GPS Questions (by Jim Farmer) and Answers (by Jack Yeazel)

Q: Satellites? How many?

A: 24 active and a few for spares.  They circle the earth exactly twice a day (less about four minutes due the earth's rotation about the sun) at 11,000 miles altitude.  The orbits are spaced 60° apart in longitude inclined at 55 Deg. to the equator with four Sats per orbital plane.

Q: Who pays?

A: DOD –funded by congress.

Q: Why was it built?

A: For a WORLD-WIDE military navigation system.  NAVISTAR and OMEGA (VLF Freq.) preceded it.  However, the military ’allows’ anyone in the world to use GPS free of charge.  The Russians have GLONASS, and the Europeans plan a system similar to GPS called GALILEO, because the Europeans greatly distrust an American MILITARY navigation system.  They think their system will be ’better’, but GPS is being upgraded constantly.

Q: Noise in the signals? 

A: Yes, the signal is very weak, down in the noise, typically -130dbm.

Q: Why was there Selective Availability?

A: To deny accurate positioning to our adversaries.  The signals were ’dithered’ to increase the error up to 100 meters, 95% of the time except for military receivers that were supplied the secret correction data.

Q: Why was SA turned off?

A: Pres. Clinton directed that it be turned off at 12:04am EDT May 2, 2000 after the DOD developed a system to deny the resulting 15m accuracy in areas of conflict.  

Q: Will GPS be turned off?

A: It has never been turned off, and the US Govt. has promised that it never will be.

Q: What are the  frequencies?

A: The GPS carrier frequencies are: L1=1575.42 MHz and L2=1227.6 MHz in the L band.  Hand-held units use only the L1 Freq.  The signal is spread spectrum and can have 37 individual PRN (Pseudo Random Noise) codes -one for each satellite.  Three codes are reserved for ’fake’ satellites on the ground to guide aircraft to landings.

Dual Freq. receivers are used for surveying, because they can calculate the ionospheric delays (the largest GPS error) themselves without having to receive outside corrections (like WAAS).  These run from $4,000 to $40,000.  They have 'centimeter' accuracy and can detect continental drift.  The reason they are so expensive is that they must track the carrier sine wave -not just the PRN code sine wave, as in hand-helds.  In addition they must have a stored Precise-code for each satellite, which is so long (423,360,000,000,000,000,000 bits), it repeats only once a week.

Q: How does GPS work?

A: Basically by ranging (calculating the distance from each satellite to the receiver by tracking the PRN codes modulated by the GPS navigation message).  This also requires a knowledge of the mathematical shape of the earth (datum) and the geodetic deviations from this equation. (GPS uses the WGS-84 datum).  The deviations from the datum are stored in a lookup table in the receiver to give the correct altitude (above mean sea level). 

It's interesting that in the US, we use the NAD-83 datum (North America Datum-1983).  This is because North America is actually DRIFTING with respect to the GPS's World Geodetic System-1984 datum, and all surveys would need to be periodically UPDATED due to continental drift.  NAD-83 assumes that the North American Continent IS NOT drifting.  However, California (as usual) has a different datum due to its ’sliding into the ocean.’

The "Geoid" (mean sea level) is the surface of the earth that the ocean waters would assume, if there were "tunnels" under the land to allow them to flow freely.  The 'undulations' are caused by mass anomalies of the earth -which are well known from tracking satellites for decades.  In the US, NAVD-88 is used for the vertical datum.  The earth center of the NAD-83 datum differers from the WGS-84 datum by about 2 meters –detectable by hand-held receivers with long-term averaging.  Also there is a magnetic variation lookup table stored in the units to give magnetic directions (instead of true directions) -if one wants them.  This lookup table must be revised every few years.

Q: How is the range to the satellite measured?

A: Each GPS receiver has stored in it, the C-code (Coarse code) for all possible 34 satellites.  The receiver ’slides’ its own code along until it matches the incoming code for each received satellite.  The ’slide’ represents the time-of-travel, and thus the distance.  

The C/A-code is repeated 1,000 times a second.  For good accuracy, a receiver’s internal clock can’t drift more then a few nanoseconds during this time, but a ’cheap’ digital watch’s accuracy would be good enough.

When the receiver matches any C/A-code, its clock is roughly synced with the satellite clock.  Once three satellites are locked on, the receiver refines the clock sync by minimizing the 2D area of position ambiguity by further adjusting its clock.  If a fourth satellite is synced, 3D altitude can be determined by reducing the ’volume’ of ambiguity.  As many as 12 satellites can be tracked, giving even better accuracy.

The receiver must be closely synced to the satellites clock, because the satellite tells the receiver what time the C-code was started.  To obtain 1-meter accuracy, the GPS clock must be within 3 nanoseconds of the satellite clock.

Q: Does this insure 1-meter accuracy?

A: No, there are significant errors in the signal’s time delay as it passes through the ionosphere (depending on the position of the sun.)  

Q: How is this corrected?

A: One way is to broadcast an ionospheric delay ’model’ for the receiver to use.  Another way is for a ground reference station to measure all the errors of all the satellites in view, and broadcast corrections to the receiver (if within about 200 miles).  Thus DGPS (Differential GPS) was developed to broadcast the corrections from low-frequency marine beacon transmitters, requiring an external low-frequency receiver –not handy for hand-helds!

Q: What are WAAS corrections?

A: “Wide Area Augmentation System” (developed by the FAA) are GPS ranging corrections measured at 20 some-odd reference stations in the US, and then transmitted to geo-stationary (TV) satellites.  These corrections (for all the GPS satellites in view) are re-transmitted to hand-held receivers (interpolated to points on a grid) on the SAME L1 Freq. as GPS.  These corrections have reduced hand-held errors to 3m without any increase in hardware.  With some averaging, it's not hard for hand-held GPS receivers to determine a position to within 1m.

Q: How does the receiver know where the satellites ARE?

A: Each satellite broadcasts the rough almanac of orbital elements for ALL the satellites.  This tells the receivers which satellites are above the horizon and are ’worth looking for’ at startup.  Almanacs are good for about six months.

There are monitoring stations worldwide to measure the precise orbital elements (called ephemeris), clock errors, and other errors of all the satellites, which are uploaded to them constantly.  Each satellite broadcasts its own ephemeris elements every 30 seconds.  This is the starting point from which range measurements are made.  B  These ephemeris are only valid for about an hour.  If a unit has been off longer than about a half hour, it will do a ’cold’ start instead of a ’warm’ start, which is quicker. 
Q: Are there GPS limitations?

A: Yes, many.  For a GPS to lock onto a satellite, it must receive 30 seconds of error-free data.  Thus anything that might come between the receiver and the satellites will prevent lock-on, like “flickering” of the signal while moving under trees.  The best bet is to go to a place with  an open view of the sky and STAND STILL.  Tree cover and buildings will cause multipath errors.  Interference from your car cell phone and transmitting towers will degrade sensitivity.  

Maps are another factor.  Those derived from the Census Bureau TIGER maps are notoriously inaccurate.  The latest from NavTeq and TeleAtlas are the best.  For fast uploading of maps, a USB 1.1 connection is needed.  Hand-held units incorporating USB jacks we have reviewed are the Garmin GPSmap 76C(S), Legend/Vista-C, 60C(S), and the Magellan eXplorist.  Some newer units are coming out with MP3 and use USB 2.0.

Q: Accuracy?

A: Magellan’s Automatic Position Averaging will come close to providing 1-meter accuracy after about 30 minutes of standing still (in the clear).  

GPS History

The first GPS satellite was launched on Feb. 22, 1978 and the first full 24-satellite constellation was completed on March 9, 1994.  In 1997 Joe Mehaffey and Jack Yeazel created a web page (gpsinformation.net) to review the early Garmin and Magellan GPS units and also the first GPS maps, Chicago Map and Delorme’s Street Atlas maps -mainly because they had trouble remembering how to operate the different systems!   The first GPS Street Atlas map cost Joe a whopping $500.  
GPS Time and Leap Seconds
Week zero of the GPS clock began at midnight on Sunday, January 6, 1980 at 00:00:00 UTC.  At this time, GPS time was the same as UTC time, but differs now by 13 seconds.  The satellites broadcast the number of leap seconds, so that the time displayed on the GPS unit is correct.  The GPS week rolls over to zero after 1024 weeks.

GPS had its own Y2K Problem

Week zero rollover occurred on August 21, 1999 at 23:59:47 UTC (00:00:00 GPS time).  UTC differs from GPS time due to the leap seconds added since 1980.  The internal atomic clocks are adjusted to astronomical time, not “earth time”.  Some GPS units did not ’survive’ the week rollover, but all of the Garmin and Magellan units apparently did.

Earth Time

The master clock pulses used by the WWV, WWVH, WWVB, GOES, ACTS, and Network Time Service (NTS) time code transmissions are referenced to the UTC (NIST) time scale. Occasionally, 1 second is added to the UTC time scale.  This second is called a leap second.  Its purpose is to keep the UTC time scale within ±0.9 second of the UT1 astronomical time scale, which changes slightly due to variations in the rotation of the Earth.

Note: A positive leap second will be introduced at the end of December 2005.

The first leap second was inserted into the UTC time scale on June 30, 1972. Leap seconds are used to keep the difference between UT1 and UTC to within ±0.9 s.  Leap seconds are either added or subtracted on 30 June or 31 Dec.  GPS time agrees with UT1 to within a few nanoseconds and is used world wide to synchronize networks over long distances, including the Internet.

