The Effect of Global Positioning System (GPS) Satellite Geometry on the Coast Guard’s Differential GPS (DGPS) Service  (Author Lieutenant Daniel Pickles)

On 15 March 1999 the Secretary of Transportation and Commandant of the U.S. Coast Guard declared the Differential Global Positioning System (DGPS) Service fully operational.  The DGPS network began with 56 sites primarily along the coastline.  As the Coast Guard expands its system into the Nationwide DGPS, the number of sites has continued to grow, with the most recent count being 70 sites across the continental U.S., Alaska, Hawaii and Puerto Rico.  These sites not only perform the function of providing differential corrections to GPS signals, but they can also be considered GPS monitoring stations.  Recently, the information gathered from these sites, combined with reports from Coast Guard cutters and civil users, has demonstrated indications of a potentially serious problem.
The USCG Navigation Center (NAVCEN) became more concerned with the aging GPS constellation in January 2000, when the U.S. Air Force experienced two unexpected satellite failures.  These failures created a tremendous problem in comprehensive GPS coverage over the United States.  GPS users in eastern Texas and part of the lower Mississippi River Valley were unable to obtain an accurate GPS fix for periods of up to 30 minutes.  This problem persisted on a daily basis over a period of several months.  NAVCEN tracked these GPS coverage holes during the entire period, as the DGPS sites in those regions were adversely affected as well.  NAVCEN worked closely with the U.S. Air Force to investigate and resolve the problem as quickly as possible.  It was during this period that NAVCEN focused its concern in the GPS constellation geometry and its impact on DGPS users.

The simple fact that DGPS is an augmentation system to GPS presupposes the system’s dependence on GPS position accuracy.  Although DGPS makes corrections to GPS position information, it cannot correct for certain factors defined by the quality of the GPS information.  The quality factor that NAVCEN is specifically concerned with is called the Dilution of Precision, or DOP.  There are several types of DOP - Horizontal, Vertical, Position, etc, but NAVCEN focuses primarily, as does this paper, with the Horizontal DOP or HDOP. That being said, the maritime community does not use GPS in solely a two-dimensional mode.  Keeping in mind varying water heights due to tide fluctuations, GPS receivers are capable, in a 3-D mode, of determining vessel height, and vertical accuracy will have a significant impact on safe navigation where accurate depth determination is concerned.  

Many avid radionavigation users understand the concept of DOP, but for those who do not, DOP can be defined as a scaling factor for GPS position accuracy based on the geometry of the receiver’s (the user’s) location and the position of GPS satellites.  A simplified explanation is provided using the examples in Figure 1.  GPS in its simplest form provides ranging signals.  As depicted by the outermost arcs, a small amount of error is associated with each range measurement (center arc).  Figure 1(a) is an example where two ranging sources are about 90 degrees apart, and provide for a smaller area of uncertainty (shaded in yellow).  Figure 1(b) has ranging sources on opposite sides of the user.  The area of uncertainty is much larger in Figure 1(b), and therefore the quality of this fix is lower than the one in Figure 1(a).  The accuracy of the ranging sources is the same for both fixes, however because of the relative position or geometry of the sources as seen by the user, the quality of the position information is drastically different.  Typically an HDOP value lies between 1 and 2.  Many GPS receivers alarm when the HDOP goes above a certain threshold, typically between 4 and 6.  This warning is provided because HDOP can be directly correlated to Position Error.
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(a) Good Range Fix                                          (b) Poor Range Fix

Figure 1.  


There are basically three situations in which a high HDOP event occurs:   

(1) Satellite Alone:  A satellite failure or planned outage,

(2) Receiver Alone:  A receiver failure or an obstruction near the receiver (either physical or electromagnetic) that blocks the signal of a critical satellite or 

(3) Geometry:  The relative position of the receiver and the available satellites in view causes poor geometry 

The January 2000 incident clearly falls under the first category.  The cause of the problem was the untimely failure of two satellites at the same time.  The resulting impact of this situation was also readily apparent to the GPS users who were unable to obtain an accurate GPS fix in the affected regions.  In general, if users depend on a particular satellite to improve the quality of their GPS fix, and that satellite for any reason is not available, the HDOP value will increase.  Events of this type can occur either when a satellite fails, or when it is taken off-line temporarily by the U.S. Air Force for routine maintenance.  An important fact to note here is that the HDOP may only increase a small amount, and a satellite’s absence may have little to no effect on the quality of the GPS position.  During some instances however, the HDOP increase is large enough that it renders the GPS position unreliable or unusable.    


The second high HDOP scenario is also conceptually straightforward.  Obviously receiver equipment failure can prevent users from obtaining a GPS fix, but of equal importance is the receiver and antenna configuration.  Keeping in mind that the important factor in determining HDOP is the relative position between the user and the GPS satellites, a particular user, based on that person’s location on earth or nearby surroundings, can block the receiver’s view of one or more satellites.  As the number of available satellites decreases, the user begins to jeopardize the quality of the GPS position.  At a minimum, to obtain a three-dimensional GPS fix, four satellites need to be in the receiver’s view.  Even though four or more operational satellites may be above the horizon that does not guarantee a user is actually receiving the signals from all the visible satellites.  Users who block satellites from their own view can inadvertently impose an HDOP problem on themselves.

If a high HDOP problem is not due to (1) a known problem with a particular satellite, or (2) the user’s receiver or receiver “view”, then the only remaining cause is situation (3), satellite geometry itself.  Without getting into specific details regarding satellite orbits and planes, intuitively the relative positions of the satellites cannot be optimized for every location on earth at all times.  Due to this fact, the GPS constellation is operated by the U.S. Air Force with the objective to maximize optimization for overall global coverage.  

Under normal conditions, for any given location on the earth, as one key satellite moves out of view, another satellite will move into view and take its place providing the necessary geometry to provide high quality position information.  For a variety of reasons, this does not always happen.  In some cases a setting satellite leaves the user’s view before another satellite rises.  This creates a poor geometry situation where uncharacteristically high HDOP values may occur until a new satellite comes into view to restore a balanced geometry.  Theoretically under benign conditions, these HDOP “spikes” (Figure 2) only affect a small area and last only a few minutes at any given time.  In reality, these areas can sometimes be better visualized as HDOP “holes” that can cover up to thousands of square miles and last 15 minutes or more in duration.  Operational DGPS data indicate HDOP holes are a fairly regular occurrence even with a full (24+ satellite) constellation.  
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Figure 2.

Plot of an HDOP “spike” (solid line) as evaluated at Mobile Point, AL DGPS Site on 12/4/00

To help visualize these HDOP holes, Figure 3 shows an HDOP plot for the January, 2000 event, as generated by the GPS Support Center in Colorado Springs, CO.  The red and black regions represent the area impacted the greatest.  If one considered the varying HDOP values over this plot (and the world in general) as “Navigational Weather”, the picture may crystallize more easily.  As the satellites move in their orbits, the HDOP values change and holes appear and dissolve.  For example, when the Air Force takes a satellite off-line for routine maintenance, depending on the satellite and the time of day, NAVCEN DGPS watchstanders can sometimes follow the track of the HDOP hole as the DGPS sites become unusable one at a time.  The effect is much like watching a cloud, or a weather front move across the country.  As the bad satellite moves out of range and a good satellite moves into view, the HDOP returns to its nominal range, position error alarms clear, and DGPS sites come back on-line after the weather has “cleared”.  This of course would be one of the rare cases in which NAVCEN can directly attribute problems with the DGPS system to the status of the GPS constellation.  In most cases the problem is much more difficult to identify.  
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Figure 3.

Map of Maximum HDOP over U.S. for 01/28/00


Rarely does a reported or observed HDOP problem fall directly into one of the three general categories described previously.  In most cases it is a combination of the three factors, which makes evaluating the HDOP issue particularly challenging.  Many of the problems observed or reported to NAVCEN are situational and anecdotal.  Like trying to diagnose an illness, NAVCEN only sees the symptoms of high HDOP: Position Errors, DGPS receivers slipping into GPS mode, and reports from users describing problems with either GPS or DGPS.  Isolating the problem among the many factors is often difficult, tedious and time consuming, even with the assistance of modeling tools to help rule out geometry issues.  


For many users, the concept of HDOP is mysterious and to date the problem has been virtually transparent to the vast majority of users.  Unless their GPS or DGPS unit has an HDOP alarm that is ‘enabled’, users may not know that their position is unreliable or why.  With electronic charts and integrated bridge systems, these alarms can be buried one or two levels away from the user, masking the problem completely.  In these cases symptoms vary from inconsistent position information, to a momentary alarm, a ship’s position jumping 30 to 100 meters on the electronic chart display or in some cases no indication at all.  In a real life maritime scenario this could mean the difference between being inside or outside of a channel, navigating in good water, or running aground.  


An area of the United States that has been plagued with problems is the Lake Huron and Lake Erie region of the Great Lakes.  Starting with the incident in January 2000, numerous reports have been generated by mariners in that area.  During some periods, vessels would consistently lose DGPS capability at nearly the same time every day.  After reviewing NAVCEN’s operational records, we found problems with neither the GPS satellites, nor with the nearby DGPS sites.  The problem could not be attributed to a specific user equipment deficiency because the reports involved several ships, all of which were able to receive DGPS positions reliably with the exception of that one time period.  These outages persisted such that Coast Guard buoytenders would schedule a break at the time of the expected outage, and resume work 10-20 minutes later when the DGPS signal was received again.  The predictability of these outages, and the inability to identify a specific GPS or DGPS deficiency lead to the conclusion that the problem was related to satellite geometry.  

While investigating the problems in the Great Lakes region, NAVCEN developed satellite plots based on a prediction software tool called SEM.  Figure 4 is a plot similar to those generated for that analysis.  The plot shows the position of the GPS satellites in view at the DGPS site in Saginaw Bay, MI.  The period between 1000 and 1400 (local) was chosen because it corresponded with the period of time when several vessels experienced problems.  
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Figure 4.

One of the first things you notice in Figure 4 is the gaping hole in the top-most section of the plot.  This is to be expected because the highest inclination GPS satellites achieve is 55 degrees.  Also, the two satellites in the Northwest and Northeast are very low on the horizon.  If for any reason the view of these satellites were blocked, the satellite geometry would be very poor, and could result in excessively high HDOPs.  The exact causes for many of the DGPS User Outage Reports in this region were never fully identified.  Some outages could be associated with known GPS or DGPS outages, however a large number of reported problems remain unresolved.  Based on my experience with HDOP thus far, I have drawn the conclusion that the Great Lakes region is an area of “hypersensitivity”.  By the nature of its location, the inclination of the GPS planes, and the position of the satellites within those planes, the Great Lakes is a region with no margin of error in regards to satellite availability and HDOP.  In many areas, one, two or even three satellites can be removed from view with little or no impact to HDOP.  In the Great Lakes region however, between 1000 and 1400 local time, it appears that every satellite in view contributes significantly to the quality of the GPS position registered.  The geometry is so sensitive that if the user does not see every one of these key satellites, the quality of the GPS position degrades below a usable level.  Norway, Denmark and Finland have reported similar HDOP problems and are proposing that the Galileo constellation be configured in planes with 60 degrees inclination to eliminate the problem.  


These few examples are only the tip of the iceberg.  They represent documented reports that can be attributed directly to the GPS constellation.  With the complexity of integrated GPS/DGPS positioning equipment and display software, a majority of problems either go unnoticed, or are not reported because the source of the problem could not be identified.  If GPS has demonstrated anything thus far, it has demonstrated symmetry.  As the U.S. was experiencing HDOP problems in January 2000, Australia experienced the exact same problems with a 12 hour offset.  If that symmetry holds true, there are most likely other areas of “hypersensitivity” worldwide that have not yet been discovered or reported.  As GPS use grows, and user education continues, more and more reports can be expected to surface from all parts of the world.    


As the Navigation Center struggles to gain a better understanding of the impacts of GPS on its augmentation systems, GPS use continues to explode in the civil community.  Everyday, manufacturers are developing new applications for GPS and new electronics with which to integrate GPS information.  GPS is universally being woven into the infrastructure of almost every aspect of geodetics, navigation, transportation and telecommunications.  Currently GPS is performing within its design specifications, however the original philosophy of maintaining GPS solely for the DoD warfighter, and necessitating coverage only over theatres of war, is no longer valid.  GPS is quickly developing into a global foundation requiring true global coverage, and a higher level of operational availability.    


Even without looking too far into the future, current applications already indicate the need for a more robust GPS constellation.  Container vessels are using DGPS as its primary means to navigate narrow channels.  Loss of GPS in those situations would threaten safety and could lead to a vessel going aground with potentially enormous environmental impacts, property damage and loss of life.  In addition, many vessels, including the newest Coast Guard buoytenders are beginning to integrate DGPS with autopilot and station-keeping capabilities.  Loss of GPS position information, or worse yet, a poor quality GPS fix, could cause the vessel to initiate unsafe maneuvering commands based on bad information.  Of course these are both maritime scenarios, however equally life-threatening situations can also be extrapolated into terrestrial and aviation applications.  

In short, NAVCEN has observed several serious indications that GPS, as it currently operates, has possibly severe limitations.  Hence every augmentation system and system that depends on GPS will also have GPS founded limitations.  Applications that depend on higher accuracies or are involved in safety of life activities are extremely vulnerable to a loss of a key satellite from view or a satellite outage.  Due to the expanding GPS user base the number of people affected by GPS is increasing dramatically, and this pattern of dependency will dangerously propagate into situations where life and death determinations will directly depend on GPS satellite availability and geometry.  At present, very few people have identified the critical relationship between GPS limitations and the full extent of its global impact once GPS information is embedded into the world’s communication, timing and transportation infrastructure.

 
As seen with any foundational infrastructure, loss of that service has a severe and direct impact on the entire community.  This is true of power, transportation systems, telephone service, and now GPS as well.  GPS is the de facto worldwide timing, navigation and positioning utility.  Imagine the commercial impact if the entire U.S. lost power for 30 minutes a day.  Similarly, if GPS had an availability of 98% that equates to 30 minutes of off-air a day.  Even if the unusable periods for GPS were significantly less and the regions smaller, with the unusable periods in random places and at random times the GPS service loses a significant amount of credibility.  Granted, for the most part satellite positions can be predicted and HDOP values calculated, but disseminating that information on a global scale is overwhelming, impractical and most likely impossible.  Now that GPS is cornerstone of several safety of life applications, the HDOP issue must be addressed.   

Periodically, GPS satellites must be taken off-line for maintenance, and occasionally satellites will fail.  Given the current technological trend, the civilian availability and continuity requirements are becoming more and more stringent, far exceeding the original military requirements.  The situation is quickly becoming complicated with no obvious or immediate solution in sight.  It is imperative that both the service providers and service users gain awareness of system limitations, and the possible repercussions for not taking the appropriate precautions to account for those limitations.  As the operators of a critical GPS augmentation service, NAVCEN benefits from the unique position as both a GPS user and a DGPS service provider.  NAVCEN has witnessed the birth and growth of the GPS service and eagerly looks forward to the endless possibilities of future applications.  We proceed with caution though, recognizing that the shift in focus from a military tactical positioning system to a civilian resource not only creates an endless number of opportunities, but almost an equal number of concerns.  In the end, there is no doubt that this shift can be made safely, with only positive impacts on both the military and civilian GPS users.  That safe and positive transition will only occur however, if all parties recognize current GPS limitations and immediately initiate the necessary steps to mitigate them. 
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