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From locating transit buses to timing 
traffic signals, GPS is a powerful tool 

By Jay M. Jacobsmeyer, P.E.

The global positioning system, or GPS, is a satel-
lite navigation system built by the Department 
of Defense and operated by the U.S. Air Force 

50th Space Wing at Shriever AFB, Colo. GPS became 
fully operational in January 1994 when the constel-
lation reached 24 satellites, the minimum number 
required for 24/7 global coverage. 

Although GPS is the most advanced and widely used 
satellite navigation system, it is not the first. Satel-
lite navigation started with the U.S. Navy’s Transit 
system, which initiated service in 1964 and continued 
until 1996. 

History. Transit was a constellation of at least five 
satellites in low polar orbits (1,100 kilometers, or 683.5 
miles). Each Transit satellite broadcast its orbital ele-
ment set and a precise time reference every two 
minutes. Ground receivers used this information plus 
the observed Doppler frequency to compute positions 
on the earth’s surface. 

Transit provided a position fix every hour with an 
accuracy of roughly 200 meters. Its main purpose was 
to provide updates for the inertial guidance systems 
in Submarine Launched Ballistic Missiles (SLBM). 
Although the system worked well for its intended pur-
pose, a system with greater accuracy and real-time 
positioning was needed to meet other DoD navigation 
and weapons requirements.

The first experimental (Block I) GPS satellite was 
launched in 1978. Ten more Block I satellites were 
in orbit by 1985 and the GPS concept was proved. In 
December 1993, the GPS achieved Initial Operational 
Capability (IOC) and the 24th satellite was placed 
into service in January, 1994. The GPS originally was 
intended exclusively for military use, but when a Soviet 
interceptor shot down a Korean Airlines flight after it 
strayed into Soviet airspace in 1983, President Ronald 
Reagan announced that the GPS would be available for 
civilian use once it was completed. 

GPSengineering

Navigation for the masses
Ironically, the use of the GPS as a 

replacement for FAA ground radar 
and aircraft inertial navigation sys-
tems has yet to occur. However, GPS 
receivers are used in a plethora of 
civilian applications, including vehi-
cle navigation, automatic vehicle 
location, ship navigation, cellular 
phones and base stations, land sur-
veying, mapping systems, remote 
sensing, archeology, mining, wildlife 
biology, construction, public-safety 
simulcast systems, earthquake 
detection, agriculture, weather fore-
casting, traffic-signal timing, search 
and rescue, to name a few.

The Soviet Union developed its 
own satellite navigation system 
called GLONASS, which is now 
operated by the Russian govern-
ment. The European Union also is 
developing a system, called Galileo, 
and China is experimenting with its 
own satellite navigation system.

How it works.  Basically, GPS 
is a trilateration system, which 
first measures the distance from 
three or more emitters — each 
with known position — and then 
uses these distances to compute 
a position estimate. In the case of 
GPS, four satellites are needed for 
a unique 3-D position estimate. 
To understand why four satellites 
are needed, consider that the dis-
tance from a GPS satellite describes 
a sphere with radius equal to this 
distance. The trilateration problem 
reduces to finding the intersection 
of spheres. We know from geom-
etry that the intersection of two 
spheres is a circle (except for the 
trivial case when the spheres meet 
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at one point). For most practical 
cases, three spheres intersect at 
two points and four spheres inter-
sect at one point. If the receiver 
knows its altitude, it is possible to 
compute a location estimate with 
just three satellites. 

The heart of the GPS is a very 
accurate atomic clock which resides 
in each satellite. The precise tim-
ing provided by the atomic clock is 
needed because the GPS receiver 
cannot measure distance directly. 
Instead, it computes distance from 
d = ct where c is the speed of light 
and t is the measured time it takes 
the signal to travel from the satel-
lite to the receiver. Because we are 
multiplying t by a very large num-
ber (c = 3 x 108 m/s), a small error in 
time results in a large error in dis-
tance. The atomic clocks used in the 
GPS system are accurate to within a 
few nanoseconds, equal to less than 
1 meter in range. There are other 
sources of position error besides 
clock error, so most GPS fixes are not 
this accurate.

Satellite constellation. A full 
GPS constellation consists 
of 24 satellites in six cir-
cular orbital planes, each 
with four satellites. The 
orbital inclination is 55° 
and the orbital altitude 
is 20,200 km, or about 
12,552 miles. The orbital 
p er io d  cor r e sp ond-
ing to this altitude is 
one-half sidereal day, 
or approximately 12 
hours. Three or more 
satell ites always will 
be visible from most points on the 
earth’s surface, but nearly all loca-
tions with see four or more satellites 

simultaneously. At present, the Air Force is flying 31 
active satellites and two orbital spares, thus ensuring a 
robust constellation tolerant of satellite failures. 

