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Navigatsioon

« Visuaalne (visual navigavtion)
» Astronavigatsioon (Celestial navigation)
* Instrumentaalnavigatsioon (on-board, radio, space-based and relative)



Visuaalne navigatsioon /<Esf“""’“

https://www.luxaviation.com/wp-content/uploads/2020/02/jets-charter-our” fleet-1.jpg
https://fly8ma.com/visual-flight-rules-what-is-vfr/



Astronavigatsioon

Pharkad
URSA MINOR' «
- ORSA MINORE
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@ south

north
celestial pole

=
right ascens®

celestial pole

Part 1: The Celestial Sphere | Imaging the Universe - Physics and Astronomy’| Thﬂ -

University of lowa [AZ: - N—
180423-N-DL434-149 (27894845758) - Celestial navigation = Wikipedia ) h

Using Stars To Navigate: Beginners Guide to Celestial Navigation | Belo'The . Stars' >~
J— N N O

\
=


https://itu.physics.uiowa.edu/labs/foundational/measuring-sky/part-1-celestial-sphere
https://en.wikipedia.org/wiki/Celestial_navigation/media/File:180423-N-DL434-149_(27894845758).jpg
https://belowthestars.com/using-stars-to-navigate/

Arvutuslik navigatsioon /<Eesm;;muakadeemia
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(Dead reckoning)

Pilotage - navigation by referencf}e to
landmarks or checkpoints. \
Al

Dead reckoning is navigation \
by means of computations basedon
time, airspeed, distance, and direction.

Pilotage and Dead Reckoning Tech/ﬁ'idue -Pilotaqfe anddeadrec


https://www.aopa.org/news-and-media/all-news/2016/march/flight-training-magazine/technique-pilotage-and-dead-reckoning
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NAVIGATSIOON
VISUAALNAVIGATSIOON INSTRUMENTAALNAVIGATSIOON
. _— aru.'utus.lik raadio- satelliit-
piloteerimine navigatsioon : : . :
. navigatsioon navigatsioon
dead reckoning




Raadionavigatsioon
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K Eesti Lennuakadeemia
Raadionavigatsioon on vee-, 6hu- vdi kosmosesdiduki kursi ja asukoha
maaramine raadioseadmete abil
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Radio Navigation Systems

[ | [ [ |
Terrestrial Satellite GNSS augmentation Onboard Support
systems systems systems systems systems
\ | | I
Common Systems for Systems for Systems for GPS EGNOS Navigation Radar IRIDIUM
systems aviation marine land (Multimodal) (Multimodal) (A, L, M) (A, L, M)
Loran-C NDB Racon Cellular | GLONASS WAAS Doppler Radar INMARSAT
(A, L, M) (A) (M) Network (L) (Multimodal) (Multimodal) (A, L, M) (A, L, M)
Chayka | VOR Navtex ‘{ ERTMS | ‘I GALILEO ‘ _{ MSAS | _| Radio Direction _| Transponder - VDL
(A, LM (A) (M) (R) (Multimodal) (Multimodal) Finder (A, L, M) (A)
DME Balise BEIDOU Q7Zss Wi-Fi Transponder - AlS
(A) (R) (Multimodal) (Multimodal) (A, L, M) (M)
LS Indoor systems IRNSS Geodetic GNSS Bluetooth Time Services
(A) (L) (Multimodal) Network (A, L, M) (A, L, M) (A, L, M)
ADS-B COSPAS/SARSAT GBAS RDS Commercial
(A) (M) (A, L, M) (L) Systems (A, L, M)
Legend - TACAN ARGOS Maritime DGPS Radio Altimeter
M - Marine (AA) (L, M, Research) (A, L, M) (A)
A - Aviation
Land Commercial
e Systems (A, L, M)
R - Rail

Specht C. Radio navigation gystehﬁsi ﬂd'e'finitions and”cwléss'ifi'cra!;iq,n,s‘
Navigation. 2021;74(5):945-954. doi:10.101 7/50373463321000369
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Gt International Standards
@ ‘ |CAO and Recommended Practices

