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Module Overview: 

 

This course provides a conceptual overview and hands-on experience with Global Navigation 
Satellite System (GNSS) including GPS theory, techniques, and field data collection using 
various GPS technologies. 

 

Learning Outcomes and Academic Skills 

By the end of the course, students should be able to: 

 Describe the principles of GNSS based positioning methods 

 Describe the main components in a satellite navigation system and their functions 

 Describe the satellites and signal structures used in the GNSS systems 

 Explain the measurements, methods, related errors and mitigation approaches 

 Explain and apply differential correction and precise positioning concepts 

 Plan, perform and process GNSS measurements 

 Use different GNSS positioning methods for surveying 

 

Assessment 

Assignments    40 % 

Reports/Presentations   40 %    

Final Exam    20 % 

 

Teaching Organization 

TEACHING ACTIVITY SEMESTER WORKLOAD (HOURS) 

lectures 30 hours 

exercises / assignments 5 hours 

final examination 1 hours 

other (specify):  

Preparation - Student Centred 
Learning activities 

 

25 hours 

Field/Lab Practical activities 

 
15 hours 

Self-Learning (Library & Internet) 

 
38 hours 

Field reports and presentations 6 hours 

total number of hours 150 hours 
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MS 214 – GNSS for Surveyors

Introduction & Overview

Course contents

• GNSS Introduction and Overview
• GNSS Signals and Data
• GNSS Measurements
• GNSS Positioning Techniques
• Data files and formats
• Hands-on experience on GNSS observation and data processing 
• GNSS Error sources
• GNSS receivers
• Differencing and Ambiguity resolution
• GNSS modernization and future
• GNSS applications

Trilateration

• Both GNSS and Trilateration techniques rely on the measurement of distances to fix 
positions

• Trilateration – P1, P2 and P3 are ground control points (3 knowns)
• GNSS - P1, P2 and P3 are satellites (3?.....4 knowns)
• Both use speed of electromagnetic waves (two-way/one-way)
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What is Global Navigation Satellite Systems (GNSS) ?

• Global navigation satellite system (GNSS) is a general term describing 
any satellite constellation that provides positioning, navigation, and 
timing (PNT) services on a global or regional basis.

• GNSS provides global coverage. Examples of GNSS include 
Europe’s Galileo, the USA’s NAVSTAR Global Positioning System (GPS), 
Russia’s Global'naya Navigatsionnaya Sputnikovaya Sistema (GLONASS) 
and China’s BeiDou Navigation Satellite System.

• GPS is the most prevalent GNSS

What is Global Navigation Satellite Systems (GNSS) ?

• Sometimes, GNSS can also refer to augmentation systems

GNSS => GPS+GLONASS+GALILEO+BDS+QZSS+IRNSS    
+ Augmentation systems

Performance of GNSS

Four (04) criteria:

1.Accuracy: the difference between a receiver’s measured and real position, speed 

or time;

2.Integrity: a system’s capacity to provide a threshold of confidence and, in the 

event of an anomaly in the positioning data, an alarm;

3.Continuity: a system’s ability to function without interruption;

4.Availability: the percentage of time a signal fulfils the above accuracy, integrity 

and continuity criteria.
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Other GNSS

• GLONASS

GLONASS (Globalnaya
Navigazionnaya Sputnikovaya
Sistema, or Global Navigation 
Satellite System) is a global 
GNSS owned and operated by 
the Russian Federation. The 
fully operational system consists 
of 24+ satellites.

GLONASS website (glonass-iac.ru)

https://glonass-iac.ru/en/about_glonass/

GLONASS Enhancements

The level of GLONASS capability enhancement :

• Development of the GLONASS orbital 
constellation structure

• new generation “GLONASS-K” with enhanced 
capabilities

• GLONASS ground control segment development 
including GLONASS orbit and clock segment 
enhancement

• Augmentations design and development:
o The System of Differential Correction and 

Monitoring
o Global system of high precision definition of 

navigation and orbit and clock information 
in real time for civil users

More information:
https://glonass-iac.ru/en/about_glonass/

Other GNSS

• Galileo

Galileo is a global GNSS owned and operated by the European 
Union. The EU declared the start of Galileo Initial Services in 2016 
and plans to complete the system of 24+ satellites by 2020 
(currently 26 satellites).

