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1.0 Introduction



The use of the Global Positioning System (GPS) for spacecraft navigation has had a tremendous impact on the international space community.  Prior to its establishment, the tracking of Earth orbiting satellites required extensive ground networks of tracking stations or expensive relay satellites and large teams of support personnel.  Consequently, the use of space for remote sensing and communications was solely the domain of large government space programs.  The high accuracy, low cost satellite navigation provided by the GPS, however, has enabled nascent civil programs and commercial organizations to also undertake such endeavors.  Now, space programs large and small are reaping the benefits of GPS in space.  Its use has become so pervasive, the GPS has become an integral component of the international space operations infrastructure.



The fundamental space-to-space application of GPS is the navigation of satellites.  As the receiver technology evolves, GPS will also be used for attitude determination and control and precise time synchronization.  These vital spacecraft functions will be consolidated into a single guidance, navigation, and control (GN&C) device that when coupled with expert system software will enable autonomous satellite operations.  This will further lower space operations costs as well as improve navigation performance.



An important space-to-space application of GPS in space is in high accuracy orbit determination for remote sensing spacecraft. Accurate knowledge of the spacecraft position and velocity is combined with data obtained from high precision science instruments to study the Earth system. For example, satellites bearing radar altimeters and GPS receivers are being used to map the ocean surface.  These highly detailed ocean topography maps are currently being used to study phenomena such as El Niño and the rise in the mean sea level.



The use of the GPS for spacecraft navigation has enabled the development of numerous scientific and commercial applications that will yield great benefit to the global society. The purpose of this document is to provide an overview of these applications. 



2.0  GPS-Based Spacecraft Navigation



Spacecraft navigation is the determination of a satellite’s position and velocity as a function of time.  The position and velocity of the satellite at any instant defines important orbit parameters such as perigee and apogee height, inclination, and time of perigee passage. Given an accurate determination of satellite’s orbit, one can predict where it will be in the future, as well as specify where it has been in the past.  



Two types of navigation modes are used for spacecraft: real time and post-processed.  Real time navigation implies that the position and velocity of the satellite is desired at the current time, while post-process navigation implies that it is desired at some time in the past.  Real time navigation is important for scheduling communications between ground stations and spacecraft for command and control and for data telemetery.  It is also used for scheduling instrument viewing tasks and for planning orbit maintenance maneuvers.  Post-process navigation is used in high precision science applications in which very accurate knowledge of the satellite orbit is needed.  In such applications, the orbit information is used to precisely correlate remote sensing data with its geographic location on the land and ocean surfaces or in the atmosphere.



The GPS is particularly suited for navigation in space.  Ground-based tracking of spacecraft with lasers or doppler ranging is characterized by gaps in coverage due to non-global site distribution, operator scheduling, and bad weather.  The use of geostationary relay satellites can provide global coverage, but the achievable orbit accuracy is relatively low and the operations costs are high.  With the GPS tracking of spacecraft, one can obtain global, continuous, all-weather coverage with high accuracy and low cost.



The general principal of GPS-based satellite navigation is the same as that used for land, air, and sea navigation.  With pseudoranges to four or more GPS satellites, the position of the receiver and its clock error with respect to GPS time can be computed in a manner that is conceptually similar to the process of triangulation.  The clock error is an important by-product of the position solution as it allows the receiver clock to be synchronized with GPS time, which is effectively atomic time.  From the doppler shift on the pseudoranges, the receiver velocity can also be computed.  The fundamental output of a GPS space receiver is therefore position, velocity, and time.



The level of position accuracy that can be obtained in real time directly from a typical spaceborne GPS receiver is about 100 m. For real time applications where higher orbit accuracy is required, the GPS pseudoranges can be processed in a Kalman filter.  The dynamic model of the satellite motion in the filter smoothes through the effects of measurement errors to some extent, allowing real time orbit accuracies in the 20 m range to be attained.  With improvements in the satellite force and measurement models, it is expected that 1 m real time orbit determination will soon be achieved.



