Global Positioning System (GPS) Concepts and
Wide-Area Augmentation System (WAAS) Concepts 

Self-Study Course
Global Positioning System (GPS) Concepts

1.
GPS Space Segment


The Space Segment consists of the GPS satellites.

1.1
Core Satellites and Orbits

The design GPS constellation contains 24 GPS satellites, known as the “core” satellites.  They orbit the earth twice a day at an altitude of 10,900 NM (20,200 km), and are arranged in six separate orbital planes, with four satellites in each. Refer to Figure 1-1. This configuration gives complete global coverage with a minimum of four satellites in view to users at most locations on earth.  
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Figure 1-1:  GPS Satellite Orbits
All GPS satellite orbits are elliptical and cross the equator at a 55° angle, so it is not possible to see a GPS satellite directly overhead north of 55° N or south of 55° S latitude.  Refer to Figure 1-2. This does not affect service in polar areas adversely; in fact, more satellites are visible, on average, at high latitudes, since receivers can track satellites visible over the pole.
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Figure 1-2:  GPS Satellite Ground Tracks
Each satellite is identified by two numbers: the Space Vehicle Number (SVN) and the Pseudo Random Noise number (PRN). The SVN simply indicates where in the launch sequence this satellite was. SVN 34 for example was the 34th satellite launched. The PRN is the number that identifies an SVN to the GPS receiver. PRN codes 1-37 have been reserved for GPS use. The importance of the PRN is covered in more detail in later paragraphs.

1.2
Additional satellites

In the past few years there have been spare satellites operating in the spare orbital slots resulting in 26 to 29 operational satellites in orbit.

1.3
Satellite Service Outages
Scheduled satellite maintenance and orbital manoeuvres or component failures may cause satellites to be out of service.  Often, the problem is resolved in a matter of hours, although more serious failures may cause a satellite to be unusable for a much longer period of time.

Temporary periods of satellite unavailability are generally not of significant consequence, since the GPS constellation is arranged so that there are usually between seven and nine satellites visible at any time, ensuring a reasonable level of redundancy.

2.
GPS Frequencies and Signals
2.1
Frequencies

Each GPS satellite transmits unique ranging code signals on two frequencies: 1575.42 MHz (L1) and 1227.60 MHz (L2). The Coarse Acquisition (C/A) code is transmitted on L1 and can be received by any type of GPS receiver. The C/A code consists of 1023 bits and is repeated every millisecond. The Precision (P-code) code is transmitted on L1 and L2. P-code is encrypted and available only to users with appropriate decryption equipment provided by the USA Department of Defence. The P-code is transmitted at 10.23 MHz and repeats every 267 days. Both codes are synchronized to the satellite’s atomic clocks. Refer to Figure 2-1 for GPS signals.
A GPS Navigation Data Message is combined with each ranging code and transmitted on both L1 and L2 frequencies.
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Figure 2-1:  GPS Satellite Signals

2.2
Power Levels

The strength of the transmitted GPS signals is very low and cannot be easily viewed on a spectrum analyzer.  For this reason, it is susceptible to both intentional and unintentional interference. The minimum received power levels at the surface of the earth are as follows:
· L1 C/A code

-160 dBW
or -130 dBmW
· L1 P code

-163 dBW
or -133 dBmW
· L2 P code

-166 dBW
or -136 dBmW

The received signals are at least 16 dB below the noise level of the receiver and require code matching (correlation) technique to recover the PRN code. Spread spectrum techniques are used by satellite transmitters to reduce the effects of noise and improve signal to noise ratio without increasing the transmitter power. 
2.3
GPS Navigation Data Message

The GPS Navigation Data message consists of 25 frames, each 1500 bits long, transmitted at a 50 Hz rate. The complete message requires 12.5 minutes for transmission and contains the transmitting satellite’s predicted path (Ephemeris), and information on all satellites in the constellation (Almanac).
2.4
Ephemeris Data

Ephemeris data contains precise orbital parameters that permit the receiver to predict the exact position of the satellite at any time.  This is critical for computing the receiver’s position.

2.5
Almanac Data

The satellites also transmit almanac data, which contains an indicator of the health of all the satellites, satellite clock corrections and coarse orbital data, atmospheric delay parameters, and the current GPS time and offset from UTC time.
Each satellite transmits almanac data for the entire constellation.  The entire almanac is broadcast over a period of 12.5 minutes. When a receiver is new, or has not been operated for a long time, it has to acquire a new almanac before it can begin to compute a position.
3.
GPS Control Segment

The GPS Control Segment consists of:

· One Master Control Station (MCS)

· Five Monitor Stations (MS)

· Three Ground Antenna (GA)

3.1
Master Control Station

The MCS is located at Shriever AFB, Colorado and is operated by the United States Air Force. The constellation is managed and controlled from the MCS. The MCS is the central processing facility for all the data collected by the monitor stations. Personnel at the MCS can upload satellite health and navigation data, repair some SV problems, monitor overall system performance and make system adjustments.

3.2
Monitor Stations
The GPS monitor stations positioned around the world (Hawaii, Ascension, Diego Garcia, Kwajalein, Schriever AFB) passively track and monitor GPS satellites as they come into view. They transmit the received data to the MCS for processing. The processed data is used to determine satellite orbits and update data contained in the Navigation Data Message.
3.3
Ground Antennae
Ground Antennas are collocated with three of the Monitoring Stations and provide the links used by the MCS to transmit messages, when required, up to the satellites. 

If a problem is detected with a satellite by the monitoring station(s), the satellite is commanded by MCS to send an “unhealthy” status indication, causing receivers to exclude it from the position solution.  
Due to monitoring stations visibility restrictions, and delays at the MCS it can take upwards of 45 minutes before the satellite is declared unhealthy. This is unacceptable for aviation services. GPS RAIM, Satellite Based Augmentation System (SBAS) or Ground Based Augmentation System (SBAS) provide much more timely integrity information.
4.
GPS Receiver Operation
4.1
SPS and PPS Services 

GPS provides a standard positioning service (SPS) and a precise positioning service (PPS).  The SPS is broadcast on L1 and is available to all users. The PPS broadcast on L1 and L2 is encrypted and reserved for users with decryption capability such as military applications.  The PPS provides improved accuracy over the SPS.
4.2
Range Determination

The PRN code transmitted by each satellite is also generated in the receiver. The receiver uses code matching techniques to determine the time it took the signal to travel from the satellite to the receiver. Refer to Figure 4-1.
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Figure 4-1:
PRN Code Comparison
The speed of the signal is closely approximated by the speed of light, with variations resulting from ionospheric and atmospheric effects modelled from parameters contained in the almanac.  

The distance from the receiver to the satellite, referred to as a pseudorange, is computed by multiplying the signal travel time and the average speed of the signal. 
When computing position, the receiver also requires the position of the tracked satellite which is provided in the Ephemeris data. 
4.3
Computation of Position

Most GPS receivers in use today are multi-channel type meaning that they can track one satellite per channel. A typical receiver will have 12 channels allowing it to track up to 12 satellites simultaneously. The receiver uses the latest almanac data to determine which satellites are visible at its location. 
A receiver needs four pseudoranges to calculate a three-dimensional position and to resolve the time difference (errors) between receiver and satellite clocks. The satellite clocks are much more accurate than the receiver clocks. The receiver clock error is common to all pseudorange measurements and can be removed when solving four equations with four unknowns (x,y,z,and t). The receiver uses triangulation methods to determine the best estimate of position as indicated by the triangle in Figure 4-2.
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Figure 4-2:  GPS Position Solution
5.
Factors Affecting GPS Position Accuracy

Position accuracy is a function of satellite geometry and range measurement errors. Pseudorange accuracy depends on satellite clock errors, satellite orbit errors, atmospheric delays, multipath errors and receiver noise.
5.1
Satellite Geometry

A key to GPS accuracy is the relative position of satellites in the sky, or satellite geometry measured by a term known as DOP (Dilution of Precision).  When satellites are widely spread, geometry and accuracy are better.  If satellites are clustered in a small area of the sky, geometry and accuracy are worse. DOP of less than 4 is considered acceptable for most position solutions. Refer to Figure 5-1 for DOP illustrations.
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Figure 5-1:
DOP Examples
5.2
Satellite Clock Errors and Ephemeris Errors
Uncorrected errors in the satellite clocks and inaccuracies in the prediction of satellite position cause errors in the measured pseudoranges, and hence in the computed position. Satellite clock errors are typically less than 6m and orbit errors contribute less than 8m.
5.3
Ionospheric and Tropospheric Delays
The ionosphere, which is a zone of charged particles 160-3000 kilometres above the earth, causes signal delays which vary from day to night and by solar activity.  Current receivers contain a model of the nominal day/night delay, but this model does not account for variable solar activity.  Ionospheric delay is a major source of error contributing up to 10m.
Additional delays are introduced as the signals pass through the troposphere.  This is the lowest layer of the atmosphere extending 160Km above earth’s surface, and is where weather occurs.  Tropospheric delays are primarily a factor of atmospheric pressure and humidity. Most receivers employ algorithms which reduce the tropospheric errors to less than 3 metres.
For applications requiring high accuracy, GPS needs augmentation systems to correct the computed transit time to compensate for these delays.  WAAS is one such system, and will be discussed later.

5.4
Receiver noise

Receiver noise also contributes to the overall position error.  Its effect impairs the ability of the receiver to track the PRN code accurately, which results in erroneous pseudorange measurements.  Generally, higher quality receivers have lower noise figures with errors less than 2.5m.

5.5
Selective Availability

Selective Availability is a feature that was incorporated into the GPS design.  It was only applied to the SPS signal, and introduced variation into the timing of the navigation message.  This had the effect of degrading the accuracy of the pseudorange measurements.  The intent was to deny civilian users the full accuracy of GPS.  Selective Availability was discontinued on May 1,2000.  
5.6
Multipath Errors
Multipath signal errors are caused by GPS signals reflected from objects surrounding the GPS receiver antenna. The reflected signals combine with the direct signal received from the satellite causing errors in range measurements. These errors typically contribute less than 2.5m in position error.
5.7
RF Interference

RF interference can result in downgraded operation, hazardously misleading information or complete loss of receiver tracking. Unintentional interference can result from TV transmitter’s harmonics, radar or pulsed transmitters, or AM or CB transmitter’s harmonics. Intentional jamming is possible using noise jammers or continuous wave (CW) jammers, however, it is extremely rare.

5.8
Performance Summary
Above errors, except for RF interference, are independent and can be root-sum-squared. Today’s receivers employ sophisticated algorithms resulting in better position accuracies. Currently, GPS horizontal and vertical positions are accurate to 6 m and 8 m, respectively, 95% of the time.

6.
The Wide Area Augmentation System (WAAS) 
WAAS is designed to provide GPS augmentation throughout North America. It provides a timely method of integrity monitoring that is consistent with the accuracy required by aviation users. WAAS provides corrections for large areas by broadcasting the following information:

· Integrity data on all GPS satellites

· Differential corrections and Ionospheric data to improve position solution accuracy 

· Residual errors which permit computation of WAAS position error bounds

WAAS Initial Operating Capability (IOC) was commissioned for aviation IFR use in July 2003.
6.1
Accuracy

The basic GPS service is inadequate to support certain aviation operations that require a guaranteed high level of accuracy.  With the Wide Area Augmentation System (WAAS), accuracies of 1-2 metres in horizontal and 2-3 metres in vertical  are achievable consistently.

6.2
Integrity

Integrity in a navigation system is the ability of a system to inform the pilot when it is unable to guarantee that the required level of accuracy is being achieved. 
The ground monitor in an ILS, for example, monitors the signal, and shuts down the navaid if it detects that any characteristic of the signal exceeds the specified tolerances.

A certain measure of integrity is inherent in the GPS design.  As mentioned earlier, the Control Segment monitors the performance of the satellites, and alerts operators of malfunctions.  The almanac message is then modified to indicate that the affected satellite(s) are not to be used.  Unfortunately, the detection and resolution of a problem take time, and this delay is unacceptable in aviation operations.  Furthermore, the monitoring provided by the Control Segment is not performed at the accuracy level required by aviation operations.  
WAAS is designed to provide hazardously misleading information alert indications within 8 seconds for en route navigation and 6 seconds for precision approach navigation.

6.3
WAAS Architecture 
The basic WAAS architecture concept is shown in Figure 6-1. The WAAS receiver uses a subset of the GPS satellites monitored by WAAS. WAAS provides integrity and corrections which the WAAS receiver applies to the satellites that it uses to compute its position. 
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Figure 6-1: Basic WAAS Concept

6.4
WAAS Reference Stations
WAAS uses a network of ground-based reference stations that monitor the signals from the GPS satellites, and make measurements of their accuracy.  There are currently 25 reference stations operational in the Continental USA and Alaska. Four more will become operational in Alaska in 2006, and additional four in Canada and five in Mexico will be added to the WAAS network in 2007.
6.5
Master Stations
The reference stations send data via terrestrial or communications satellite links to two WAAS Master Stations, which assess signal validity and compute error corrections.  The master stations generate two primary types of messages: integrity, and range corrections.

Integrity messages are used to indicate which satellites are functioning within acceptable tolerances.  Range corrections are parameters that permit the estimation of ionospheric delays, and satellite clock and ephemeris errors.

6.6
GEO Satellites and Message Uplink Stations
The Master Stations send the integrity and correction messages to uplink stations from where they are transmitted to geostationary earth orbit (GEO) satellites in fixed orbital positions over the equator.

The GEO satellites broadcast the messages on L1 frequency for use by WAAS receivers.

The WAAS GEO satellites may also serve as additional sources of navigation ranging signals, thereby increasing the number of usable “GPS-like” satellites.

7.
WAAS Receiver Operation
7.1
Integrity Messages
Integrity messages simply consist of an indication of the status of each GPS satellite.  The status is used by WAAS receivers to decide whether or not to use the signal from a satellite.
7.2
Application of Corrections
The various range corrections are applied to the raw pseudorange measurements made by the receiver.  This results in a more accurate range determination to each satellite, which in turn yields increased position accuracy.

7.3
Protection Levels
 WAAS receiver computes instantaneous horizontal and vertical protection levels (HPL and VPL) based on satellites’ residual range errors and geometry. The receiver compares these against the protection limits required for the phase of flight, thereby providing continuous monitoring on the validity of position provided to the user.
7.4
Factors Affecting WAAS Performance

7.4.1
Ionospheric Modeling
Each reference station measures the ionospheric delay for each visible satellite.  The master station combines all the measurements, and generates a model of the ionosphere superimposed over a Lat/Long grid. The ionospheric delays are computed for specific Lat/Long coordinates and transmitted in the WAAS message. The accuracy of the model is dependent on the number and placement of the reference stations providing observations of ionospheric delays.  

7.4.2
Constellation Status and Satellite Geometry

The accuracy and availability of WAAS is affected by GPS satellite outages and geometry in the same manner as it affects basic GPS.

7.4.3
GEO Satellite Coverage

The signal from a satellite cannot be tracked reliably if the satellite is very low, i.e. less than 5° on the horizon.  Because the GEO satellites are situated over the equator, there are areas of Canada, primarily in the north, where the signal is unusable.  In these regions, WAAS services will not be available.

8.
List of Other SBAS Services

SBAS stands for “Space-Based Augmentation System”, and is a generic term that refers to any system to enhance the performance of GPS in which messages are transmitted from the ground to a geostationary satellite, and then to users’ receivers. The term “SBAS” is typically used in international forums.
EGNOS

EGNOS (European Geostationary Navigation Overlay Service) is the European equivalent of WAAS.

MSAS

MSAS (Multi-functional Transport Satellite (MTSAT) Satellite-Based Augmentation System) is being commissioned in Japan and is virtually identical to WAAS.

GAGAN

GAGAN (GPS and GEO Augmented Navigation) is an SBAS being developed by India.

Galileo
Galileo, while not strictly speaking, an SBAS, is a system being developed by a consortium of European states.  It will use its own satellite constellation that in effect combines the functions of GPS and WAAS. 
9.
 Global Navigation Satellite System (GNSS) Services

9.1
GNSS components

GNSS is defined as the constellation of navigation satellites and any ground or space-based components that monitor the satellite signals and provide integrity and/or correction messages.  Thus, GNSS may include GPS and WAAS.