Currently providing Initial Services
Galileo is interoperable with GPS and Glonass

European Commission's Galileo website 
(europa.eu)
European Space Agency's Galileo website 
(esa.int)

https://www.esa.int/Applications/Navigation/Galileo/Galileo_satellites

https://www.esa.int/Applications/Navigation/Galileo/Galileo_satellites#:~:t
ext=The%20Galileo%20Space%20Segment%20will,signals%2C%20ephemeri
s%20and%20other%20data.
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Other GNSS

• BeiDou Navigation Satellite System (BDS)

• BeiDou, or BDS, is now a global GNSS owned and operated by the 
People's Republic of China. 

• BDS was previously called Compass. 

• expanded the system to provide global coverage with 35 satellites by 
2020. BDS-3 (BeiDou-3) was commissioned in August 2020. Currently 
42 operational satellites.

• With BDS-3, full global coverage for PNT, offered an alternative to 
Russia's GLONASS, the European Galileo, and the US's GPS. 

BDS website (beidou.gov.cn)

Other GNSS

• BeiDou Navigation Satellite System (BDS)

Summary of satellites, as of 23 June 2020

Block
Launch
period

Satellite launches Currently in orbit
and healthySuccess Failure Planned

1 2000–2006 4 0 0 0

2 2007–2019 20 0 0 12

3 2015–present 35 0 0 30

Total 59 0 0 42

Other GNSS

Quasi-Zenith Satellite System (QZSS)

QZSS is a regional GNSS owned by the Government
of Japan and operated by QZS System Service Inc.
(QSS). QZSS complements GPS to improve coverage
in East Asia and Oceania. Japan declared the official
start of QZSS services in 2018 with 5 operational
satellites, and plans to expand the constellation to 7
satellites by 2025 for autonomous capability (Still in
process).

QZSS website (qzss.go.jp)

QZS satellite orbit
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Other GNSS

Quasi-Zenith Satellite System (QZSS)

QZS-1R launched on 26.10.2021

Name Launch date Status Notes

QZS-1 (Michibiki-1) 11 September 2010 Replaced by QZS-1R -

QZS-2 (Michibiki-2) 1 June 2017 Operational Improved solar panels and increased fuel

QZS-3 (Michibiki-3) 19 August 2017 Operational
Heavier design with additional S-band antenna 
on geostationary orbit

QZS-4 (Michibiki-4) 10 October 2017 Operational Improved solar panels and increased fuel

QZS-1R (Michibiki-1R) 26 October 2021 Operational Replacement for QZS-1

Current Constellation

Future 7 satellite Constellation

Name Planned launch date Status

QZS-5 2023 Future

QZS-6 2023 Future

QZS-7 2024 Future

Other GNSS

Quasi-Zenith Satellite System (QZSS)

Schedule Future 7 satellite Constellation

• Satellite positioning requires four or more positioning satellites

• When QZSS becomes a seven-satellite constellation, at least four QZSS satellites will always 
be in the sky above Japan, making sustained positioning possible with QZSS alone

Other GNSS

Quasi-Zenith Satellite System (QZSS)

Expanded service range

One quasi-zenith satellite, one geostationary 
satellite, and one quasi-geostationary 
satellite will be added to create the seven-
satellite constellation.

Better positioning accuracy for users
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Other GNSS

Indian Regional Navigation Satellite System 
(IRNSS) / Navigation Indian Constellation 
(NavIC)

IRNSS is a regional GNSS owned and operated by the 
Government of India. IRNSS is an autonomous system designed 
to cover the Indian region and 1500 km around the Indian 
mainland. The system consists of 8 satellites. In 2016, India 
renamed IRNSS as the Navigation Indian Constellation (NavIC, 
meaning "sailor" or "navigator").