For post-process navigation applications where high accuracy orbit determination is needed, it is necessary to filter the GPS carrier phase, which has a lower noise level than the pseudorange.  Both the L1 and L2 carriers need to be tracked to eliminate the effect of ionosphere delay on the GPS ranges.  Ionosphere delay can cause range errors from tens of centimeters to tens of meters depending upon the level of solar and geomagnetic activity.  Since the ionosphere delay on radio ranges is proportional to the frequency of the carrier, a proper linear combination of the L1 and L2 measurements can be used to eliminate its effect.



The dual frequency carrier phase data are post-processed in an orbit determination filter employing precise satellite force and measurement models.  This technique is known as precise orbit determination (POD).  The accuracy of the force and measurement models used in POD is significantly better than that associated with the real time Kalman filter because more computer memory and processing time are available in a post-processing mode.  This allows one to employ very precise models of the gravitational, atmospheric drag, and solar, terrestrial, and thermal radiation pressure forces acting on the satellite.  The GPS data are optimally combined with the model of the satellite’s motion to yield a position and velocity solution which is much better than that which can be obtained from either alone.  In this manner, POD allows one to surpass the orbit accuracy associated with real time navigation.



It is important to note that GPS is not only being used for spacecraft navigation, it is also being used for spacecraft attitude determination and time synchronization.  Moreover, it is also being planned for use on launch vehicles for range safety operations and for guidance and control. The current and planned GN&C functions provided by GPS to spacecraft and launch vehicles are summarized in Table 1.



Table 1.  GPS-based GN&C Functions for Spacecraft and Launch Vehicles



Function�Purpose��orbit determination�obtain spacecraft position and velocity for ground station communications planning, task scheduling, view period prediction, maneuver planning, and formation flight��attitude determination�obtain spacecraft orientation for instrument and vehicle pointing; can be used in conjunction with higher precision systems such as star trackers or gyros; can also be used as part of an attitude control system��timing�obtain precise time for synchronization of spacecraft payloads and control systems and for coordination of observations with other platforms��launch vehicle range safety�obtain launch vehicle position and velocity for range safety operations��launch vehicle guidance�obtain reusable launch vehicle position and velocity for used in automated guidance system��

Attitude determination is important for controlling the orientation of a spacecraft.  For example, it may be desired to point a spot beam for Mobile Satellite System (MSS) communications on the Earth. Knowledge of the initial and final vehicle orientation is needed to guide the antenna into place.  Such attitude sensing is currently done with low cost sensors such as horizon and sun sensors or high cost sensors such star trackers and gyroscopes.  In the near future, it will also be accomplished with GPS.



In GPS-based attitude determination, four receiver antennas are employed.  The four antennas are typically arranged in plane and are separated by a few meters.  The relative carrier phases measured between the master antenna and the other three are used to determine the spacecraft orientation.  Only three GPS satellites are needed for an attitude solution because the receiver clock error is common to all four antennas and its effect cancels out in the relative carrier phase measurements.  Moreover, since the geometric offsets between the four antennas are measured and are thus known in advance, only two GPS satellites are needed for attitude determination. For most space applications of GPS, there are always at least four GPS satellites visible for the real time position and time solution, so the attitude solution is very robust.  Current accuracies achieved with GPS-based attitude determination are in the 0.5 degree range, which is well below that which can be achieved with the other attitude sensing devices listed above.  With near term improvements in space receiver design, however, it is expected that this level of accuracy will be substantially improved.



Precise time synchronization onboard a spacecraft is becoming increasingly important.  For most spacecraft, quartz oscillators are used for timing.  Quartz oscillators, however, tend to be unstable and drift rapidly with respect to true time and therefore can not be used in applications in which microsecond timing or better is needed.  On the other hand, using atomic clocks in space is very expensive, particularly when the need for redundancy is considered.  With GPS, timing can be provided for distribution to spacecraft payloads and control systems with an accuracy and stability comparable to that of an atomic clock.  In remote sensing applications, such precise timing may be needed to ensure that the time tags of two different instruments are synchronized at the level of a few microseconds.  In Time Division Multiple Access (TDMA) communications, it is necessary to keep accurate time at the level of a few milliseconds to synchronize transmissions.



GPS is also being used on launch vehicles.  Currently, it is being used on sounding rockets for position and velocity determination in support of science investigations.  Soon, GPS will be used for launch vehicle range safety operations, replacing aging and expensive radar equipment.  It will also be used as an essential component in a GN&C package for reusable launch vehicles. GPS will be used for navigation in all phases of flight: ascent, orbit, descent, and landing.