» 1910-30 Raadiosaatjad
e 1930-40 VOR Annex 10

e 1940-50 ILS Aeronautical Telecommunications
e 1950-60 DME s

. 1970-80 Cockpit T e

e 1970-00 GNSS

INTERNATIONAL CIVIL AVIATION ORGANIZATION




Eesti Lennuakadeemia
Estonian Aviation Academy

»rehnilised néuded sagedusloa alusel kasutatavatele
raadioseadmetele*

Lisa 3 Lennuside

https://www.riigiteataja.ee/akt/ 103042024005
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NDB (Non-Directional Beacon) /<Eesmennuakadeemaa

NDB on raadiomajaks, mis on haalestatud valitud raadiosagedusele. Tartu NDB
Raadionavigatsioon lennukis toimub suunamaaramisega ADF (Automated Direction Finder) W= Estonia
397 KHz (UM ..- --)

-

> o 190-1750kHz
5 Frequency

(255- 526,5 kHz)

Power up to 5000W

Radiation area 360°,toroid

./ Magnetic North

Nav. unit bearing
Rl Relative
| a - bearing Accuracy +5°
Radio
" 9 station
== Magnatic bearing o stalon Range up to 500km

Polarization vertical

dentification 2.5 Morse code

. High—power >2kW 7times/min.
* Medium-power 50-2000W ‘
* Low-power <50W
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NDB asukohad

. On the track - indicates
interest points on flight
corridors.

*  Approach

(O, '.'9? 2 0)) 9
,-Q ) 26
200 OYONG)



VOR (VHF Omni Directional Radio Range) Eesti Lenusicadoarnla

The VHF omnidirectional radio range (VOR) is an omnidirectional (360° of azimuth) range station Frequency 108-117,95MHz

which operates in the very high frequency (VHF) band of the radio spectrum. Frequency o
The VHF radio signal includes the station's Morse code identifier and electromagnetic signals shift .
("radials”) that allows the airborne receiving equipment to calculate the magnetic bearing from I ST
the station to the aircraft. Antenna
circular array

Radiation 360°
* CVOR conventional VOR ("classic") area

Nav. unit azimuth/radial
* DVOR doppler VOR ("Doppler”) Accuracy  CVOR £2°, DVOR £0,2°

Signal phase differences Range 300-400km

Polarization horizontal

\L I

https://iwww. aircraftsystenﬁ'stéch.com/2017/05/vo r-navigation-system.html =X 8
https://nats.aero/blog/wp-content/uploads/2015/05/VORphotol.jpg N



VOR asukohad L i

https://upload.wikimedia.org/wikipedia/commons/thumb/c/c6/Icons_of VOR's.svg/635px-
Icons_of_VOR's.svg.pn

http://climateviewer.org/history-and-science/transportation/maps/icao-flight-navigation-aids-vor-ndb/



Frequency 960-1215MHz
Frequency shift 1 MHz

DME (Distance Measuring Equipment) ST T
Antenna Omnidirectional
Area 360°
Nav. unit slant range

1 0,
Precision of DME/N 028 T l.'25/° =
measured distance

Range cca 370 km
Polarization vertical
£ Frequency stability 2.10°
|[Freq A — Freq B| = 63 MHz R /
= Identification morse code at 1350 MHz
@ \:\‘C;\\), ‘
D> , -\ @ T VOR / DME ( Distance Measuring Equipment)
' oAl '
\\\\C\"O“
— Total round trip delay - Transponder delay
- 12.36 us/ nmi

https://www.airnav.eu/index.php?stranka=DMEen

ﬂttps://WWW.studyaircrafts.com/dme

https://gph.cf2.quoracdn.net/main-gqimg-105fa8e001d6aaaba24e7f89eb749656-Iq
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ILS (Instrument Landing System) /<Eesti.Lennuakadeemia

Instrumentaalmaandumissusteem, mis koosneb kolmest seadmest: Frequency 108-111,975 MHz
» Kursimajakas (LOC - Localizer) - lennuraja telgjoone pikendus 6hku
» Glissaadi ehk lauglemisnurga majakas (GS - Glide Slope) - laskumisnurk

» Kaugusemdodtja (DME) - annab 6husdidukile kauguse majakast

point of

\\  localizer array
/ , glide-slope array
SeeppR

——— amber light

mlddl. marker beacon

. purple light

__—outer marker beacon

glide llope \‘:.\\\
modulation HESP|
\nqumcy

= R 3° above
\ i ~horizontal (optimum) https://\AMAN.aai.aero/sites/default/fiIes/ils_l.jpg
B Y "‘\i\ https://www.eans.ee/tegevused/tehnika/navigatsioon



ILS (Instrument Landing System) East Lonnskedeers

Pilt: EANS




- Satelliitnavigatsioonisusteem

Satelliit 2 Satelliit 3
. GPS Satellnt 1 Satellnt 4
« GLONASS
- Galileo \ /
- BeiDou
Regionaalsed:

NavIC (Navigation with Indian Constellation)
QZSS (Quasi-Zenith Satellite System)

/ Eesti Lennuakadeemia
)\ Estonian Aviation Acad



GNSS Overview /< ety e
Segments

Space Segment

!

) User Segment

- ™

i

o~ o -
ﬂmumcatlon Networks =
-_

Source: ESA GNSS Data Processing Book



GNSS: Control segment

GPS ContrOI Segl I 'ent Galileo Sites and Ground Stations
_\Greenland
® Alaska
Schriever AFB . il
United Kingdom
— Colorado ™ )\ J,, Hampshire South Korea@
an E%:hr ® ria T USNO Washington
@A Cape Canaveral
4\ Florida @ Bahrain
Hawaii
Gl;m [ 258
@ Ecuador Kwajalein R
Q
o 'y
Ascension Diego Garcia
® Uruguay South Africa Australia  New
Zealand

% Master Control Station
A Ground Antenna
@ Air Force Monitor Station

¢ Alternate Master Control Station
A AFSCN Remote Tracking Station zUsPAE
® NGA Monitor Station

Updated May 2017

https://gssc.esa.int/navipedia/
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GNSS: Control segment

* Master Corerol Station ®
® Type A Maonitoring Station
® Type B Monitoring Station

Source: Springer Handbook of Global Navigation
Satellite Systems
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% Systern control center

% Central clock
@ Monitor station
@ SLR station
A TT&C antenna
Murmansk Uplink station
St. Petersburg Petropavlovsk
A ®
”» Vorkuta
Kramosnamensk ® Yakutsk
[
Shelkovo
Kornsorolsk
Yeniseysk
Zelenchukskaya ’
b Baraul Ulan Ude Ussoriysk
- o (4

https://gpsbeam.com/russian-gIonaSs-gIobaI-
navigation-satellite-system/



Sagedusala
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X

< Lower L-Band > €= UpperL-Band =3
ARNS ARNS
RNSS RNSS RNSS RNSS
| ' | ' I : SAR | |
; i O 4 F'y P P
 Esa b | | I I -
: ; . i . E1
! E6 '
ETEE [ p
B2 B3 (( Bl
I, 5 | | . ) l T
¢ ¢ 8 s ¢+ F £ rp3s § oggd @
S o kS s o o <3 S & o 8 S S80S o A
S 9 £ F S5 b 58 S S8EE o 88 &
vy S § VYIS IS5 8 T EFNE § S99 8
™ ~
L |GPS Bands ﬂGlonass Bands | E |Galileo Bands | B | Beidou Bands SAR: Galileo Search and Rescue Downlink

ARNS: Aeronautical Radio Navigation Service

RNSS: Radio Navigation Satellite Service
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GNSS spekter