IRNSS provides Standard Positioning Service (SPS) which is provided to 
all the users and Restricted Service (RS), which is an encrypted service 
provided only to the authorised users.

IRNSS/NavIC website (isro.gov.in)

8 navigation 
satellites IRNSS-1A, 
1B, 1C, 1D, 1E, 1F, 1G 
and IRNSS-1I 
launched 12.04.2018

Other GNSS

Indian Regional Navigation Satellite System 
(IRNSS) / Navigation Indian Constellation 
(NavIC)

IRNSS is a regional GNSS owned and operated by the 
Government of India. IRNSS is an autonomous system designed 
to cover the Indian region and 1500 km around the Indian 
mainland. The system consists of 8 satellites. In 2016, India 
renamed IRNSS as the Navigation Indian Constellation (NavIC, 
meaning "sailor" or "navigator").

IRNSS provides Standard Positioning Service (SPS) which is provided to 
all the users and Restricted Service (RS), which is an encrypted service 
provided only to the authorised users.

IRNSS/NavIC website (isro.gov.in)

Other GNSS

Indian Regional Navigation Satellite System 
(IRNSS) / Navigation Indian Constellation 
(NavIC)

IRNSS/NavIC website (isro.gov.in)
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Other GNSS

IRNSS Architecture

Global Positioning System (GPS)

The Global Positioning System (GPS) is a U.S.-
owned utility that provides users with 
positioning, navigation, and timing (PNT) 
services. This system consists of three segments: 
the space segment, the control segment, and the 
user segment. The U.S. Air Force develops, 
maintains, and operates the space and control 
segments.

Global Positioning System (GPS)

Space segment
• GPS satellites fly in medium Earth orbit (MEO) at 

altitude 20,200 km
• Six equally-spaced orbital planes

• 24 baseline satellites = 6 x 4  can view 4 any location

• Extra satellites may increase GPS performance

• GPS constellation is a mix of old and new satellites

• Block IIA (2nd generation, "Advanced"), Block IIR 
("Replenishment"), Block IIR-M ("Modernized"), Block IIF 
("Follow-on"), GPS III, and GPS IIIF ("Follow-on")

• As of July 3, 2023, there were a total of 31 operational 
satellites in the GPS constellation
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Global Positioning System (GPS)

Space segment

Block II/IIA satellite (retired)

Block IIR

Block IIR-M

Block IIF

Block III

Block IIA (2nd generation, "Advanced"), Block IIR 

("Replenishment"), Block IIR-M ("Modernized"), 

Block IIF ("Follow-on"), GPS III, and GPS IIIF ("Follow-

on").

Jun 17, 2021 launched 5th GPSIII satellite. May 25, 

2022: The Space Force set the fifth GPS III satellite to 

healthy (usable) status.

As of July 3, 2023, there were a total of 31 

operational satellites in the GPS constellation

GPS Satellite Locations on orbits
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Global Positioning System (GPS)

Control segment

The current 

Operational Control 
Segment (OCS) includes 

a master control 
station, an alternate 
master control station, 

11 command and 
control antennas, and 
16 monitoring sites

Global Positioning System (GPS)

Control segment elements – Monitor  Stations

• Track GPS satellites as they pass overhead

• Collect navigation signals, range/carrier measurements, and atmospheric data

• Feed observations to the master control station

• Utilize sophisticated GPS receivers

• Provide global coverage via 16 sites: 6 from the Air Force + 10 from NGA

Global Positioning System (GPS)

Control segment elements – Master Control Station

• Provides command and control of the GPS constellation

• Uses global monitor station data to compute the precise locations of the satellites

• Generates navigation messages for upload to the satellites

• Monitors satellite broadcasts and system integrity to ensure constellation health and accuracy

• Performs satellite maintenance and anomaly resolution, including repositioning satellites to 
maintain optimal constellation

• Backed up by a fully operational alternate master control station
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Global Positioning System (GPS)

Control segment elements – Ground Antennas

• Send commands, navigation data uploads, and processor program loads to the satellites

• Collect telemetry

• Communicate via S-band and perform S-band ranging to provide anomaly resolution and early 
orbit support

• Consist of 4 dedicated GPS ground antennas plus 7 Air Force Satellite Control Network (AFSCN) 
remote tracking stations

Global Positioning System (GPS)

User Segment

• Military and Civilians usage

• Receivers with geodetic accuracy

• Single frequency & Dual frequency

• New signals for users and improved navigation message

• Proper error modelling and improved algorithms

GPS Services

GPS satellites provide service to civilian and military users. The civilian service is freely 
available to all users on a continuous, worldwide basis. The military service is available to 
U.S. and allied armed forces as well as approved Government agencies.

Two services: Standard 
Positioning Service (SPS) and 
Precise Positioning Service (PPS)
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GPS Services

Standard Positioning Service (SPS)

• Civil, commercial and scientific use

• C/A-code signal, the CM/CL-code signals, 
and the I5-code/Q5- code signals

• C/A codes modulated only on L1

• CM/CL-code signals are both modulated 
in L2

• In-phase (I5) and Quadraphase (Q5) 
signals are modulated in L5

• Models ionospheric errors

Precise Positioning Service (PPS)

• Authorized access

• signals broadcast at the GPS L1 and L2 
frequencies

• Precision (P) code which is encrypted to 
become P(Y) code reserves for 
authorized use. 

• Has encryption capability

• Calculates ionospheric errors 

Satellite-based & Ground-based Augmentation Systems
(SBAS & GBAS)

Why ?

Satellite-based Augmentation Systems (SBAS)

A satellite-based augmentation system is any system that aids GNSS by providing accuracy, 
integrity, availability, or any other improvement to positioning, navigation, and timing that is 
not inherently part of GNSS itself.
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Satellite-based Augmentation Systems (SBAS)

• SBAS uses GNSS measurements 
taken by accurately located 
reference stations deployed across 
an entire continent. 

• All measured GNSS errors are 
transferred to a central computing 
centre, where differential 
corrections and integrity messages 
are calculated. 

• These calculations are then 
broadcast over the covered area 
using geostationary satellites that 
serve as an augmentation, or 
overlay, to the original GNSS 
message.

Differential GPS intended to serve a large area

Satellite-based Augmentation Systems (SBAS)

Several countries have implemented their own Satellite-
based Augmentation System. For example, in Europe 
EGNOS covers the majority of the European Union (EU), 
along with some neighbouring countries and regions. 

Other national SBASs include:

USA: Wide Area Augmentation System (WAAS)
Japan: Michibiki Satellite Augmentation System (MSAS)
India: GPS-aided GEO-Augmented Navigation (GAGAN)
China: BeiDou SBAS (BDSBAS) (in development)
South Korea: Korea Augmentation Satellite System (KASS) 
(in development)
Russia: System for Differential Corrections and Monitoring 
(SDCM) (in development)
ASECNA: Augmented NaviGation for Africa (ANGA) (in 
development)
Australia and New Zealand: Southern Positioning 
Augmentation Network (SouthPAN) (in development)

Existing SBAS

Ground-based Augmentation Systems (GBAS)

• Differential GPS for aviation 
with multiple antennas and 
receivers (three to four)

• Uses local augmentation 
system 

• Integrity data provided to 
user locally using VHF link
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Augmentation Systems and main Users 

GPS augmentation systems

Nationwide Differential GPS System (NDGPS)

NDGPS is a ground-based augmentation system 
that provides increased accuracy and integrity 
of GPS information to users on U.S. waterways.

The system consists of the Maritime 
Differential GPS System

GPS augmentation systems

Wide Area Augmentation System (WAAS)

WAAS, a regional space-based augmentation 
system (SBAS) operated by the Federal Aviation 
Administration (FAA), supports aircraft navigation 
across North America.

Although designed primarily for aviation users, 
WAAS is widely available in receivers used by other 
positioning, navigation, and timing communities.