Clearly, GPS can provide several important functions for spacecraft.  As GPS space receiver technology evolves, the navigation, attitude, and time functions are being consolidated into a single GN&C device.  This will be very beneficial to civil and commercial space operations because it will lower the cost of spacecraft design and development.  Several separate GN&C devices will be replaced by a single device, resulting in reductions in spacecraft power and mass.  With the addition of expert system flight software, a GPS GN&C receiver will enable the development of autonomous space operations.



3.0  GPS Space Receivers



There are three basic types of GPS receivers for use in space: the single frequency L1 C/A-code receiver, the dual frequency P(Y)-code receiver, and the dual frequency L1/L2 codeless receiver.  These receivers are similar to their terrestrial counterparts, with some modifications.  Since space receivers orbit with velocities in the range of 7 km/sec, the doppler shifts on the transmitted GPS signals are larger and transition more rapidly than those encountered in terrestrial applications.  Space receivers must also withstand higher temperature extremes and higher radiation exposures than terrestrial receivers, so they may need additional shielding. A summary of the currently available GPS space receivers, as well as those in development, is given in Table 2.





Table 2.  Spaceborne GPS Receivers



Receiver�Status�Manufacturer(s)�Type��Viceroy�Available�Motorola�Single frequency C/A-code��Monarch�Available�Motorola�Dual frequency P(Y)-code��Mini PLUGR�Available�Rockwell/Collins�Single frequency C/A-code��MAGR/S�Available�Rockwell/Collins�Dual frequency P(Y)-code��Tensor�Available�Space Systems/Loral�Single frequency C/A-code��Turbostar�Available�Allan Osborne Associates�Dual frequency P-code/codeless��TANS Vector�Available�Trimble�Single frequency C/A-code��Bit-Grabber�Available�NASA JPL�Single frequency C/A-code��SIGI�Development�NASA JPL�Single frequency C/A-code��PiVoT�Development�NASA GSFC�Single frequency C/A-code��GPS on a Chip�Development�JPL/GSFC/Stanford�Dual frequency P-code/codeless��Surrey GPS�Development�Surrey Satellite Technology�Single frequency C/A-code��NPOESS�Development�Saab/Ericsson�Dual frequency P-code/codeless��

The single frequency C/A-code receiver is used in navigation applications in which low to medium orbit accuracy (10-100 m) is required.  For example, in many space missions, only coarse knowledge of the spacecraft position and velocity is needed to plan ground station communications, schedule spacecraft tasks, predict instrument view periods, and plan maneuvers. Single frequency C/A-code receivers make up the majority of GPS receivers currently in space. 



The dual frequency codeless receiver is used in civilian navigation applications in which high orbit accuracy is required.  In such cases, the carrier phase is used as the observable in the post-processing orbit determination scheme rather than the pseudorange.  Codeless receivers employ cross-correlation techniques to track the carrier phase on the L2 signal.  This results in a slight increase in measurement noise on the L2 carrier phase measurement, but it provides the dual frequency tracking needed to remove the effects of ionosphere delay on the transmitted GPS signals.



4.0 Space-to-Space Applications of GPS



Spaceborne GPS receivers can encompass a wide range of orbital altitudes.  The vast majority will be used for navigation in Low Earth Orbit (LEO), which generally refers to satellite orbits with altitudes of a few thousand km down to around 200 km, which is roughly the operational altitude of the U.S. Space Shuttle (Shuttle) and the International Space Station (ISS).  Below 200 km, the drag effects of the atmosphere are too large to make such orbits useful.  Of course, launch vehicles employing GPS for GN&C will operate in altitudes from LEO down to the ground.



Geostationary orbit (GSO) is the orbit used for conventional communication satellites. GSO is an equatorial orbit with an altitude of about 36,000 km, which is well above the GPS constellation altitude of 20,000 km.  GPS has been tested on a GSO satellite for orbit determination, and eventually it will be used for navigation in Geostationary Transfer Orbit (GTO), in orbit insertion, and in automated station keeping while in GSO.  