Frequencies and signal structure. Each GPS satel-
lite simultaneously transmits two different signals, L1 
and L2, on two radio frequencies: f1 = 1575.75 MHz and  
f2 = 1227.6 MHz. These two frequencies are integer 
multiples of a base frequency, f0 = 1.023 MHz. The L1 
signal is a spread spectrum, binary phase shift keying 
(BPSK) signal modulated by two pseudorandom codes 
in phase quadrature. The two codes are designated 
the coarse acquisition (C/A) code and the P-code. The 
L2 signal is BPSK modulated by the P-code only. The 
P-code is encrypted and its main purpose is to prevent 
spoofing, which is the generation of false GPS signals by 
the enemy for the purpose of causing harm to friendly 
forces or to make weapons ineffective. The P-code also 
has some inherent accuracy and anti-jam advantages 
over the C/A code. It only is available to authorized U.S. 
government users. 

Each satellite has its own unique spread spectrum 
code, so signals from individual satellites can be sepa-
rated in the receiver despite the fact that they exist 
simultaneously on the same radio frequency. This 
approach is called code division multiple access, or 
CDMA, and is similar to techniques used in some 
cellular phones. The GPS satellite signal includes 
navigational information on the ephemeris of the 
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GPS has been adapted for civilian use,  
including vehicle navigation, automatic  
vehicle location, cellular phones location  
and weather forecasting, to name a few. 



particular satellite and the alma-
nac for all GPS satellites, along 
with parameters for correcting for 
ionospheric delays (one of many 
sources of GPS errors). The naviga-
tion information is sent at a rate of 
50 b/s. The chip rate of the C/A code 
is 1.023 Mc/s. The chip rate of the 
P-code is 10.23 Mc/s, making the 
process gain equal to 10,023,000/50 
or 53 dB, probably the greatest 
process gain of any navigation or 
spread spectrum communications 
system. This process gain provides 
some measure of jam resistance, 
but GPS signals already are quite 
weak by the time they reach the 
ear th’s sur face, so GPS is not 
immune to jamming.

Because BPSK modulation is used, 
the nominal receiver bandwidth is 
twice the chip rate. Thus, the C/A-
code requires 2.046 MHz and the 
P-code requires 20.46 MHz. Not all 
GPS receivers use the P-code, so it is 

possible to build an L1 receiver with 
just 2 MHz bandwidth. 

Sources of error. A GPS receiver is 
faced with many sources of error, 
including poor satellite geometry, 
satellite clock errors, receiver clock 
errors, ephemeris errors, iono-
spheric delay, and multipath delay. 
Modern receivers can correct for 
some of these errors and satellite 
health status is transmitted on the 
50 b/s navigation signal, so infor-
mation from unreliable satellites 
usually is ignored by the satellite 
receiver. 

GPS enhancements. The accuracy 
of GPS can be enhanced through 
the use of a method called differ-
ential GPS (DGPS), which works by 
placing a GPS receiver at a surveyed 
location. The receiver then com-
pares its known location to the GPS 
estimate. The difference between 
the two is the GPS error at that 
point using the particular satellites 

in view at that time. Provided the 
reference GPS is near the user’s GPS 
receiver, its errors will be the same 
as the user’s and a more precise 
location estimate re9sults. DGPS 
requires a radio channel, usually in 
the UHF band, to distribute the GPS 
error information. 

Another differential GPS system, 
the wide-area augmentation system 
(WAAS), is under development by 
the FAA and other agencies for the 
purpose of commercial air naviga-
tion. Under WAAS, GPS correction 
factors are distributed via geosta-
tionary communications satellites, 
thus providing the information over 
a much wider area than DGPS. 

GPS modernization. GPS III is a 
U.S. government project designed 
to improve accuracy, provide better 
indoor coverage, and achieve better 
anti-jam performance. It involves 
a new control segment called GPS 
OCX, new ground stations, new 
satellites, and four new navigation 
signals. The new civilian signals are 
called L2C, L5 and L1C. The new mil-
itary signal is called M-code. This 
modernization will occur in stages 
with project completion scheduled 
for 2013. 

For more information on GPS 
and satellite navigation systems 
in general, see “Global Positioning 
Systems, Inertial Navigation, and 
Integration, 2nd Edition” by Moh-
inder S. Grewal, Lawrence R. Weill 
and Angus P. Andrews.   n

Jay Jacobsmeyer is president of Pericle 
Communications Co., a consulting engi-
neering firm located in Colorado Springs, 
Colo. He holds bachelor’s and master’s 
degrees in electrical engineering from 
Virginia Tech and Cornell University, 
respectively, and has more than 25 years 
experience as a radio-frequency engineer.
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GPS transmitter block diagram
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