The WAAS service is interoperable with other regional SBAS services, including those operated by Japan (MSAS), 
Europe (EGNOS), and India (GAGAN).
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GPS augmentation systems

Continuously Operating Reference Stations (CORS)

To distribute GPS data for precise positioning 
tied to the National Spatial Reference System.

GNSS reference stations at remote designated 
locations that transmit the collected GNSS raw 
data to the Control Centre.

This raw data is processed and transmitted to 
the users in the field over the internet based on 
their geographic location in the form of RTCM 
corrections.

GPS augmentation systems

Global Differential GPS (GDGPS)

GDGPS is a high accuracy GPS augmentation system developed by the NASA Jet Propulsion Laboratory (JPL) to 
support the real-time positioning, timing, and determination requirements of NASA science missions.

GPS augmentation systems

International GNSS Service (IGS)

IGS is a network of over 350 GPS monitoring 
stations from 200 contributing organizations 
in 80 countries.

Its mission is to provide the highest quality 
data and products as the standard for global 
navigation satellite systems (GNSS) in 
support of Earth science research, 
multidisciplinary applications, and education, 
as well as to facilitate other applications 
benefiting society.
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GPS Time

• UTC, or Coordinated Universal Time, is a global time standard that synchronizes clocks and timekeeping devices 
worldwide. It is based on the primary standard of time, the atomic clock, and is adjusted periodically to account for the 
Earth’s irregular rotation (leap second). 

• The atomic clocks on the satellites are set to GPS time

• GPS time is not corrected to match the rotation of the Earth (leap second)

• GPS time was set to match UTC in 1980, At the moment, the offset of UTC to GPS is +18sec.

• The GPS navigation message includes the difference between GPS time and UTC

GPS Week Number

• The GPS date is expressed as a week number

• The week number is transmitted as a ten-bit (210) field in the navigation messages. it becomes zero again 
every 1,024 weeks (19.6 years), GPS Week number rollover

• GPS week zero started at 00:00:00 UTC (00:00:19 TAI) on January 6, 1980. First rollover: 23:59:47 UTC on 
August 21, 1999, Second rollover: 23:59:42 UTC on April 6, 2019…

• The modernized GPS civil navigation (CNAV) message will use a 13-bit field that only repeats every 
8,192 weeks (157 years), thus lasting until 2137 (157 years after GPS week zero)

• GPS Calendar: https://geodesy.noaa.gov/CORS/resources/gpscals.shtml

GPS Accuracy 

GPS satellites broadcast their signals in space with a certain 
accuracy, but what you receive depends on additional 
factors, including satellite geometry, signal blockage, 
atmospheric conditions, and receiver design 
features/quality.

For example, GPS-enabled smartphones are typically 
accurate to within a 4.9 m (16 ft.) radius under open sky. 
However, their accuracy worsens near buildings, bridges, and 
trees.

High-end users boost GPS accuracy with dual-frequency 
receivers and/or augmentation systems. These can enable 
real-time positioning within a few centimeters, and long-
term measurements at the millimeter level.
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GPS Accuracy cont…

Many things can degrade GPS positioning accuracy. Common 
causes include:

• Satellite signal blockage due to buildings, bridges, 
trees, etc.

• Indoor or underground use
• Signals reflected off buildings or walls ("multipath")

Far less common causes may include:

• Radio interference or jamming
• Major solar storms
• Satellite maintenance creating temporary gaps in 

coverage
• Improperly designed devices that do not comply with 

GPS Interface Specifications

Accuracy and User Range Error (URE)
The accuracy commitments do not apply 
to GPS devices, but rather to the signals 
transmitted in space.
GPS time is theoretically accurate to about 14 
nanoseconds, roughly 100 nanoseconds

Global average user range error (URE) of 
≤0.715 m (2.3 ft.)with 95% probability.

URE is not user accuracy. User accuracy 
depends on a combination of satellite 
geometry, URE, and local factors such as signal 
blockage, atmospheric conditions, and receiver 
design features/quality.

Military GPS Vs. Civilian GPS

The user range error (URE) of the GPS signals in space is 
actually the same for the civilian and military GPS services.