Highly elliptical orbit (HEO) is an orbit that has a very low perigee (few hundreds of km) and very high apogee (few tens of thousands of km). At apogee, the satellite moves the slowest, so having a very high apogee over a particular geographic latitude provides a quasi-stationary orbit for communication applications.  This is important for high latitudes where the coverage of conventional equatorial GSO communications satellites is poor. An example of a HEO is the Molniya orbits used by the Russian Federation for its telecommunications.



4.1  Human Exploration of Space



The most critical GN&C application of GPS will be in the human exploration of space.  Spaceborne GPS will provide all the navigation functions for the Shuttle, the ISS, and the Emergency Crew Return Vehicle (ECRV).  Consequently, the reliability and integrity of the GPS signals has grave safety-of-life implications. 



The Shuttle will utilize GPS for its primary navigation sensor beginning in 1999.  Currently, doppler ranging is used for LEO navigation and TACAN navigation is used when the Shuttle is within 300 km of its landing site.  Using GPS on the Shuttle will greatly improve its real time navigation accuracy and will also lead to significant cost savings.



The ISS will use GPS for navigation, orbit maintenance, precise time and attitude determination.  After validation of GPS on the Shuttle, use of GPS on the ISS is expected to begin in 2000. The ISS ECRV will also use GPS for navigation should the ISS crew need to evacuate.



4.2  Weather



The next generation of U.S. and European weather satellites will use GPS for navigation and for providing atmospheric occultation measurements.  The European Meteorological Operational (METOP) and U.S. National Polar Orbiting Environmental Satellite System (NPOESS) will each carry two Saab/Ericsson GPS receivers.  One will be used for navigation and for POD, while the other will be used as an atmospheric occultation sensor.



Atmospheric occultation employs the use of sideways-looking GPS receivers mounted on spacecraft to track low elevation satellites whose signals pass through the layers of the Earth’s atmosphere.  Such signals are severely distorted by electrons in the ionosphere and water vapor in the troposphere.  The resulting range errors are too large for these data to be used in the orbit determination solution.  In atmospheric occultation, however, one can deduce from the distortion the pressure, temperature, total electron and water vapor content along the signal ray path.  One can also deduce boundary layer and tropopause heights, as well as stratospheric wind fields.  With a constellation of occultation satellites tracking multiple GPS satellites, global, high accuracy profiles of the atmosphere can be obtained for infusion into weather models, providing near-real time forecasting of the world’s weather.







4.3  Science



For science spacecraft, GPS is used both for real time navigation and for POD.  It is the latter that is most important for it provides the orbit accuracy needed for the most stringent remote sensing applications.  Science applications which will use GPS for POD are summarized in Table 3.



	Table 3.  Science Applications of GPS-Based POD



Science�Application��Radar Altimetery�mapping the ocean surface for the monitoring of tides, currents, eddies, and the rise in mean sea level��Laser Altimetery�mapping the polar ice cap for evidence of melting due to global warming��Synthetic Aperture Radar�mapping the land and ocean surface with very high resolution��Atmospheric Occultation�determining the temperature, pressure, electron content, and water vapor content of the Earth’s atmosphere��Spectrometery�determining the chemical composition of the Earth’s atmosphere, oceans, and soil��Ocean Bounce�measuring the sea surface topography in a manner similar to a radar altimeter��Gravity Recovery�improving the models of the Earth’s gravitational field through detailed orbit information provided by POD ��

Table 4.  Science Spacecraft using GPS for Navigation



Spacecraft�Application�Launch Year��TOPEX/Poseidon�Radar Altimetery�1992��GPS/Met�Atmospheric Occultation�1995��GFO-1�Radar Altimetery�1998��SNOE�Atmospheric Chemistry�1998��AMSAT 3D�Technology Demonstration�1998��SAC-A�Technology Demonstration�1998��Ørsted�Atmospheric Occultation, Gravity Recovery�1998��JASON�Radar Altimetery�1999��SAC-C�Technology Demonstration�1999��EOS-CHEM�Atmospheric Chemistry�1999��EO-1�Formation Flying�1999��CHAMP�Gravity Recovery, Atmospheric Occultation�1999��SUNSAT�Atmospheric Occultation, Gravity Recovery�2000��VCL�Laser Altimetery�2000��GLAS/ICESat�Laser Altimetery�2001��GRACE�Gravity Recovery, Atmospheric Occultation�2001��Gravity Probe-B�Relativity Experiment�2001��

Some science missions utilizing GPS space receivers for such applications are in listed in Table 4.  Many of the satellites will be used in the study of global change.  For example, the joint U.S./French TOPEX/Poseidon altimeter satellite is being used to study the ocean surface topography.  From its variations, one can study phenomena such as the El Niño transport of warm water in the Pacific or the rise in the mean sea level.



