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In order to make the best use of 
a GPS, it is important to have 
at least a basic understanding 

of the way it works. This chapter gives 
an overview of the Global Positioning 
System, describes how it operates, and 
explains how it can be used to deter-
mine a precise location anywhere on 
earth.

The idea of a Global Positioning 
System or GPS was conceived in the 
1970s by the U.S. Department of De-
fense (DoD). The original motivation 
behind the development of the system 
was the need for ballistic missile sub-
marines to accurately determine their 
position before launching missiles. 
The other positioning systems 
available at that time were lim-
ited in range, too complicated, 
affected by atmospheric condi-
tions, or subject to jamming 
and interference.

The backbone of the GPS 
system is a constellation of 24 
NAV-STAR satellites located 
in precise orbits, each approxi-
mately 10,900 miles above the 
earth. These satellites were 
launched by the DoD at a cost 
of $12 billion. Each satellite 
weights about 4,000 pounds 
and is approximately 17 feet 
long with its solar panels 
extended. The satellites orbit 
the earth every 12 hours. 
They have an estimated life of 
seven and a half years each, 
but the system will be main-
tained, and new replacement 
satellites are planned.

In addition to the 24 
GPS satellites, five ground 
stations monitor the sat-
ellites to make sure that 
they operate correctly and 
maintain their exact posi-
tion in space. The ground 
stations are located in Ha-
waii, Ascension Island, Di-
ego Garcia, Kwajalein, and 
Colorado Springs.

Each GPS satellite con-
tains a high-frequency radio 
transmitter that sends information 
back to earth. A GPS receiver locks 
on to these signals, and by a process 
known as triangulation—which will be 
discussed in more detail shortly—can 
accurately determine its location any-
where on earth. GPS operates 24 hours 
a day and in all weather conditions. This 
allows GPS to be used for precise navi-
gation on land, on water, and in the air.

Triangulation
The concepts behind the opera-

tion of the GPS are relatively simple, 
although the electronics required are 
quite sophisticated. Basically, a GPS 
receiver determines position by calcu-
lating the distance to three or more of 
the GPS satellites by a process loosely 
referred to as triangulation.

Precise Time 
Measurement

At this point, it may seem that we 
have just traded one difficult problem for 
another. While measuring the distance 
from an unknown point to a satellite in 
space may seem complex, determining 
the time it takes for a signal traveling at 
186,000 mile per second to cross that dis-
tance is obviously going to require a very 
accurate stopwatch. Even if the satellite is 
15,000 miles from the GPS receiver, it will 
take only a little more than 0.08 second 
for the signal to reach the receiver.

Time measurement this accurate is 
accomplished by having each satellite 
generate its own unique signal, which 
is also stored in the GPS receiver. The 
receiver essentially compares the internal 
signal with the one received from the sat-
ellite— which of course is delayed, since 
it has had to travel some 11,000 miles or 
more to reach the receiver. The time dif-
ference between a certain signal value in 
the internal signal and the same value in 
the delayed satellite signal is equal to the 

travel time. If we multiply this time dif-
ference by the speed of the radio wave, 
we obtain the distance.

However, we must still be sure that 
the clocks in both the satellites and the 
GPS receivers are precisely synchronized, 
since small differences in the time kept 
by these two clocks could represent hun-
dreds of miles of error in the calculated 
distances. To ensure accurate timekeep-
ing in the GPS satellites, each one is 
equipped with an atomic clock, which 
actually uses the oscillation frequency 
of a particular atom as a time reference. 
Atomic clocks are the most accurate time-
keeping mechanism known to humanity.

Unfortunately, atomic clocks are 
quite costly, and installing them in GPS 
receivers would make these receivers so 
expensive that they would be impractical. 
Few people would be able to afford them.

Instead, the GPS developers came up 
with a clever trick that allows the use of 
much less accurate (and also much less 
expensive) clocks in GPS receivers. The 
trick involves measuring the distance 
from an unknown point to a fourth sat-
ellite. Remember, three measurements 
would be enough if we could eliminate 
one of the two possible locations result-
ing from three satellite measurements.