Mostly civilian - single frequency, Military - Dual-frequency. 

Dual-frequency is commercially available for civilian use, but 
its cost and size has limited it to professional applications.

Using two GPS frequencies improves accuracy by correcting 
signal distortions caused by Earth's atmosphere.

With augmentation systems, civilian users can actually 
receive better GPS accuracy than the military. Also GPS 
modernization introduces new signals for civilians

Selective Availability ended in May 2000.
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The Future of GPS

GPS Modernization

• The GPS modernization program is ongoing… to upgrade the 
features and overall performance of the GPS

• The upgraded features include new civilian and military GPS signals

• Implementation of second (L2C), third (L5)and forth (L1C) civil 
signals on GPS satellites

• Second civil signals improve the accuracy of civilian service and 
support safety-of-life applications, such as aviation 

• Third and forth signals further enhance civilian capability and 
safety-of-life applications 

• As of July, 2023, there were a total of 31 operational satellites in 
the GPS constellation

1227.60 MHz

1176.45 MHz

1575.42 MHz

L2C

L5

L1C

GPS Signal and Data

GPS System
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Signal Basis

“Phase” and “Frequency”

“Phase” - “angle of rotation,”
units of “cycles”

Frequency - Cycles per second
Number of times the line completes a full 360o rotation in one second

First derivative of phase with respect to time - Angular speed

Phase - fundamental quantity
Frequency - derived quantity

GPS Signals

• Broadcast by GPS satellites to enable satellite 
navigation.

• Satellite constellation is operated by US DOD

• GPS signals include ranging signals, used to measure 
the distance to the satellite, and navigation messages.

• The navigation messages include Ephemeris data, used 
to calculate the position of each satellite in orbit, and 
information about the time and status of the entire 
satellite constellation, called the almanac.

Location: 45°N

What signal does GPS use?

• GPS signal that is carried by radio waves in the 

microwave part of the electromagnetic 

spectrum

• Broadcasts a navigation message at 50 bits per 

second on the microwave carrier frequency of 

approx. 1600 MHz (L1-1575.42 MHz , L2-

1227.6 MHz

• GPS week number and a health report for the 

satellite so that it can be discounted if faulty

• GPS signal is encoded with a high-rate pseudo-

random (PRN) sequence that is different for 

each satellite



13/10/2024

19

GPS signal structure

• GPS satellite transmits right-hand circularly 

polarized signals to the Earth at L-band 

frequencies (1GHz-2GHz)

• Why circularly polarized electromagnetic 

wave???

• Why L-band???   Two: L1 & L2 (three with L5) 

carrier frequencies 

• Can be classified to Legacy and Modernized signals

Common characteristics of signals and space vehicles (SV)

• SVs transmit several ranging codes and navigation data simultaneously using 

binary phase-shift keying (BPSK) with limited frequencies.

Common characteristics of signals and space vehicles (SV)

• Satellites using the same frequency are distinguished by using different 

ranging codes, Pseudo Random Noise (PRN) Codes. 

• Satellites are uniquely identified by a serial number called space vehicle 

number (SVN), space vehicle identifier (SV ID) and pseudorandom noise 

number (PRN number) 

• PRN number which uniquely identifies the ranging codes that a satellite uses
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SVN 049 had been assigned PRNs 01, 24, 27, and 30 at 

different times of its lifespan

PRN 01 had been assigned to SVNs 032, 037, 049, 

035, and 063 at different epochs

Pseudo-random noise codes

The Pseudo Random Code (PRC) is a fundamental part of GPS. Physically it's just a very 
complicated digital code, or in other words, a complicated sequence of "on" and "off" 
pulses

The signal is so complicated that it almost looks like random electrical noise. Hence the 
name "Pseudo-Random.“

PRN code allows any receiver to identify exactly which satellite(s) it is receiving.

Pseudo-random noise codes

Standard Positioning Service (SPS) 

signals— L1 C/A, L1C, L2C, and L5 signals

L1 C/A, L1C, L2C, and L5 PRN code 
assignment


