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Where is Benevento?

Benevento

Rome

Naples
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LESIM activities

Laboratory of Signal Processing and Measurement Information

✓ LESIM is involved in

✓ Definition of new measurement methods

✓ Processing of measurement information

✓ Development of new electronic measurement instruments

✓ Application field

✓ Characterization of electronic components - ADC and DAC Testing

✓ Telecommunication - Monitoring of the radio spectrum

✓ Biomedical - Monitoring of patients (ATTICUS) 

✓ Aerospace - Drone-based measurement instrumentation

Project 2014-NIST-MSE-01  

A phase measurement system for calibrating  

Electroshock-Weapons

NIST financial assistance award: 

$ 1.000.000,00

Italian

Government

Grant

€ 900.000,00

Z-Spectrum

Italian Ministry of Defence

€ 480.000,00

https://www.nato.int/science/index.html
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6 European Partners

UNIVERSITA DEGLI STUDI DEL SANNIO

(ITALY)
B4ENG

(FRANCE)
UNIVERSITÉ D'EVRY

(FRANCE)

MILITARY UNIVERSITY OF TECHNOLOGY

(POLAND)

UNIVERSITATEA “DUNAREA DE JOS” DIN GALATI 

(ROMANIA)

UVS ROMÂNIA Association

(ROMANIA)

ERASMUS+  Project eDrone
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CIVIL AVIATION AUTHORITY  (MOLDOVA)

ACADEMY "STEFAN CEL MARE" OF MINISTRY OF INTERNAL AFFAIRS (POLICE ACADEMY) (MOLDOVA)

MOLDOVA STATE UNIVERSITY

STATE AGRARIAN UNIVERSITY OF MOLDOVA ACADEMY OF PUBLIC ADMINISTRATION (MOLDOVA)

ARMENIAN STATE UNIVERSITY OF ECONOMICS NATIONAL POLYTECHNIC UNIVERSITY OF ARMENIA

ILIA STATE UNIVERSITY (GEORGIA) IVANE JAVAKHISHVILI TBILISI STATE UNIVERSITY (GEORGIA)

BELARUSIAN STATE UNIVERSITYBELARUSIAN STATE TECHNOLOGICAL UNIVERSITY

ERASMUS+  Project eDrone
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Outputs

www.edrone.unisannio.it

Content management system

Course for Training the Teachers (CTT)

Set up of four laboratories for drone educational 

activities: one for each Partner Country

Disseminations

ERASMUS+  Project eDrone

https://www.nato.int/science/index.html
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MetroAeroSpace
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Italian Air Force @ MetroAeroSpace 2014

2014 IEEE International Workshop on Metrology for AeroSpace

Benevento, Italy - May 29-30, 2014

Predator B

32° Stormo Italian Air Force

Amedola (Foggia), Italy
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Italian Air Force @ MetroAeroSpace 2015

2015 IEEE International Workshop on Metrology for AeroSpace

Benevento, Italy - June 4-5, 2015

STRIX-C

16° Stormo Italian Air Force

Martina Franca, Italy
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Italian Air Force @ MetroAeroSpace 2016

2016 IEEE International Workshop on Metrology for AeroSpace

Florence, Italy - June 22-23, 2016

SHADOW 200 - RQ-7B V2

Italian Army and Rigel srl

AAI/Textron Systems

Textron Systems' Shadow® V2 Tactical Unmanned 

Aircraft System, designated RQ-7B V2 by the U.S. 

Department of Defense, delivers proven performance 

with enhanced mission sets, along with Textron Systems' 

unmatched battlefield experience - for a total capability 

far beyond the typical TUAS.

https://www.nato.int/science/index.html
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Italian Air Force @ Military Metrology for AeroSpace 2018

Military Metrology for AeroSpace

Rome, Italy - June 20, 2018

https://www.nato.int/science/index.html


UNIVERSITY OF SANNIO
ADVANCED TRAINING COURSE 

Modern technologies enabling safe and secure UAV 

operation in urban airspace

Italian Air Force @ Military Metrology for AeroSpace 2019

Military Metrology for AeroSpace

Torino, Italy - June 19, 2019
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MetroAeroSpace 2020

We are waiting to meet you in Pisa in 2020 !!

www.metroaerospace.org
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Researches upon developments for mobile measurement platforms
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Examples of growing technologies

➢ Advanced CPUs are available with low 

power requirements and in a small size.

➢ Research in materials science has 

resulted in novel sensing materials for 

many chemical, biological, and physical 

sensing tasks.

➢ Transceivers for wireless devices are 

becoming smaller, less expensive, and 

less power hungry.