1176.45 MHz 1227.6 MHz 1575.42 MHz
. M-Code g&ﬁ; 5
L5- ;
g £ e 513%11 1)
L5-Q L2c ////T.ma
BPSK(10) BPSK(1) TMBOC(6,1,4/33)
1602.0 MH:
1246.0 MHz =
T GLONASS ~ SIEOZASS
P-Code -Code
BPSK(5.11) BPSK(5.11)
GLONASS GLONASS
G/A-Gode CIA-Code
BPSK(0.511) BPSK(0.511)
1248.06 MHz 1600.995 IMHz
75.4:
1176.45 MHz 1202.025 MHz L20C L1(1)2|5 2 MHz L'%c
L50C-| L30C BPSKW BPSK(1)
BOC(1, l l BOC(1,1)
’ L20CM L10CM
Proposed
CDMA Lsoc-Q 30cQ BOC(5,2.5) BOC(5,2.5)
1575.42 MHz
1176.45 MHz  1207.14 MHz 1278.75 MHz Erhdia
AItBOC(15,10) ’ ES,, ES, L2t
E5a-l ESb-l BP!SK(S‘) €BOC(6,1,1/11)
E6, E1,
E5a-Q E5b-Q BOC...(10.5) BOC.,,(15,2.5)
1207.14 MHz 1268.52 MHz 1561.098 MHz
B2-1 (0S) B3 (AS) B1- (0S)
BPSK(2) BPSK(10) BPSK(2)
*
COMPASS S
CPIl B2-Q (AS) B3-Q (AS) (
BPSK(10) BPSK(10) BPSK(2)
1575.42 MHz

1176.45 MHz  1207.14 MHz 1268.52 MHz g3 a5
AIBOC(15,10) gap,.p (0S) BPSK(10) 3};& 6.1,1/11)
B3-A(AS) ! ‘
BOC(15.2.5) 2230(14.2)
B3(AS)
BPSK(10)

B2b-P (0S)

B2a-P(0S)

Source: ESA GNSS Data Processing Book
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Annex 10: Volume I, Radio Navigation Aids /<Es*°nianAvfaﬂ°nAcademv

GPS Standard Positioning Service (SPS)

3.7.3.1.1.1 Positioning accuracy. The GPS SPS position errors shall not exceed the following limits:

Global average Worst site
95% of 95% of
the time the time
Horizontal position error 9 m (30 ft) 17 m (56 ft)

Vertical position error 15 m (49 ft) 37m (121 ft)
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GNSS errors

GNSS Jamming
Denial-of-Service GNSS Spoofing
Deception GNSS Spoofing



GNSS Augmentation systems /<Ests“kdm
(lennundus)

ABAS - Aircraft-Based Augmentation System
- RAIM - Receiver Autonomous Integrity Monitoring
- AAIM - Aircraft Autonomous Integrity Monitoring

GBAS - Ground Based Augmentation System

GRAS -Ground-based Regional Augmentation System

SBAS - Satellite-Based Augmentation System
- EGNOS - European Geostationary Navigation Overlay Service
- WAAS - Wide Area Augmentation System
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RAIM Receiver Autonomous Integrity Monitoring

ll »*
» »*
»*



GNSS Augmentation systems: kB ieea
SBAS (Satellite-Based Augmentation System)




GNSS Augmentation systems:
SBAS (Satellite-Based Augmentation System)

WAAS EGNOS
2019: Ground infrastructure for L5 L2 P(Y) V3 in 2025: MC (GPS + Galileo)
to GPS L5 FOC over 2 years MF (L1/E1+L5/E5)

- ot

k'

X
)

SACCSA :
First testing in 2011 SACCSA Researching expansion of

*System not yet certified for civil aviation

SDCM
2020: 11, L3C, L5C

’ coverage to GULF region :

Eesti Lennuakadeemia
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MSAS
2017: MCMF experiment
V2 in 2020 for non-aviation

KAAS
Open Service in 2020

BDSBAS
4 GEO satellites by 2020

Australian SBAS
Testing until 2019 for
multiple user sectors

https ://www.gsa.europ a.eu/sites /defau It/files / broch ure-o_2017_v6.pdf



GNSS Augmentation systems GBAS (Ground Based Augmentation System)

