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Navigation

o Navigation: Latin noun navis (ship) and the Latin verb agare (drive).

o Methods of determining position and course of the moving body

using observations, sensors, geometry, astronomy, radio signals etc.

o Estimation of position, velocity, and/or attitude of the moving body in

real time, with respect to some known reference.
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o Individuals, groups and nations who could reliably travel to/from

distant places have been successful militarily and politically.

Importance of Navigation

o NAVIGATION has played an important role for the mankind

The winds and waves are always on the side of the ablest NAVIGATORS

( Edward Gibbon)
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o A mechanism which provides

navigation solution (position, and/or

velocity and/or attitude)

Navigation Systems

Or 

o It may require external infrastructure

besides components aboard navigating

body, e.g. GNSS

o Navigation system may be completely

self-contained aboard the navigating body,

e.g. Inertial Navigation System
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Pilotage

Visually recognizing landmarks to determine

position and course

Celestial Navigation

Computing position and orientation by

estimating angles between local vertical/horizon

and the line-of-sight to known celestial objects

Radio navigation

Relies on transmitting beacons with known

locations.

o GNSS: Beacons in space

o LORAN/Pseudolites: Beacons on ground

Types of Navigation
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Dead Reckoning (Deduced Reckoning)

Current position is computed using:

Á A previously determined position

Á Estimated velocity

Á Heading information over elapsed time

Types of Navigation

Radio Navigation

Application of radio SIGNALS to determine

position.
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Inertial navigation

Relies on initial state (position, velocity, attitude) and thereafter on
measuring angular-rates (by gyroscopes) and accelerations (by
Accelerometers).

üSelf contained

üNo external reference/signal required

üComplete Navigation System (provides POSITION, VELOCITY and ATTITUDE)

Types of Navigation
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Integrated/Augmented Navigation

Combination of 2 or more Nav Systems

INS

GNSS
Receiver

Position, Velocity and Attitude
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Types of Navigation
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Types of Navigation

Radio Navigation is the application of radio SIGNALS to determine

position.

ü Bearing: Finding the angular directions with respect to north line

ü Ranging: Distances using time of flight between one transmitter and receivers

ü Distance differences: Measurement of times of arrival of signals from one

transmitter to multiple receivers or vice versa

ü Velocity: Velocity by means of radio Doppler Shift

Doppler
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1900s

Time signals were sent to ships for correction of chronometers.

Evolution of Radio Navigation
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1940s

LORAN (LOng-RANge Navigation System)

Triangulate position using radio signals from LORAN stations

Evolution of Radio Navigation



GNSS, Chronological Evolution, Modernization & Augmentation (Dr Muhammad Ushaq)

1955: Time Dilation

Time slows:

Å At Stroger Gravitation Field

Å At Higher Velocities

Evolution of Satellite Navigation

Friedwardt Winterberg
Gravity Effect : +45 µSec (time gets faster at lower gravity)

Velocity Effect: -07 µSec (time slows at higher velocity)

Time passes more quickly farther from a center of 

gravity

Net: GPS Satellite clock runs 38 µSec faster than clock on

ground observer
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Monitoring the Doppler effect, SATELLITE

LOCATION could be estimated, along the

orbit .

Evolution of Satellite Navigation

1957: SPUTINIK-1

Launch of 1st Artificial Satellite

William Guier & George Weiffenbach

Semi-major axis 6,955.2 km

Eccentricity 0.05201

Perigee altitude 215 km

Apogee altitude 939 km

Inclination 65.10°
Period 96.20 minutes

Mission duration 22 days

Orbits completed 1440

1958

Guier and Weiffenbach investigated the inverse problem: pinpointing

the user's location, if the satelliteôsposition is known
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1960

TRANSIT successfully tested. It used a constellation of 5 satellites and

could provide a navigational fix once per hour. (Retired: 1996)

1963

MOSAIC (MObile System for Accurate ICBM Control)

Project 57: GPS concept was born. Concept was pursued as Project

621B, which had many of the attributes that we now see in GPS

1964

1st Sequential Collation of Range (SECOR) Satellite for geodetic

surveying.

SECOR included 3 ground-based transmitters at known locations for

sending signals to the satellite transponder in orbit.

4th ground-based station, at an undetermined position, then used

those signals to fix its location.

Evolution of Satellite Navigation
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1967

Timation Satellite developed, proving the feasibility of placing accurate

clocks in space, a technology required for GNSS.

1970

The ground-based OMEGA navigation system, based on phase

comparison of signal transmission from pairs of stations

The first worldwide radio navigation system.

Limitations of these systems drove the need for a more universal

navigation solution with greater accuracy

1972

Developmental tests of 4 prototype GPS receivers in a Y

configuration using ground-based pseudo-satellites

Evolution of Satellite Navigation
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1970 to 1973

A superior system could be developed by synergyzing the best

technologies from 621B, Transit, Timation, and SECOR

1973

ü Defense Navigation Satellite System (DNSS).

ü GPS was created out of this program.