➢ Power source improvements in batteries, 

as well as passive power sources such as 

solar or vibration energy, are expanding 

application options.

https://www.nato.int/science/index.html
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LESIM Research objectives

Remote and mobile 

measurement platforms

Battery Sensors

Processor Wireless interface

RO4

RO1

Drone

WSN

Smartphone

RO2

RO3
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Wireless Sensor Network

Infrastructure security Healthcare applications

WSN

Traffic monitoring Home applications

Environmental monitoring

Logistics
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Smartphone teardown

• Octa-Core Snapdragon 820

• GPU Adreno 530

• RAM 4GB

• Memory 64 GB

• Camera 12 MP

• Front facing camera  5 MP

Sensors

• Fingerprint

• Accelerometer

• Gyroscope

• Proximity

• Digital compass

• GPS

• Barometer

• Heart rate

• Oxygen saturation Samsung Galaxy  S7

https://www.nato.int/science/index.html
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Drones

Propeller

• Electronic Speed Control 
(ESC)

• Brushless motor

• Global Positioning System (GPS)
• Inertial Navigation System (INS)
• Altimeter

Payload:
• Camera
• Sensors

• Control board
• Transmitter and 

Receiver module
• Lithium battery

Frame

https://www.nato.int/science/index.html
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Jobs for Drones
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Drones under study at LESIM

Specifications:

MTOW < 13.5 kg;

Vertical Take-Off Landing (VTOL);

Very low altitude (VLA), 500 ft;

Operations in line-of-sight (LOS) and beyond-line-of-sight (BLOS)

Remotely operated (semi-autonomous): the drone can perform high-level commands
(waypoints, objects tracking, etc.), and its performance is monitored by a trained
operator.

https://www.nato.int/science/index.html
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Drone equipment at LESIM

Self-made quadcopter

LESIM has facilities to design and build

drones.

We are glad to share these opportunities

with other National or International

research groups

https://www.nato.int/science/index.html
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Drone equipment at LESIM

Exacopter with stereo camera housing

• 670 mm wheelbase length

• 6 Pulso U22 M motors

• DJI Naza-M V2 flight controller

• 4S 5000 mAh battery

https://www.nato.int/science/index.html
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Drone equipment at LESIM

DJI Phantom 4 Pro
• Weight: 1388 g

• Diagonal size: 350 mm

• Max flight time: ~ 30 min

• Hover Accuracy Range (vert.):  ± 0.1 m 

• Hover Accuracy Range (horiz.):  ± 0.3 m 

• 3-axis Gimbal with stabilization within 0.02°

• 20 Mpixel camera

Parrot Bebop 2 FPV

• Max flight time: ~ 30 min

• 14 Mpixel camera with digital stabilization

https://www.nato.int/science/index.html
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Drone equipment at LESIM

Intel Aero RTF development platform
• Intel Aero compute board with Intel Atom x7 processor

• Linux operating system (Yocto or Ubuntu distro)

• Intel Aero flight controller running PX4

2 Ublox C94-M8P GNSS/RTK development boards
• Station and rover configuration

• 2 cm positioning accuracy

RP-LIDAR 360 Degree Laser Range Scanner
• 4000 samples/s 10Hz

• Range: 6m

• Rotation speed: 600 RPM

• Resolution: 0.9°

https://www.nato.int/science/index.html
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What are drones?  for others…

Drone is for making pictures;

Drone is for military missions;

Drone is a toy.
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What are drones?   literature…

“An Unmanned Aircraft System (UAS) comprises individual system elements consisting of

unmanned aircraft, the control station and any other system elements necessary to enable

flight, i.e. command and control link and launch and recovery elements.”

European Aviation Safety Agency (2009)

34

Number Mean take-off weight (MTOW) Name

0 Less than 1 kg Micro

1 Up to 1 kg Mini

2 Up to 13.5 kg Small

3 Up to 242 kg Light/ultra light

4 Up to 4332 kg Normal

5 Over to 4332 kg Large

MTOW is proportional to the expected kinetic energy imparted at impact.

Source: Dalamagkidis et al. (2012)

https://www.nato.int/science/index.html
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What are drones?   for us…

“Sensors and sensing strategies enable an unmanned aircraft to

sense, see, hear and understand the world around it”

Valavanis et al.

35

Drones are mobile measurement platforms 

making measurements during flight

https://www.nato.int/science/index.html
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Drones require measurements for 

flying

The drone as mobile measurement 
instrument

Measurements for drone and drone for measurements

https://www.nato.int/science/index.html


UNIVERSITY OF SANNIO
ADVANCED TRAINING COURSE 

Modern technologies enabling safe and secure UAV 

operation in urban airspace

Measurements for drone

During flight the drone must: 

1. monitor the attitude of the drone during the flight mission;

2. localize the drone during the mission;

3. detect objects along the mission path;

4. measure the drone altitude respect to the ground.

According to that, the sensors embedded on drone are:

1. Inertial Measurement Unit (IMU);

a) Gyroscope
b) Accelerometer

2. Global Positioning System (GPS) or Differential GPS;

3. Light Detection and Ranging (LiDAR);

4. Ultrasonic sensor;

5. Barometer

https://www.nato.int/science/index.html
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Accelerometer embedded on drone

Measurements on ground in static 
conditions

Static conditions measurements with 
propellers running

Static conditions measurements with 
damping platform

Accelerometer measurements

https://www.nato.int/science/index.html
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Drones for measurements
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Drones and Measurements

• Industries have long sought data from above, generally

through satellites or planes, but drones are better “sensors in

the sky” than both.

• They gather higher-resolution and more-frequent data than

satellites (whose view is obscured by clouds over two-thirds of

the planet at any time), and they’re cheaper, easier, and safer

than planes.

• Drones can provide “anytime, anywhere” access to overhead

views with an accuracy that rivals laser scanning.

https://dronebelow.com/
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“Drones go to work” (1)
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Pros of drone as measuring platform

Low weight;

Small size;

Low cost;

Easy handling;

Drone is a platform able to survey wide areas and reach human-

hostile environments;

Flexible platform, several kinds of sensors can be embedded on 

them.

https://www.nato.int/science/index.html
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Cons of drone as measuring platform

Due to the payload and the power consumption limits, the drone 

cannot be equipped with heavy instruments;

Usually, the data processing  is not performed on board (payload 

and battery);

The flight mission and the environmental parameters can affect the 

measurement results;

More and more uncertainty sources should be considered compared 

with a “terrestrial” measurement system.

https://www.nato.int/science/index.html
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I&M applications of drones (1)

Monitoring of photovoltaic systems

The drone is equipped with:

• Video camera, for detecting cracks, yellowing,

snail trails and brunt cells;

• Thermal camera, for detecting high

temperature regions on a photovoltaic module

surface (hot-spot);

• GPS receiver for measuring the position

related to an identified failure.
www.nwtsolar.co.uk

https://www.nato.int/science/index.html
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I&M applications of drones (2)

Structural health monitoring

The drone is equipped with:

• Video camera;

• GPS receiver.

Drone can be used for automatic

monitoring and localization of damages.

https://www.civionicengineering.com/uav-services/

https://www.nato.int/science/index.html
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I&M applications of drones (3)

Power line inspection

The drone is equipped with:

• Video camera, for detecting broken

strand;

• Infrared camera, for preventing

breakage of the strands;

• Ultra-violet camera, for detecting

corona effects;

• GPS receiver for measuring the

position related to an identified failure.

https://www.dronevibes.com/tag/power-line-inspection/

https://www.nato.int/science/index.html
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I&M applications of drones (4)

Environmental monitoring

The drone is equipped with:

• GPS receiver;

• A sensor board, which depends on the

environment to monitor;

Example - The drone for water pollution

monitoring:

Video camera and multi-spectral camera

(sediment pollution, oil spill, red tide, and

thermal pollution).

https://www.dronegenuity.com/drones-helping-marine-biologists/

https://www.nato.int/science/index.html
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Documentation of archaeological sites

Survey of archaeological site aims to obtain accurate measurements for 
producing maps and 3D models.

An important task is to choose the appropriate technique for the specific 
survey.

A case study will be presented later.

https://www.nato.int/science/index.html
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Contents

L.E.S.I.M. activities;

Researches upon developments for mobile measurement platforms;

Drones;

Measurements for drone and drone for measurements:
• Sensors for navigation;

• Drones as mobile measurement platforms;

• Applications;

Design of a drone-based measurement instrument:
• Drones and uncertainty

• General concepts about uncertainty and measurement

• General architecture of a drone-based measurement instrument

• Design parameters

• Measurement uncertainty budget

• Case study: 3D mapping of archaeological sites

Methods and instruments for drone characterization
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Uncertainty and Operation in Urban Environment

How uncertain the position of the drone is?

Position uncertainty should be considered in 

allocating drone routes.

https://www.nato.int/science/index.html
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Measurement with drones: Uncertainty and Traceability

Drones have been recently proposed for the documentation of
car accidents:

• -80% of occupation time of the road;

• -67% of measurement time

Image data collected during the drone flight can be used to
produce a 3D point cloud and distance and size measurements,
with unofficial and approximate accuracy of 2-5 cm.

In all cases when economic transactions or legal issues are
involved, it is fundamental to provide the uncertainty of the
measurement result through structured and traceable
procedures.

https://www.futuristspeaker.com/

https://medium.com/

“4 Reasons Drones will revolutionize accident scene response” (2)

How is the measurement uncertainty assessed?

How is metrological traceability guaranteed?

https://www.nato.int/science/index.html
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Drone calibration

In several applications, the traceability and the measurement uncertainty assessment are not

considered or specific solutions are adopted that refer the measurement uncertainty with drones to the

measurement uncertainty obtained with terrestrial reference systems.

https://www.nato.int/science/index.html
https://www.google.it/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwjLl-zl_7naAhWN6aQKHW40DJEQjRx6BAgAEAU&url=http://www.djitop.com/it/droni-dji/dji-matrice-100-detail&psig=AOvVaw0O355-KnGR8VJQnkVXFX09&ust=1523803277304172
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Accuracy and errors

The accuracy of an instrument is defined as the difference 

between the true value of the measurand and the measured value 

indicated by the instrument. Typically, the true value is defined in 

reference to some absolute or agreed upon standard.

For any particular measurement, there will be some error due to 

systematic (bias) and random (noise) error sources.