(\ s GPS Satellites

b
B

B

RangingSo\

GBAS [\
Ground X
Facility

T e :
$ i Refer.ence

Differential Corrections,
Integrity Data and
Path Definition

v
Omnidirectional VHF Data
Broadcast (VDB) Signal

Satellite Navigation - GBAS - How It Works | Federal Aviation Administration
GBAS Operational Implementations DFS experiences and capabilities



https://www.faa.gov/about/office_org/headquarters_offices/ato/service_units/techops/navservices/gnss/laas/howitworks

Tanapaevane navigatsioon /<Esf’“""’“

« Piirkondlik navigatsioon

Area navigation (RNAV) specification. A navigation specification based on area navigation
that does not include the requirement for performance monitoring and alerting,
designated by the prefix RNAV, e.g. RNAV 5, RNAV 1.

 Noutud navigatsioonitapsus

Required navigation performance (RNP) specification. A navigation specification based on
area navigation that includes the requirement for performance monitoring and alerting,
designated by the prefix RNP, e.g. RNP 4, RNP APCH. RNP has been overtaken by the
concept of PBN.

« Suutlikkusel pdhinev navigatsioon

Performance-based Navigation (PBN). Area navigation based on performance requirements
for aircraft operating along an ATS route, on an instrument approach procedure or in a
designated airspace.



Performance-based navigation P&
RNAV and RNP systems

c) Simple multi-sensor avionic

a) Basic b) RNAV map . — —
/ ] s IS0
o 17 /Q:L‘_x digplay /\T‘:\

F_Iight A A
display | |

HagHHY

L——C

VOR
— 17 Inertial
< [ B -
navigation DME
o unit

GNSS navigation
management unit

0
]

Pildid: ICAO Doc 9613



Piirkondlik navigatsioon RNAV A o

Area Navigation is Enabled:

United Kingdom - EGNH / BLK
RNAV (GNSS) rwy 28 BLACKPOOL

» Through the use of a navigation computer

Waypoints (co-ordinates) are input into
computer
— Manual entry permitted but limits

capabilities

— Automatically with an integrated database

« Pilot creates route (series of waypoints)
according to the flight plan

 Computer estimates position using navigation
sensors fitted and compares estimation to
defined route

» Deviation between the position and defined
path will create guidance information

Video https://lyoutu.be/Sb7ZPFZnJQw?feature=shared



GNSS lennunduses

Dec 8613
ANo37

Performance-based
Navigation (PBN)
VI ELGITEL

2 GNSS DATA PROCESSING

% Aaproved by the
Volume I: Fundamentals and Algorithms i pubiishad un

rmational Civil Aviation Organization

Eesti Lennuakadeemia
Estonian Aviation Academy

%@ ICA0

Annex 10 .
Aeronautical Telecommunications

Volume |
Radio Navigation Aids

Seventh Edition, July 2018

INTERNATIONAL CIVIL AVIATION ORGANIZATION

Doc 9849
AN4ST

Global Navigation
Satellite System
(GNSS) Manual

Second Edition - June 2012

Notice to Users.

This document is an unedited advance version of an ICAO publication as approved, in principle.
by the Secretary General, which is rendered avallable to the pubic for convenience. The final
edited version may stil undergo alterations in the process of editing. Consequently, ICAO accepts
no responsibility o liabilty of any kind should the final text of this publication be at variance from
that appearing here.

Advanced edition (unedited)




Air Traffic Safety Electronics Personnel
(ATSEP)

ATSEP.BAS.NAV NAVIGATION

ATSEP.BAS.NAV
ATSEP.BAS.NAV_1
ATSEP.BAS.NAV_1.1
ATSEP.BAS.NAV_1.1.1

ATSEP.BAS.NAV_1.1.2

ATSEP.BAS.NAV_2
ATSEP.BAS.NAV_2.1

ATSEP.BAS.NAV_2.1.1
ATSEP.BAS.NAV_2.1.2

ATSEP.BAS.NAV_2.1.3
ATSEP.BAS.NAV_2.2

ATSEP.BAS.NAV_2.2.1

ATSEP.BAS.NAV_2.2.2

NAVIGATION

INTRODUCTION

Purpose and Use of Navigation

Explain the need for navigation in aviation

Characterise navigation methods

THE EARTH
Form of the Earth

State the shape of the Earth and its parameters

Explain the Earth's properties and their effects

State the accepted conventions for describing 2D position on
a globe
Coordinate Systems, Direction and Distance