ü The DNSS program was named NAVSTAR.

1974

ü Klobuchar Model developed for computing ionospheric corrections

ü Launch of 3rd Timation Satellite carrying the first atomic clock into

orbit

Evolution of Global Positioning System
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Roger L. Easton Bradford ParkinsonIvan A. Getting

Evolution of Global Positioning System

GPS ïHall of Fame

Gladys West
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1978

The first experimental Block-I GPS satellite was launched

Evolution of Global Positioning System
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1983

Shooting of Korean Airlines Flight 007

President Reagan directive: GPS to be freely aval to civilian

Evolution of Global Positioning System
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1985

10 more experimental Block-I satellites launched

1989

The first modern  Block II satellite launched

Evolution of Global Positioning System
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1990-91

The Gulf War: US Military widely used GPS

Miniature GPS receiver developed, replacing the 16 kg

receivers with a 1.25 kg

Evolution of Global Positioning System
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1993-94

GPS achieved initial operational capability (IOC), with a full

constellation (24 satellites) providing the Standard Positioning

Service (SPS)

1995

Full Operational Capability (FOC) was declared

1996

President Clinton directive: GPS a dual-use (civilian & military) system

Evolution of Global Positioning System
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1998

Vice President Al Gore announced plans to upgrade GPS with two new

civilian signals for enhanced user accuracy and reliability, particularly

with respect to aviation safety.

2000

ü United States Congress authorized development of GPS III

ü US President ordered to Turn-off Selective Availability (2 May)

Evolution of Global Positioning System
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2005

The first modernized GPS satellite was launched transmitting a

second civilian signal (L2C) for enhanced user performance.

2010

Contract awarded: Next Gen Operational Control System (OCX)

Launch of 12 Block IIF satellites

Evolution of Satellite Navigation



GNSS, Chronological Evolution, Modernization & Augmentation (Dr Muhammad Ushaq)

2016

The last of the Block IIF satellites launched

2018

The 1st GPS III satellite launched

2019

The 2nd GPS III satellite was launched

Evolution of Satellite Navigation
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Global Navigation

Satellite Systems

Overview
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ü GNSS is impacting us in ways that we do not even know about...

ü GNSS applications are innumerable and incredible

ü Thereôs a GNSS supported application for just about everything....

ü The applications are limited only to our imaginationé

GNSS ïForeword
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o A system used to find the location of a userôsreceiver anywhere on or

above the Earth.

o Receivers determine the Position (latitude, longitude, altitude), Velocity

and Time (PVT) by using signals from satellites

o Receivers do not require to transmit and operates independently of any

cellular or Internet reception

GNSS Overview

Distance = Velocity x Time

Trilateration

Implementation require incredible precision and state of the art

multidimensional cluster of technologies

Speed of Light

299,792,458 m/s
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GPS (NAVSTAR)
(Global Positioning System) 

GLONASS
(GlobalnayaNavigatsionnaya

Sputnikovaya Sistema)

BeiDou2
(BŊidבuW¯ixǭngDׅoh§ngX³tבng)

Galileo
(Galileo Satellite Navigation)

Global Navigation Satellite Systems
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NavIC or IRNSS

Nav with Indian Constellation

Regional Satellite Navigation Systems

Geo-Stationary Satellites

Orbital Period        =    23.934461223 h

Orbital Velocity      =    3074.6 m/s

Orbital Radius =    42,164 km

Incl HEO and Geo

Orbiting Satellites

3 x Geo St

4 x G Sync

QZSS (Michibiki)
Quasi Zenith Satellite System

ü 1 Geo and 3 HEO geosynchronous orbits. 

ü Ground traces are asymmetrical figure-8 patterns

ü One is almost directly overhead (elevation > 70° ) over Japan at all times.

geo560.avi
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Around the Earth - Oblique view Earth fixed frame - Equatorial view, front

Highly Elliptical ïGeosynchronous Orbits
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Highly Elliptical ïGeosynchronous Orbits
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o Space Segment

o Control Segment

o User Segment

GNSS Architecture
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o All GNSS have their own constellation of MEO

satellites with Orbiting Altitude: 20,000~24,000km

o Have VERY accurate clocks on board Rubidium
Clock (± 5 parts in 10-11)

o Transmit radio signals.

o Satellite ephemerides & time is known and
controlled by ground-based control

Space Segment

Clocks on the satellites run 38 ɛs faster per day

than the clocks on the Earth.