There are a variety of factors that can result in systematic 

measurement errors. One class of cause factors are those that 

change the input–output response of a sensor resulting in 

miscalibration. 

https://www.nato.int/science/index.html
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Calibration

The relationship between the physical 

measurement variable input and the signal 

variable (output) for a specific instrument is 

known as the calibration of the instrument.

https://www.nato.int/science/index.html
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Precision and Random error sources

In many cases, if the systematic error source is known, it can be corrected for by the use of 

compensation methods.

Random error is sometimes referred to as noise, which is defined as a signal that carries 

no useful information. 

Precision indicates the closeness of agreement between measured quantity values 

obtained by replicate measurements

In case of random error Gaussian distributed, the 

precision of the measurement is normally quantified 

by the standard deviation (σ).

Such value is then called standard uncertainty.

https://www.nato.int/science/index.html
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General architecture of a digital measurement instrument

The design of an instrument involves the evaluation of the uncertainty budget, by 

assessing the different components of the measurement uncertainty and their 

combination.

Sensor Amplifier
A/D 

Converter

Computer

memory

Physical 

quantity
Analog 

signal

Analog 

signal

Digital 

signal

Output

temperature, 

relative humidity,
.
.
.

thermal noise, 

non-linearity,
.
.
.

quantization noise
.
.
.
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Indirect measurements

Many physical quantities are indirectly measured, by exploiting functional relations

(a model) that connect them to other directly measured quantities.

In this case the uncertainty of the measurement result is obtained from the

combination of the uncertainties of the directly measured quantities (if the

measured quantities are all independent):

𝑌 = 𝐹(𝑋1, 𝑋2, … , 𝑋𝑛)

𝑢𝑌 =
𝜕𝐹

𝜕𝑋1

2

𝑢𝑋1
2 +

𝜕𝐹

𝜕𝑋2

2

𝑢𝑋2
2 +⋯+

𝜕𝐹

𝜕𝑋𝑛

2

𝑢𝑋𝑛
2
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The assessment of the measurement uncertainty

To assess the measurement uncertainty, it is necessary to:

• Identify the uncertainty sources;

• Define a model of the measurement procedure;

• To evaluate the measurement uncertainty of the input model quantities;

• To apply the law of propagation of uncertainty according to the model.

A drone-based measurement instrument is a complex system:

• Several sub-systems (propulsion, flight control, power supply, etc.) contribute to define

the overall system behavior;

• The final measurement result is generally obtained by complex indirect methods

operating on data from several sensors.

https://www.nato.int/science/index.html
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Design parameters

The main parameters to be considered for designing a drone-based 

measurement instrument are:

1. Weight;

2. Power consumption;

3. Communication link;

4. Measurement uncertainty.

Those parameters strictly depend on the mechanical and electrical 

parts of the drone.

https://www.nato.int/science/index.html
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Weight budget

The weight is the main parameter for sizing the motors, the propellers, and the frame of the 

drone.

18%

20%

1%
7%

1%3%

18%

32%
Frame

Motors

Flight controller

ESCs

GPS + INS

Propellers

Battery

Payload

The main contributors to the drone weight are:

1. The payload that depends on the 

application (usually it contains at least a 

gimbal and a camera);

2. The frame. Its contribution on the total 

weight can be reduced using carbon fiber 

frames;

3. The brushless motors;

4. The battery.
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Power consumption budget

89%

1% 6% 4%

Motors

Flight controller + GPS
+ INS

ESCs

Payload

The battery of the drone is sized according to

its power consumption and the required flight

time for a mission.

The power consumption shares have been

estimated considering the maximum power

consumption values exhibited by each drone

sub-system.

For the payload, a gimbal with a camera and

the transmitter have been considered.

Usually, the main contributors to the drone

power consumption are the motors.

The capacity of the battery is estimated as:

[mAh]

https://www.nato.int/science/index.html
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Communication link budget

FHSS S-FHSS
Wi-Fi

IEEE 802.11

AM/FM

(First-Person View 

FPV)

COFDM

(FPV)

2.4 GHz 2.4 GHz 2.4/5 GHz
900 MHz/1.2 GHz/2.4 

GHz/5.8 GHz

900 MHz/1.2 GHz/2.4 

GHz/5.8 GHz

Bit rate 

[Mbit/s]

Distance 

[m]

Bit rate 

[kbit/s]

Distance 

[m]

Bit rate 

[Mbit/s]

Distance 

[m]

Bandwidth

[MHz]

Distance 

[m]

Bit rate

[Mbit/s]

Distance 

[m]

3 1500 128 5000

b 11 140

16

(FM)
5000 5 10000g 54 140

n 300 250

Remote control x x x x

Telemetry x x x x

Payload x x (camera) x (camera)
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Measurement uncertainty budget (1)

• The on-board sensors must be chosen such

that the measurement result complies with

the target uncertainty.

• Specific calibration methods must be

defined, applied and documented in order to

guarantee the measurement traceability.

http://www.isobudgets.com/

https://bblsa.com/
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Measurement uncertainty budget (2)

Frame vibration

Thermal noise

Electromagnetic 

disturbances

Temperature

Humidity

Luminosity conditions

…

Temperature

Humidity

Luminosity conditions

Motor vibrations

Magnetic disturbances

Propeller turbulence

…

Uncertainty sources

Thermal noise

Non-linearity

…

Quantization 

noise

…
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Measurement uncertainty budget (3)

To define the measurement uncertainty budget, the following steps are needed:

1. Identification of the uncertainty sources affecting mission measurements;

2. Evaluation of an uncertainty model according to the identified uncertainty 

sources;

3. Uncertainty sensitivity analysis. 

The outputs of the uncertainty budget analysis are:

• The feasibility of the system according to the target uncertainty;

• The definition of the sensor specifications in terms of uncertainty for both the

pose and the mission measurements.

https://www.nato.int/science/index.html
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Motors

Flight controller + INS + LW20 + D-RTK
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Payload
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3%
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31%
18%

20%

1%
7%

1%
3%

18%

32%

Frame Motors

Flight controller ESCs

INS + LW20 + D-RTK Propellers

Battery Payload

Balance among budgets (1)

Power budgetWeight budget

What? How? Effect

Reduction of the drone pose 

measurement uncertainty

Integration of a LIDAR altimeter (LW20) and 

GNSS (D-RTK)
Change of frame and motors
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85%

1%

6%

8%
18%

20%

1%

7%1%3%

18%

32%

Frame Motors
Flight controller ESCs
GPS + INS Propellers
Battery RIEGL miniVUX-UAV

Balance among budgets (2)

89%

1%
6% 4%

Motors

Flight controller + GPS + INS

ESCs

RIEGL miniVUX-UAV

Power budgetWeight budget

15%

16%

1%

5%
1%

2%

14%

46%

What? How? Effect

Reduction of the uncertainty related to 

mission measurement

Using of a LIDAR for 3D mapping (RIEGL 

miniVUX-UAV) against RGB camera
Change of frame and motors
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Drone-based measurement instrument design steps

According to the presented budgets, it is possible to define the steps for designing

a drone-based measurement instrument:

Definition of the 
measurand

Definition of the target 
uncertainty and of the 
measurement range

Uncertainty 
analysis

Definition of 
the sensors

Definition of the 
communication 

interface

Definition of the 
UAV platform

https://www.nato.int/science/index.html
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Case study: 3D mapping of archaeological sites

The aim is to provide a 3D map containing geometrical measurements related to

wide archaeological sites or archaeological sites with difficult access.

Survey of 
archaeological 

sites

Aerial 
photogrammetry

Hybrid
Aerial laser 
scanning

P. Daponte, L. De Vito, F. Picariello, S. Rapuano, M. Riccio, “An uncertainty model for height measurement based on aerial

photogrammetry”, Proc. of 1st International Conference on Metrology for Archaeology, Benevento, Italy, October 22-23, 2015 (5)

https://www.nato.int/science/index.html
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Aerial photogrammetry

In aerial photogrammetry, the 3D reconstruction is implemented by means of structure

from motion.

The structure from motion consists of observing

objects from different positions.

In aerial photogrammetry, the structure from

motion is implemented acquiring two

consecutive images during the flight mission.

https://www.geospatialworld.net/

https://www.nato.int/science/index.html
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Aerial laser scanning

An aerial laser scanning (ALS) system consists of a drone with embedded a LIDAR

system.

Phoenix aerial systems

https://www.nato.int/science/index.html
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Hybrid

• This technique combines aerial, terrestrial photogrammetry and terrestrial laser scanning.

• In order to define the reference coordinates, several targets for each acquisition method are

placed in the archaeological site and localized through a total station.

• The acquisition and processing steps are: (i) localization of the targets by means of total

station, (ii) acquisition of the images with aerial photogrammetry, (iii) acquisition of the

images with terrestrial photogrammetry, (iv) generation of the 3D models, and (v) 3D models

integration.

3D models integration 

https://www.nato.int/science/index.html
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Comparison

In this table, it is reported a qualitative analysis of the three

techniques.

Accuracy Sensing time
Processing 

time
Cost

Aerial Photogrammetry Low Low Medium Low

Hybrid technique High High High High

Aerial laser scanning High Medium Low Medium

https://www.nato.int/science/index.html
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1. Definition of the measurand - 2. Definition of the target uncertainty, and 

measurement range

The measurands are the geometrical dimensions (height, width, and

length) of each object in the surveyed area.

Two values of target uncertainty will be considered: about 20cm

and about 5cm.

The measurement range depends on the maximum height of the

object in the surveyed area (e.g. 3 m).

Another important parameter for this specific application is the time

required for the survey (sensing time).

https://www.nato.int/science/index.html
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3.a Uncertainty budget analysis (aerial photogrammetry)
In case of aerial photogrammetry height has a higher uncertainty than the other

dimensions.

• hm is the distance between the camera in the first
waypoint and the point M;

• Clm and Crm are the pixel projections of the point M on the
camera sensor array in both left and right positions;

• Clg and Crg are the pixel projections of the ground level
point G on the camera sensor array;

• ϑ is the drone elevation angle of drone in the second
waypoint referred to the first;

• b is the distance between the positions related to image
acquisitions;

• f is the camera focal length.

https://www.nato.int/science/index.html
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3.b Uncertainty budget analysis (aerial photogrammetry)

This uncertainty model consists of two terms:

1. the former is due to the disparity values

referred to the points M and G;

2. the latter takes into account the estimated

stereovision geometry parameters and the

focal length.

Uncertainty [m] vs. flight altitude [4, 16] m and pitch angle uncertainty [1°, 10°], for different baseline

uncertainties [1.5, 10] cm

For achieving a target uncertainty in the order of 10 cm for a

maximum flight altitude of 14 m:

• The maximum baseline, b, uncertainty has to be 10 cm;

• The maximum orientation, ϑ, uncertainty has to be 10°.

1 2

https://www.nato.int/science/index.html
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3. Uncertainty budget analysis (aerial laser scanning)

In case of aerial laser scanning, the LIDAR provides the distance of each point respect

to its z-axis. This measurement has to be aligned to the drone coordinate reference

system, as it follows:

ℎ𝑀 = 𝑧𝑀 ∙ cos 𝜃𝑀 ∙ 𝑐𝑜𝑠 𝛾𝑀

The height of the object is:

ℎ = ℎ𝐺 − ℎ𝑀

ℎ𝐺 = 𝑧𝐺 ∙ cos 𝜃𝐺 ∙ 𝑐𝑜𝑠 𝛾𝐺

The uncertainty sources affecting measurements are:

• The uncertainty related to the distance measurements provided by laser;

• The uncertainties related to the measurements of the pitch and roll angles.

For achieving a target uncertainty in the order of 10 cm for a

maximum flight altitude of 25 m:

• The maximum uncertainty related to the distance measurements

has to be 10 mm;

• The maximum orientation, ϑ, uncertainty has to be 1°.

https://www.nato.int/science/index.html
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4. Definition of the requirements related to the sensors for navigation and for mission

(aerial photogrammetry)

For the measurements of the baseline b, distance between two waypoints, and the
angle ϑ, elevation angle of the drone in the second waypoint referred to the first,

mainly two techniques can be considered:

Image-based pose estimation 

technique

The measurement is affected by:

• Luminosity conditions;

• Wind conditions;

• Gimbal stability;

• Background texture conditions.

GNSS-based technique (e.g. D-RTK)

For a baseline of 1m:

• The baseline uncertainty is 1 cm (max.

target 10 cm);

• The orientation uncertainty is 0.2°

(max. target 10°).

• The payload includes a RGB camera with a gimbal;

• The sensors for navigation are GPS and INS.

https://www.nato.int/science/index.html
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4. Definition of the requirements related to the sensors for navigation and for mission

(aerial  laser scanning)

In case of aerial laser scanning, the system provide in real-time at 

each waypoint the point cloud acquired by the LIDAR system.

RIEGL 

miniVUX-UAV

Measurement range 150 m

Measurement distance uncertainty 3.5 cm @ 50 m

Scan rate 100 scans/s

Points per second 100 kpt/s

• The payload includes a LIDAR;

• The sensors for navigation are GPS and INS.

RIEGL mini VUX - UAV

https://www.lidarusa.com/
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5. Definition of the communication link 

FHSS S-FHSS Wi-Fi

IEEE 802.11

AM/FM

(First-Person View 

FPV)

COFDM

(FPV)

2.4 GHz 2.4 GHz 2.4/5 GHz 900 MHz/1.2 GHz/2.4 

GHz/5.8 GHz

900 MHz/1.2 GHz/2.4 

GHz/5.8 GHz

Bit rate 

[Mbit/s]

Distance 

[m]

Bit rate 

[kbit/s]

Distance 

[m]

Bit rate 

[Mbit/s]

Distance 

[m]

Bandwidth

[MHz]

Distance 

[m]

Bit rate

[Mbit/s]

Distance 

[m]

3 1500 128 5000

b 11 140

16

(FM)
5000 5 10000g 54 140

n 300 250

Remote control 

data
x x x x

Telemetry data x x x x

Payload data x x (camera) x
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6.a Definition of the drone platform according to the weight and power consumption 

budgets.

Aerial photogrammetry

Weight budget

Aerial laser scanning

Weight budget

Gimbal + camera (Zenmuse X4S) 253 g

Quadrotor Frame (F330) 156 g

Flight controller + GPS + IMU (N3 DJI) 132 g

4 ESCs (DJI - E305) 108 g

4 Propellers (Z-BLADE 9450) 52 g

4 Motors (DJI – 2312E) 224 g

Tot. 925 g

Takeoff weight 400 g/rotor with 4S LiPo

Max. total weight = 1600g. 