If the clock in the GPS receiver kept 
perfect time and was perfectly synchro-
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nized with those in the GPS satellites, 
then it would be possible to determine 
an unknown location with only three 
measurements, assuming that we could 
logically eliminate the second possible 
location point. Since in reality the clock 
in the GPS receiver is imperfect, how-
ever, a fourth measurement will indicate 
a discrepancy between the location 
predicted by the first three measure-
ments and that predicted by the fourth. 
The GPS receiver is programmed to 
recognize that this discrepancy is due 
to imperfect timekeeping. Since the 
time offset in the GPS receiver affects all 
the measurements, the receiver is pro-
grammed to look for a correction factor 
that it can subtract from all four timing 
measurements so that the predicted 
locations from all of them lie at single 
point. By continually repeating this pro-
cess, the GPS receiver is able to maintain 
the accurate time needed to determine 
a specific location. The consequence 
of this timing-correction trick is that a 
GPS receiver will need to have at least 
four channels so that it can pick up the 
signals from the four satellites it needs 

to make accurate, time-corrected 
measurements.

Satellite Positions
In all the discussion above, 

we have assumed that the exact 
locations of the GPS satellites are 
known so that we can use them 
as reference points. It turns out, 
however, that perfect satellite 
orbits—like perfect timekeep-
ing—are not possible in the real 
world. Fortunately, things are not 
as bad as they seem. First of all, 
the GPS satellites are placed in 
orbit some 11,000 miles above the 
surface of the earth. This is a rela-
tively high altitude, and as a result 
the GPS satellites are free from 
any interference by the earth’s 
atmosphere. This means that their 
positions in orbit can be accurately 
predicted using relatively simple 
mathematics.

In addition, all 24 of the GPS 
satellites were launched into very 
precise orbits and spaced around 

the earth in such a way that signals 
from at least five of them can be picked 
up at any point on the globe. The last 
of the 24 GPS satellites was launched 
in March 1994. Four additional GPS 
satellites have been kept in reserve and 
can be launched to replace any satellites 
that should fail for some unexpected 
reason. All GPS receivers have the exact, 
moment-by-moment location of each 
GPS satellite stored in their memory.

Besides inserting the GPS satellites 
into precise orbits, the Department of 
Defense continually tracks these satel-
lites with very precise radar. The radar 
detects any minor variation in the sat-
ellite orbits caused by the gravitational 
pull of the sun or moon as well as any 
other factor. The errors in position are 
transmitted back up to the satellites; 
each one then includes this revised po-
sition information in the timing signals 
it broadcasts.

For example, let’s assume that we 
find ourselves at a point in space 11,000 
miles from a particular GPS satellite. This 
would mean that we could be located at 
any point on the surface of a sphere with 
a radius of 11,000 miles that is centered on 
the particular GPS satellite (see illustra-
tion). Next, suppose that we determine 
the distance from our (as-yet-unknown) 
location to a second GPS satellite and 
find that this distance is 12,000 miles. 
This implies that we are also located on 
the surface of a second sphere with a 
radius of 12,000 miles centered on 
the second satellite. Now we can 
see that we must be located some-
where on the circle that is defined 

by where the two 
spheres intersect. 
If we calculate the 
distance between 
our location and a 
third satellite and 
find that this dis-
tance is, say, 13,000 
miles, then using 
the same logic as 
before we find that 
we must be located 
on either one of the 
two points defined 
by the intersection 
of the three spheres. 
Usually one of these 
two points can be 
el iminated as  a 
possible location 
because it is unreal-
istically far from the 
earth, or for other 

reasons. However, 
we can determine 
out true location with-
out any guesswork 
by measuring the dis-
tance to a fourth GPS 
satellite. As we will 
see later, there is also 
another advantage in 
using a fourth mea-
surement.

Measuring 
Distance

All this may seem well and good—
but how do we determine the (generally 
large) distances between our unknown 
location and the GPS satellites? Rather 
than measuring these distances directly, 
which would be a challenge, a GPS re-
ceiver measures the time it takes for the 
radio signal transmitted from each satel-
lite to reach the location of the receiver. 
Since radio waves travel at the speed of 
light, which is roughly 186,000 miles per 
second, by measuring the time it takes 
for the signal from each satellite to travel 
to the receiver, the distance from the 
receiver to the satellite can be calculated 
by multiplying the travel time by the 
speed of the radio waves. We use the 
same process when we determine that an 
automobile traveling at 50 miles per hour 
for 3 hours travels 150 miles (50 miles/
hour x 3 hours = 150 miles).

If we aren’t supposed 
to eat animals, why 
are they made with 

meat?