State the general principles of reference systems

Explain why a global reference system is required for aviation

https://www.easa.europa.eu/en/downloads/120929/en

Eesti Lennuakadeemia
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Positioning, guidance, planning
e.g. historical overview, visual, celestial, electronic (on-board, radio,
space-based and relative)

Oblate spheroid
e.g. diameter, gravity, rotation, axis, magnetic field
Polar axis, direction of rotation

Meridians, parallels of latitude, equatorial plane

Geoid, reference ellipsoids, WGS 84 Latitude and longitude,
undulation
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GNSS simulatsioonid Lennuakadeemias

Technical Specifications

GSG-8 Key Features

All-in-view satellites simulation

1000Hz simulation iteration rate

Low-latency HIL

Live sky time synchronization

On-the-fly scenario reconfiguration

6 Degrees of Freedom (DoF) receiver trajectories
Flexible licensing

In-field upgradability

High-end performance (precision, resolution,
ultra-high dynamic motion)

Simulate hundreds of satellites in real time, using
off-the-shelf graphics cards (GPU)

Multi-vehicle simulation

S SAFRAN o Comprehensive and intuitive APl (Python, C#
and C++ open source client)

Scalable and highly flexible architecture using
software-defined radios

1Q file generation and playback

Advanced Jamming and Spoofing

In-band and out-of-band jamming signals with
no additional hardware

Spoofing for all licensed GNSS signals

Set power level, interference signal type, spoofing
signals, location, antenna pattern and trajectory
for each transmitter

Complete jamming and spoofing control through
the Skydel GUI and/or API

GSG-8 calculates the necessary parameters
based on transmitter location: Power levels,
distance and time-of-flight

- JAMMER
t 1 1 SPECTRUM IN

i < H ke I SKYDEL GUI

Signal Propagation and Errors Simulation

« Multipath

« Additive pseudorange ramps

- Satellite clock error modification

* Navigation message errors

« Multiple ionospheric/tropospheric models
+ Antenna pattern models

* Relativistic effects

- Pseudorange/ephemeris errors

Signals

e GPS:L1C/A,L1Pand LIC,L2 Cand L2 P, L5
+ GLONASS:LIC/A, L2C

+ Galileo: E1, E5a, E5Sb, E5 ARBOC, E6

« BeiDou: B1l, B2, B3I, BI1C, B2a

= NaviC: L5

« QZSS:L1C/A,L1Cand LIS, L2C, L5

* SBAS: WAAS,EGNOS MSAS,GAGAN,SDCM.
+ Custom signals

ignal Specifications

» Pseudorange Accuracy - + 0.00Tm
Pseudorange Rate - + 0.001m/s
Inter-channel bias - zero
Spurious transmission < -45 dBc
* Harmonics < -45 dBc
= Phase noise: < 0.003 rad RMS
« Signal Dynamics
Maximum relative velocity: 1,500,000 m/s
Maximum relative acceleration: No limits
Maximum relative jerk: No limits
« 1000 Hz iteration rate
RF Signal Level (GNSS)
Power Accuracy: +/- 0.5dB
Output reference power:
-80 to -50 dBm, 0.1dB resolution
Dynamic range (relative to reference powen):
-45 to +30 dB
Total range: -125 to -20 dBm
RF Signal Level (Jamming): +0 to +110 J/S (with
signal
* (S) reference power at -130dBm)

Skydel Plugins /
Eesti Lennuakadeemia

« SKY-PLG-RTK - RTCM message generation via )\

Estonian Aviation Academy
virtual basestation.
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