In satellite altimetery, the height of the spacecraft above the ocean surface is computed from the round-trip time of flight of a radar pulse emitted by the spacecraft and reflected by the ocean below.  The measured altimeter range is subtracted from the geocentric height of the spacecraft to yield the geocentric height of the ocean surface at the sub-satellite point.  As the satellite orbits the Earth and the Earth rotates below, the temporally and spatially dense ocean height measurements obtained in this manner allows one to construct topographic maps of the ocean surface. Slopes in the ocean surface are indicative of currents, tides, rings, and waves because the large scale movement of water in the ocean manifests itself as a slope in the ocean surface proportional the surface currents.  Radar altimeters can measure precise satellite-to-ocean ranges, and GPS-based POD provides the level of orbit accuracy needed to take advantage of such precision.



The U.S./French TOPEX/Poseidon mission has demonstrated with great success that satellites can be used to monitor the ocean surface topography with very high accuracy.  A contemporary example of how radar altimetery is being used for the benefit of the global society is in the tracking and monitoring of El Niño.  This phenomena is characterized by the periodic large scale transport of warm water in western Pacific, heading from west to East sometime in the November/December time frame.  The El Niño phenomenon is thought to have a period of 4-5 years and is associated with severe disruptions in weather, including heavy snow and rain in parts of the northern hemisphere and drought in the southern hemisphere.  Satellite altimetery has become an important tool in monitoring  current and predicting future El Niño events.



Another important application of radar altimetery is in the monitoring of the rise in the global mean sea level.  Recent studies have suggested that the average rate of rise of the mean sea level over the past century has been 1-3 mm/year and that the sea level by the year 2070 may be 20-70 cm higher than it is today.  Thermal expansions of the ocean and the melting of the polar ice caps are predicted consequences of global warming.  The simultaneous monitoring of the ocean and polar ice sheet surface from space provides the best method for confirming such a theory.



4.4  Commercial



Spacecraft navigation with GPS has greatly enabled the commercial development of space.  For example, GPS is currently being used for the navigation of commercial remote sensing and communication satellites.  The GPS not only provides high accuracy real time and post-processed orbit determination for such satellites, it does so at a fraction of the cost it once took to operate satellites in space.  This results from not having to support and staff a globally distributed ground network of tracking stations.



In remote sensing applications, GPS is being used both for real time navigation and for POD.  As previously discussed, real time navigation is needed for scheduling ground communications with the spacecraft or for executing maneuvers.  POD is needed to provide a high accuracy ephemeris to combine with the remote sensing data.  For example, Earth observation satellites such as IKONOS-1 and Orbview-3 will rely on GPS for POD to enhance the location of objects on the surface of the Earth.  A sample of some commercial remote sensing satellites that will use GPS for navigation and for POD are listed in Table 5.



Table 5.  Commercial Remote Sensing Satellites using GPS



Spacecraft�Company�Application�Launch Year��Orbview-1�OrbImage�Meteorology�1995��EarlyBird-1�Earthwatch�Earth observation�1997��Orbview-2�OrbImage�Ocean/land science�1997��IKONOS-1�Space Imaging EOSAT�Earth observation�1998��Orbview-3�OrbImage�Earth observation�2000��

In communications applications, GPS is being used for real time navigation and for timing.  For example, with the ORBCOMM constellation of communication satellites, GPS provides the following vital functions: precise position information for use by the geomagnetic attitude control system, precise position information for use by the Doppler ranging system, and accurate timing information used to control the TDMA transmission system. Some of the MSS constellations that are using or will use GPS for navigation and timing are listed in Table 6.