9.2
Phases of Flight Supported by GNSS

En route

GNSS may be used for en route flight.  Lateral guidance is provided to the pilot.

Both GPS and WAAS avionics are approved for en route navigation.

Terminal

Navigation in the terminal area (instrument departures and arrivals) is supported by GNSS.  Lateral guidance is provided.

Both GPS and WAAS avionics are approved for terminal navigation.

NPA (LNAV)

Non-precision approach (NPA) is defined as an approach with lateral guidance only.  When GNSS is used for navigation, this is referred to as a lateral navigation (LNAV) operation.

Non-GNSS equivalents include NDB and VOR approaches.

GPS and WAAS avionics may be used for LNAV approaches.  It is not necessary for the avionics to be receiving WAAS correction messages for LNAV to be supported.

LNAV/VNAV

LNAV/VNAV refers to an LNAV approach with vertical guidance.  This type of approach may be flown with a GPS receiver and barometric vertical navigation (baro-VNAV), in which GPS and the signal from an altimeter are used to provide lateral and vertical guidance, respectively.  Thus the aircraft is flown along a three-dimensional path through space, like that of an ILS.  This provides a significant safety benefit, and lowers pilot workload.  This implementation is typically found only on airline and higher-end commercial or business aircraft.

LNAV/VNAV approaches may also be flown using WAAS avionics, in which the WAAS-corrected GPS position is used to generate both the lateral and vertical guidance.  WAAS makes vertical guidance available to pilots of all aircraft at a low cost.

For vertical guidance to be provided by WAAS, the avionics must be receiving and processing both the WAAS integrity and correction messages.

LPV

LPV stands for “Localizer Performance with Vertical Guidance”, and describes a three-dimensional approach in which the guidance is provided solely by WAAS.

LPV approaches take advantage of the high accuracy of WAAS, and may have Decision Height (DH) minima almost as low as an ILS approach. The Current LPV minimum DH is 250 feet.
WAAS avionics are required to fly LPV approaches.  The avionics must be receiving and processing both the WAAS integrity and correction messages.

9.3
Factors Determining GNSS Service Availability

Unlike an ILS, say, that is either on or off, GNSS service availability is a complex function of several different parameters.  These are explained in this section.

Alert Limits

Associated with each phase of flight supported by GNSS is a horizontal alert limit (HAL) and, where applicable, a vertical alert limit (VAL).  An alert limit represents the position accuracy requirement of the phase of flight.

The alert limits for various phases of flight are as follows:

	Phase of Flight
	HAL
	VAL

	En route
	2 NM
	N/A

	Terminal
	1 NM
	N/A

	LNAV
	0.3 NM
	N/A

	LNAV/VNAV
	0.3 NM
	50 m

	LPV
	40 m
	50 m


Protection Levels

The avionics must provide a guarantee that the probability that the position error exceeds the alert limit at any time without annunciation is less than 10-7.  This is done by computing horizontal and vertical protection levels (HPL and VPL). These represent the guaranteed position accuracy at any time.  

Navigation guidance for a particular phase of flight is defined to be available whenever the computed protection level is less than the corresponding alert limit.

Constellation Status

The status of the GPS constellation affects service availability.  When satellites are unserviceable, the protection levels increase; this reduces availability.

Ionospheric Corrections

Ionospheric corrections for at least four satellites are required for LPV and WAAS-based LNAV/VNAV approaches.  If the ionosphere is poorly modelled – because of a WAAS reference station failure, or because the aircraft is flying in an area where there are not enough reference stations to measure the ionospheric delays sufficiently – then these services will be unavailable.

GEO Satellite Coverage

The WAAS integrity messages provided by the GEO satellites are used to increase the availability of LNAV operations for aircraft equipped with WAAS avionics, as compared with those equipped only with GPS.  If the aircraft is flying in an area not in the footprint of the GEO satellites, then this availability increase will not occur.

Since no WAAS correction messages would be received in this region, LPV and WAAS-based LNAV/VNAV would not be available.

Satellite Geometry

The geometry of the satellites is reflected in the protection level calculation.  When the geometry is poor, the HPL and VPL are increased; this reduces availability of support for the desired phase of flight.

