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What is GNSS-INS?
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• Global Navigation Satellite Systems (GNSS)

• Constellations

• GPS
• Galileo
• GLONASS
• BeiDou

• Absolute positioning with a few Hz

• Inertial Navigation System (INS)

• Combination of sensors

• Gyroscopes
• Accelerometers
• Magnetometer
• Barometric altimeter

• Relative positioning with high rate

Dead reckoning
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• Global Navigation Satellite Systems (GNSS)

• Trilateration

• Orbital mechanisms

• Signal propagation

• Relativity theory

• Inertial Navigation System (INS)

• Classical mechanics

• Theory of electromagnetics

• Coordinate systems

• Relative and absolute

• Transformations

≠ Triangulation
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• Aerospace and aviation

• Augmented- and virtual reality

• Autonomous vehicles and robotics *

• Maritime and underwater applications

• Geospatial mapping and surveying

• Military and defense

• Railway and transportation systems

• Personal navigation, sport, and entertainment

• Precision agriculture

• Space exploration

• Wildlife tracking

… and much more



How does GNSS work?
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• 4 + 2 different GNSS constellations

• Global providers

• GPS (USA) – 24 satellites
 Global Positioning System

• Galileo (EU) – 25 satellites
Galileo Satellite Navigation System

• BeiDou (CN) – 30 satellites
 BeiDou Navigation Satelite System

• GLONASS (RU) – 24 satellites
 Globalnaya Navigazionnaya Sputnikovaya Sistema

• Regional providers

• QZSS (JP) – 4 satellites
 Quasi-Zenith Satellite System

• IRNSS (IN) – 5 satellites
 Indian Regional Navigation Satellite System

* # of operational satelites

Medium Earth Orbit (MEO)
Geostationary Earth Orbit (GEO)

Inclined Geosynchronous Satellite Orbit (IGSO)
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• GNSS provides (at least) the following information

• Unique identifier

• Pseudorandom Noise (PRN) code

• Timing information

• Orbital information (ephemeris, almanac)

• Health status

• Calculating position, velocity, and time (PVT)

• Coded message

• Trilateration

• Doppler shift

Satelite identifier

Continuous wave

Information

PMCW
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• GNSS receiver components

• Antenna

• RF Front-End

• Signal processing unit

• Oscillator / clock

• Memory

• Power supply

• Communication interface



Internal

GNSS ecosystem

13

• Global network of ground facilities

• Master control station

• Ground antennas

• Monitoring stations

GPS

Constellation
of satelites

Network of
ground facilities

Time and position
correction data

Data for correction
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• Real world effects, e.g.:

• Scintillations

• Reflections (multi-path)

• Old ephemerides

• Outages

• Accuracy of conventional GNSS methods

• Ideal case: ~ 2 meters

• Accuracy of Precise Point Positioning (PPP)

• Typically: ~ 0.2 meters by

• carrier phase of the GNSS signal

• differential delay of bands

• up-to-date ephemerides

Szintillation

Needs initialization and 
internet connection



Internal

Base stations

15

• Further correction for higher accuracy

• Real Time Kinematic (RTK)

• Post-Processing Kinematic (PPK)

• Implementation

• Base station network

• Correction:

• NTRIP

• Correction signal via GSM network

• RINEX

• Correction signal from database

PPP RTK / PPK
Accuracy: ~20 cm Accuracy: ~2 cm
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• Some typical coordinate systems

• World Geodetic System 1984 (WGS84)

• Global geodetic coordinate system

• Latitude [°], longitude [°], and
altitude [m] above WGS84 ellipsoid

• Earth Centered, Earth Fixed (ECEF)

• Global cartesian coordinate system

• X, Y, Z [m] from Earth’s center

• East-North-Up (ENU)

• Local cartesian coordinate system

• E, N, U [m] to a reference point

• Coordinate System transformations

• for further applications e.g. GNSS-INS



How does INS work?
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• Inertial Navigation System (INS)

• Inertial Measurement Unit (IMU)

• Gyroscopes
• Accelerometers
• Magnetometer (optional)
• Barometric altimeter (optional)

• Processing unit for calculation of

• Relative position
• Relative velocity
• Orientation

(dead reckoning)

• Reference:

• Gravitational force
• Magnetic field of North-Pole

IMU
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• Design:

• Micromachined structure on Si wafer

• Polysilicon springs
• Suspended mass
• Moving and fixed capacitor plates

• Measurement:

• Hooke’s and Newton’s 2nd law

• Deflection alters the capacitance between 
the moving and fixed capacitor plates

• Variation in capacitance is proportional to 
the acceleration along the axis

• Static acceleration: due to gravity
• Dynamic acceleration: due to 

movement
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• Design:

• Micromachined structure on Si wafer

• Polysilicon springs
• Resonating mass
• Tuning fork design

• Measurement:

• Coriolis effect

• Deflection alters the capacitance between 
the vibrating and fixed capacitor plates

• Variation in capacitance is proportional to 
the angular velocity around the axis
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• Design:

• Micromachined structure on Si wafer

• Hall effect sensor
• Magneto-resistive sensor

• Thin film deposition

• Measurement:

• Hall Effect Sensors: Generate a voltage that 
is proportional to the magnetic field when 
current flows through the sensor.

• Magneto-resistive Sensors: Change in 
electrical resistance due to the alignment of 
magnetic domains in response to external 
magnetic fields.

• The output of the sensor is proportional to 
the strength and direction of the magnetic 
field along the axis
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• Design:

• Micromachined structure on Si wafer

• Diaphragm
• Capacitive elements or
• Piezoresistive elements

• Measurement:

• Changes in pressure causes deformation in a 
diaphragm

• Capacitive sensors: Changes in the 
distance between capacitor plates 
result in variation of capacitance.

• Piezoresistive Sensors: Changes in 
resistance due to the stress on the 
sensor elements.
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• Design:

• Coil of optical fiber

• Coil of several kilometer
• Coherent light source (laser)
• Interferometer

• Measurement:

• Sagnac effect: phase shift between two 
counter-propagating light beams in a 
rotating frame

• The phase difference measured by an 
interferometer is directly proportional to the 
rate of rotation, i.e. angular velocity.
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• Sources of inaccuracy

• Imperfect calibration

• Measurement errors
• Imperfect measurement
• Measurement noise
• Numerical inaccuracies

• Imperfect algorithms

• Impact: inaccurate dead reckoning (drift)

• Solution: GNSS-INS fusion

• Suppressing errors from inaccuracies

• GNSS signal outage or low quality

• Disrupts the correction process



GNSS-INS performance
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• Some relevant performance metrics

• Signal tracking
• Position, velocity, orientation accuracy
• Position, velocity, orientation drift
• Measurement limits (dynamic range)
• Initialization time
• Data rate

• Power consumption
• Ingress protection rating (wiki)
• Mechanical resistance
• Operating temperature
• Communication interface
• Compliance

• Example 1
• Example 2

https://en.wikipedia.org/wiki/IP_code
https://hexagondownloads.blob.core.windows.net/public/Novatel/assets/Documents/Papers/PwrPak7-E2-Product-Sheet/PwrPak7-E2-Product-Sheet.pdf
https://www.advancednavigation.com/wp-content/uploads/2023/11/Datasheet-Boreas-D90.pdf
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• Test procedures and performance criteria

• ISO 17123-8

• ISO 25082-1

• Comparisons

• Example 1

• Example 2

• Evaluation reports of manufacturers / users

• Example 3

https://www.iso.org/standard/62961.html
https://www.iso.org/standard/88880.html
https://www.calameo.com/read/001915796d1d051759463?authid=gKG8EjL5yKMt
https://www.calameo.com/read/00191579664d3d3debe6f?authid=h5nFMZjswsNl
https://hexagondownloads.blob.core.windows.net/public/Novatel/assets/Documents/Papers/SPAN_on_OEM6/SPAN_on_OEM6.pdf
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• GNSS

• Ephemeris inaccuracies
• Correction data inaccuracies
• Ionospheric and tropospheric disturbances
• Multipath effects
• Antenna quality, receiver sensitivity
• Signal outage, GNSS jamming or spoofing

• INS

• Accuracy limitations (noise)
• Sensor drift
• Temperature sensitivity
• Vibration and mechanical shock

• GNSS-INS

• Calibration inaccuracies
• Data latency
• Data fusion inaccuracies

Dead reckoning

GNSS inaccuracies



Automotive GNSS-INSs
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Some relevant automotive GNSS-INS manufacturers

• Advanced Navigation
• Applanix (Trimble subsidiary)
• CHCNAV
• Honeywell
• KVH Industries
• iMAR Navigation
• Inertial Labs
• NovAtel (Hexagon)
• OxTS (Oxford Technical Solutions)
• SBG Systems
• Septentrio
• Trimble
• Ublox
• Unicore
• VectorNav Technologies
• Xsens



Q&A
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