LIDAR (RIEGL miniVUX-UAV) 1500 g

Hexarotor Frame (F550) 478 g

Flight controller + GPS + IMU (N3 DJI) 132 g

6 ESCs (DJI – E800) 258 g

6 Propellers (Z-BLADE – E800) 114 g

6 Motors (DJI – E800) 636 g

Tot. 3118 g

Takeoff weight 800 g/rotor with 4S LiPo

Max. total weight = 4800g. 

https://www.nato.int/science/index.html
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6.b Definition of the drone platform according to the weight and power consumption 

budgets.

Aerial photogrammetry

Power consumption budget

Aerial laser scanning

Power consumption budget

Gimbal + camera (Zenmuse X4S) 5 W

Flight controller + GPS + IMU (N3 DJI) 5 W

4 ESCs (DJI - E305)
200 W

4 Motors (DJI – 2312E)

Tot. 210 W

By considering a flight time of 20 min, the

capacity of the battery has to be about

4600mAh (4S-LiPo).

LIDAR (RIEGL miniVUX-UAV) 16 W

Flight controller + GPS + IMU (N3 DJI) 5 W

6 ESCs (DJI – E800)
400 W

6 Motors (DJI – E800)

Tot. 421 W

By considering a flight time of 20 min, the

capacity of the battery has to be about

9200mAh (4S-LiPo): 2 x 4600mAh (4S-LiPo).

https://www.nato.int/science/index.html
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Cost: $ 15,000 – $ 20,000 

Estimated uncertainty: 0.05 m

6.c Definition of the drone platform according to the weight and power consumption 

budgets.

Gimbal + camera

(Zenmuse X4S)
253 g 5 W

Quadrotor frame (F330) 156 g

Flight controller + GPS + IMU 

(N3 DJI)
132 g 5 W

4 ESCs (DJI - E305) 108 g
200 W

4 Motors (DJI - E305) 224 g

4 Propellers (Z-BLADE 9450) 52 g

Battery 4500 mAh 4S LiPo 375 g

Tot. 1300 g 210 W

Aerial photogrammetry

Cost: $ 1,500 – $ 2,000 

Estimated uncertainty: 0.16 m

LIDAR (RIEGL miniVUX-UAV) 1500 g 16 W

Hexarotor frame (F550) 478 g

Flight controller + GPS + IMU 

(N3 DJI)
132 g 5 W

6 ESCs (DJI – E800) 258 g
400 W

6 Motors (DJI – E800) 636 g

6 Propellers (Z-BLADE – E800) 114 g

2 Batteries 4500 mAh 4S LiPo 750 g

Tot. 3868 g 421 W

Aerial laser scanning

https://www.nato.int/science/index.html
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Characterization performed during flight: aerial photogrammetry

• For each position, 20 images have been acquired to evaluate the uncertainty related to each measurement.

• As target, a box has been used and its height of 0.418 m has been measured with the Leica Disto D3a infrared distance

meter.

• Two averages of 6 distances camera-topside box (hm) and 6 distances camera-ground level point (hg) have been

considered.

• The difference between these averaged values provides the object height measurement.

• An image scaling operation is performed in order to compensate systematic effects.

Camera parameters Value

Number of effective pixels 12.4 megapixels

Field Of View 94° at 20 mm

Image Max Size 4000 x 3000 pixels

Sensor wide 6.16 mm

Sensor high 4.62 mm

Focal length 4 mm

Diagonal pixel sensor size 21.8 μm

ISO 5800:1987 range 100-1600

https://www.nato.int/science/index.html


UNIVERSITY OF SANNIO
ADVANCED TRAINING COURSE 

Modern technologies enabling safe and secure UAV 

operation in urban airspace

3D reconstruction applications
Pix4Dmapper Pro:

• Initial Processing, Pix4Dmapper Pro computes key points on the acquired images and provides a preliminary

3D map of the scene;

• Point Cloud and Mesh step increases the density of 3D points on the 3D map realized in Initial Processing

step;

• Digital Surface Model (DSM) and Orthomosaic step provides a digital surface model and orthomosaic of the

3D map points. The 3D map can be scaled according to a reference size.

The developed 3D reconstruction application (MATLAB):

https://www.nato.int/science/index.html
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Results

Flight altitude [m]
MATLAB-based 3D 

application  [m]

Proposed model  

[m]

Uncertainty of 

stereovision 

geometry 

parameters  [m]

Pix4D  [m]
Proposed model  

[m]

Uncertainty of 

stereovision 

geometry 

parameters  [m]

3 0.20 0.20 0.20 0.25 0.24 0.24

7 0.12 0.11 0.10 0.45 0.44 0.44

9 0.17 0.16 0.13 0.43 0.43 0.42

11 0.23 0.22 0.18 0.30 0.29 0.26

• The main uncertainty sources for both the 3D reconstruction applications are due to the estimation of the

stereovision geometry parameters;

• The uncertainties related to the estimation of these stereovision parameters are higher for low flight

altitudes than for the high ones. This is due to the fact that for low flight altitudes more details of the

background are in the acquired images;

• The camera pose estimation algorithm is confused by the presence of more similar details on the

background texture.
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Bench characterization of drone elements

The most important parameters to be measured are: (i) the thrust forces in relation to the motor speeds, (ii) the motor

speed response time, and (iii) the power efficiency in terms of Newton per Watt, [N/W].