GPS Constellation Animation.mp4
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o The time taken by GNSS signal to travel from

satellites to receiver is used to determine distances

ü Error of 1 ɛS will cause 300m error in position

ü Error of 1 nS will cause 30 cm error in position

Satellites

GPS GLONASS BEIDOU GLILEO

Approx Weight : 1500 Kg

o By Collecting Distance information from multiple

ground stations, the coordinates of any satellite

at any time can be calculated

Atlas V GPS IIF-12 Launch Highlights.mp4
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Satellites
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GPS-III Satellites
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GPS-III Satellites
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GPS-III Satellites
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GPS-III Satellites
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GPS-III Satellites
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GPS-III Satellites
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GPS-III Satellites
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GPS-III Satellites
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GPS-III Satellites
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Control Segment

Base Stations / Monitor Stations

¸ Have precise receivers installed over a broad geographic area (16 Sites)

¸ Track satellites & Collect Nav signals, and atmospheric data

¸ Feed observations to the master control station
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Master Control Station

¸ Using data from monitor stations computes satellites' ephemerides,

generates Nav Messages incl orbit and time corrections) for upload to

the satellites

¸ Monitors satellite broadcasts accuracy and system integrity

¸ Performs Satellite maintenance, anomaly resolution, repositioning

¸ Backed up by a fully operational alternate master control station

Control Segment
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Ground Antennas / Uploading Stations

ÁSend commands and navigation data to the satellites

ÁPerform ranging to provide anomaly resolution

ÁConsist of 4 dedicated GPS ground antennas plus 7 Air Force Satellite

Control Network (AFSCN) remote tracking stations

Control Segment
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Control Segment
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o GNSS antennas receive signals from satellites and send to the receivers

to determine information (position, velocity, and time)

o The GPS receiver knows how long signal from each satellite is taking to

reach the receiver.

o Select optimally positioned satellites and measures pseudoranges and

pseudorange rates corresponding to each satellite.

o A receiver is often described by its number of channels (No of satellites it

can monitor simultaneously)

User Segment
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The U.S. government controls the export of some civilian receivers.

ü GPS receivers capable of functioning above 18 km altitude

ü Speed > 515 m/s

ü Designed or modified for use with unmanned vehicles like, ballistic or

cruise missile systems, are classified as munitions (weapons)

Require State Department export licenses.

User Segment
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GNSS Receivers Modernization

Continue to get better and better 

ü Better antennae,

ü Efficient power consumption,

ü Smaller size

ü Increasingly more ñbells& whistlesò(maps, hard drives,

cameras, etc.)

ü New bells + whistles keeps prices fairly stable...
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A tracker combines sets of satellite measurements collected at

different times

Successive receiver positions are usually close to each other.

Tracker predicts the receiver location corresponding to the next set

of satellite measurements.

Receiver uses a weighting scheme to combine the new

measurements with the tracker prediction.

A tracker can:

ü improve receiver position and time accuracy

ü reject bad measurements

ü estimate receiver speed and direction.

Tracker Enhanced Receivers
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Signals

Propagation

Reception

&

Computation
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Navigation Message from Satellites
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Transmission to Application

Antenna

Receiver
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Signals Propagation and Errors
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o Receiver needs to know the range to the

satellite.

o The signal will bend while traveling

through the earthôsatmosphere

o Bending increases the time signal takes

to travel from the satellite to the receiver

o Computed range contains errors and is

not exactly equal to the actual range,

therefore called as ñpseudorangeò

Signals Propagation and Errors
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Positional Errors
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o The ionosphere contributes to most of

errors, where free electrons effect

electromagnetic wave propagation

o Ionospheric delays being frequency

dependent, are significantly eliminated by

using both L1 and L2

o The troposphere contributes to delays due

to variations in local temperature, pressure

and relative humidity

Signals Propagation and Errors



GNSS, Chronological Evolution, Modernization & Augmentation (Dr Muhammad Ushaq)

Reception

o 4 satellites req to compute position. If more are in view solution is

improved

o GNSS signals from each satellite are modulated by a unique Pseudo-

Random Number (PRN).

o Receivers can recognize PRN code and CORRELATE the signal to a

particular satellite

o Through code correlation, the receiver recover the signal and the

information
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o For each satellite tracked, receiver determine the time of

propagation by differencing the transmit time to the receive time

Reception
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Reception
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o Ranges from 4 satellites are needed to determine position

o Propagation Time = Time Signal Reached Receiver (Tr) ïTime Signal Left Satellite (TT)

o Propagation Time  =æT= TRïTT 

o Distance to Satellite = Cx æT

o Receiver knows where the satellite was at the time of transmission

through orbit ephemerides sent by the Satellite

o Trilateration:- the receiver calculates its position with respect ECEF.

Computation
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Pseudorange and Position Computation
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Pseudorange and Position Computation
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If the GNSS receiver acquire signals only from 1 Satellite, it
ñknowsòthat it is located somewhere on this sphere with a
radius

Computation - Trilateration in 3D

( )R Tc T Tr= ³ -
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If receiver obtains signals from 2 satellites, then it knows
that it is located somewhere these 2 spheres intersect (Circle )

Computation - Trilateration in 3D
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If receiver gets signals
from 3 satellites, then
it ñknowsòthat it is
located somewhere
these 3 spheres
intersect (2 points )

only one of these can be

on surface of the Earth

Computation - Trilateration in 3D
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A fourth satellite is
required to determine
nearly exact position by
adjusting the clock errors

Computation - Trilateration in 3D
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