
HFOV
HMD
HPA
HPE
HPL
HSV
HUD
ICAO

IFOV
IFP
ILS
IMU

LED
LiDAR
LM
LNA
LPF

Electric Vertical Take-Off and Landing
Federal Aviation Administration

Final Approach and Take Off

Federal Communications Commission
Fast Fourier Transform

Forward Looking

Frequency Modulated Continuous Wave
Field Of View

Free-Space Path Loss

Ground-Based Augmentation Systems
Global Nearet Neighbor

Global Navigation Satellite System
Horizontal Field of View
Helmet-Mounted Display

High-Power Amplifier

Horizontal Positioning Error

Horizontal Protection Level
Hue-Saturation-Value

Head Up Display

International Civil Aviation Organization
Intermediate Frequency
Instantaneous Field Of View
Instrument Flight Procedure
Instrument Landing System

Inertial Measurement Unit

InfraRed

Light Emission Diodes

Light Detection And Ranging
Levenberg-Marquardt

Low Noise Amplifier

Low Pass Filter
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MAP
MC
ML
MLS
MMW
MTI
NASA
NED
NIR
NL
NN
OFV
OPV
PAPI
PLA
PnP
radar
RCS
RF
RGB
RIO
RMSE
RNP
ROI
ROS
RRF
RSS
SAA
SBAS
SCR
SNCR

Missed Approach Procedure
Monte Carlo

Machine Learning

Microwave Landing System
Millimeter Wave

Moving Target Indicator

National Aeronautics and Space Administration
NED

Near-Infrared

Nadir-Looking

Neural Network

Obstacle-Free Volume

Optionally Piloted Vehicle
Precision Approach Path Indicator
Polylactic Acid
Perspective-n-Point

Radio Detection And Ranging
Radar Cross Section
Radio-Frequency

Red-Green-Blue

Radar-Inertial Odometry

Root Mean Square Error

Required Navigation Performance
Region of Interest

Robot Operating System

Radar Reference Frame

Root Sum Square
Sense-and-Avoid

Satellite-Based Augmentation Systems
Signal-to-Clutter-Ratio

Signal-to-Noise-plus-Clutter-Ratio
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SNR
SVS
sUAV
SWaP
SWIR
TLOF
UAM
UAV
UE4
UKF
VFOV
VFR
VLS
VPE
VPL
VRS
VTOL
XSV

Signal-to-Noise -Ratio
Synthetic Vision System
Small Unmanned Aerial Vehicle
Size Weight and Power
Short-Wave Infrared

Touch down and Lift-Off
Urban Air Mobility

Unmanned Aerial Vehicle
Unreal Engine 4

Unscented Kalman Filter
Vertical Field of View

Visual Flight Rules

Visual Landing System
Vertical Positioning Error
Vertical Protection Level
Vortex Ring State

Vertical Take-Off and Landing

eXternal Vision System
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