A common test bench used for measuring the static thrust force is implemented using an electronic weight balance.

A characteristic speed versus thrust force can be obtained and it can be used for optimizing the mechanical and the

electrical drone design and the control method.

Balance

Propeller + 

Motor + ESC 

+ encoder

Thrust forceThrust force

P. Daponte, L. De Vito, F. Lamonaca, F. Picariello, M. Riccio, S. Rapuano, L. Pompetti, M.

Pompetti, “DronesBench: an innovative bench to test drones”, IEEE Instrumentation and

Measurement Magazine, vol. 20, Dec. 2017 (7)
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Open issue

In literature, the systems used for testing drones are mainly used for
measuring parameters related to each component of the drone itself (such
us control board, propeller, motor, and so on).

These measurement systems are designed for testing each drone
subsystem and they do not allow assessing the reliability of a drone as a
whole system.

B. Brzozowski, P. Daponte, L. De Vito, F. Lamonaca, F. Picariello, M. Pompetti, I.

Tudosa, K. Wojtowicz, “A remote controlled platform for UASs testing”, accepted to be

published into IEEE Aerospace and Electronic Systems Magazine. (8)

https://www.nato.int/science/index.html
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DronesBench (1)

Video Camera
Accommodation plane

Monitoring board

GY801

ACS770
Hall-effect current 

sensor

USB interface

UAS battery

UAS under 
test

Atmega 328

Hx711
ADC 24 bit

Hx711
ADC 24 bit

Load cell 2

Hx711
ADC 24 bit

Load cell 3

Id

Vd

ADC 10 bit

D
ig

it
a

l 
I/
O

I2C

U
A

R
T

Voltage 
divider

Load cell 1

5 V
5 V

5 V

5 V

5 V

CH0

CH1

The system consists of: (i) the accommodation plane, where the drone is inserted, (ii) the monitoring board, which is

used for acquiring the data of the sensors, and (iii) the video camera for online visualization and recording of the

testing scenario.

https://www.nato.int/science/index.html
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DronesBench (2)

• The sensing tips of the three load cells are attached to

the accommodation plane, while the other fixture tips

are connected through the chains to the test bench

frame.

• The load cells are placed at 120° to each other on the

accommodation plane.

• The drone under test is fixed through the four arms

that are attached on the accommodation plane and

the monitoring board is placed under the

accommodation plane.

• The measurements are acquired in real-time, from the

monitoring board, on a PC by using a LabVIEW

application.

https://www.nato.int/science/index.html
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DronesBench (3)

By acquiring the data provided by each load cell

and by considering the z-axis of the three load

cells aligned, at each sampling instant the thrust

force exerted by drone along the z-axis is

evaluated as follows:

The thrust force values, acquired at each sampling

instant, are stored in the vector:

The power consumption values, acquired at each sampling instant, are stored in the vector:

A linear regression, based on least square fitting between vectors F and P, is performed, and the obtained slope

(FoM) is associated to the drone efficiency in terms of Newton per Watt, [N/W].

https://www.nato.int/science/index.html


UNIVERSITY OF SANNIO
ADVANCED TRAINING COURSE 

Modern technologies enabling safe and secure UAV 

operation in urban airspace

Preliminary results (1)

The testing procedure consists of driving the drone

manually by using the ground control station. In

particular, the test has been performed for about

45 s where the pilot executed one throttle variation

from the minimum to the maximum values allowed

by the drone.

Quadrotor

FoM = 0.027 N/W
Hexarotor

FoM = 0.038 N/W

Quadrotor Hexarotor

Motor Sunnysky V3508 Pulso U22 M

Propeller (28 × 12.5) cm (28 × 12.5) cm

ESC Opto 30 A Opto 30 A

Control board Pixhawk V2.4.8 DJI NAZA-M V2

Battery Turnigy 3S, 5000 mAh Fullpower 4S, 5000 mAh

Frame wheelbase length 495 mm wheelbase length 670 mm

https://www.nato.int/science/index.html
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Preliminary results (2)

Test 1: the hexarotor was tested with all the

propellers working (called normal working).

Test 2: the hexarotor was tested with one

propeller damaged – missing about 1 cm of

blade on one of the tips (called broken

propeller).

Test 3: the hexarotor was tested without a

propeller (called without propeller).

The obtained results show that the force

measurements can be used for detecting and

identifying faults or damages of drones.

Open research topics:

1. the development of a fully automated system for faults

detection;

2. the assessment of the uncertainties associated with each

measured quantity.

B. Brzozowski, P. Daponte, L. De Vito, F. Lamonaca, F. Picariello, M. Pompetti, I.

Tudosa, K. Wojtowicz, “A remote controlled platform for UASs testing”, accepted to be

published into IEEE Aerospace and Electronic Systems Magazine. (8)
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Thank you for your attention !

Any questions?

{devito, daponte}@unisannio.it
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