Table 6.  Commercial Communication Constellations using GPS



Company�Satellites in the Constellation�Launch Year(s)��Orbcomm�48�1995-2001��Globalstar�48�1997-1999��Teledesic�288�2000-2002��Final Analysis�32�1997-2001��

GPS is also being considered for use on GSO communication satellites. Traditionally, orbit determination for GSO satellites is performed using radio ranging and antenna angles from one or more ground stations.  The position and velocity information is used in executing orbit maneuvers needed to keep the satellite at its proper longitude.  For good accuracy, is necessary to operate ground stations that are widely separated to provide good observability of the satellite’s motion.  When such stations are separated by continental distances, the operations costs are substantial.



A recent study conducted for the European Space Agency (ESA) suggests that with GPS, one can perform orbit determination for GSO satellites which is better than that which can be achieved with the traditional method.  This would improve efficiency in the use of station-keeping fuel and therefore increase satellite lifetime.  The study also suggests that the orbit maneuvers can be carried out at a lower cost.  This results from the fact that the GPS navigation solution can be integrated directly into the spacecraft thrusting mechanism as part of a closed-loop control system, thereby yielding autonomous spacecraft navigation.  The fewer support staff needed to carry out mundane satellite command and control functions, the lower the operations costs. This is also of great interest to large civil space organizations such as NASA, ESA, and Japan’s National Space Development Agency (NASDA).



5.0  International Spacecraft Using GPS



The GPS is an international resource for space operations.  Over the next several years, there will be many international space missions that will use GPS for navigation and for atmospheric occultation.  Some these missions are listed in Table 7.



Table 7.  International Spacecraft using GPS



Spacecraft�Country��STRV-1�England��JASON-1�France��CHAMP�Germany��Ørsted�Denmark��SAC-C�Argentina��FASAT-Bravo�Chile��SUNSAT�South Africa��Radarsat�Canada��ETS-7�Japan��UoSAT-12�Singapore��TMSAT�Thailand��

Perhaps the most extensive international collaboration is given by the NPOESS/METOP satellite program discussed in Section 4.4.  The NPOESS will be joint program between NASA, NOAA, and DoD and represents the consolidation of all three agencies efforts to monitor global weather from space.  The METOP program is the European counterpart to NPOESS and is a collaborative effort between ESA and EUMETSAT.  All the satellites in these two systems will utilize navigation and occultation receivers designed and built by Saab/Ericsson. 



Another important European GPS effort is being carried out by Surrey Satellite Technology Limited (SSTL) in Surrey, England. This unique university-based organization builds ultra-small satellites called microsats.  SSTL also builds low-cost GPS receivers for microsats that is being funded by ESA.  Over the next several years, the SSTL GPS receiver will fly on satellites from the U.S., Chile, Singapore, and Thailand.



6.0  Conclusions



The GPS has become an integral and indispensable technology in civil and commercial space programs. GPS receivers are currently being used for spacecraft navigation, but soon they will also be used for attitude determination and control and for precise time synchronization.



The evolution of GPS space receivers into a multifunctional GN&C device will have a profound effect on the design, development, and operation of spacecraft in the next century.  In addition to lowering costs, it will ultimately lead to autonomous space operations.  This will be of great benefit to all organizations engaged in civil and commercial uses of space.



The utility of GPS in space has lead to a variety of scientific and commercial applications that will yield tremendous benefit to mankind.  Perhaps the most important is in the remote sensing of the Earth from space. The high accuracy orbit determination that can be achieved with GPS provides the basis for studying phenomena such as the El Niño transport of warm water in the Pacific and the rise in the mean sea level. Clearly, the GPS is an international resource that is already being used by many countries. As such, the integrity and reliability of its navigation signals must be considered in the user environment in which these receivers will operate, and in conjunction with consideration of other services operating co-frequency with these receivers.



7.0  List of Acronyms



The following list is intended to provide a quick reference for the acronyms used in this report:



	ESA - European Space Agency

	GN&C - Guidance, Navigation, and Control

	GPS - Global Positioning System

	METOP - Meteorological Operational

	MSS - Mobile Satellite System

	NASA - National Aeronautic and Space Administration

      NASDA - National Space Development Agency

	NPOESS - National Polar Orbiting Environmental Satellite System

	POD - Precise Orbit Determination

	SSTL - Surrey Satellite Technology Limited

	TDMA - Time Division Multiple Access



�PAGE  �1�





�PAGE  �1�





�PAGE  �12�










