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ABSTRACT

SIx Navstar navigation satellltes are presently travel ing through space 10,898

nautical miles above +the earth.
wilt

By 1987, the operational constellation, which
conslst of at least 18 larger and more advanced satellltes, will be

providing continuous navigation coverage to a worldwide class of civilian and

miiitary users.

The Navstar satellite constellation will yleld routine

accuracies nearly 20 times better than any other global navigation system.
This paper explores some of the computer modeling methods used by the Navstar
system Itself and by researchers who have been simulating the military and
civllilan benefits to be derived from its use.

1. INTRODUCTION

The Navstar Global Positfoning System (GPS) is a
satelllte-based radio navigation system that uses
dual frequency L-band fransmissions to provide
contlnuous global navigation coverage to an
un! imited number of users who are equipped with
one of several user sets capable of processing
the signals broadcast by the satellites.

The satellites, which are being launched Into
12-hour, 10,898-nautical-mile orbit+s, are
designed for military use, but thelr signals are
also avallable to sultably equipped civilian
users. Six Block | satellites are presently In
orbit. They provide global (but intermittent)
three-dimensional navigatlion coverage ranglng
from 1 to 4 hours per day, depending on the
user's geographic location. Five additional
Block | satellites will be launched into orbl+t by
1983. Thereafter, the Block !! launches wil]l
begin. By late 1987, a full constellation
consisting of at least 18 Block Il satellites is
scheduled to be In place. These satellites will
provide continuous 24-~hour, worldwide coverage,
with an average accuracy of at least 50 feet,
Extremely preclse on-board clocks (which gain or
lose only about one second every 36,000 years)
and speclially designed software routines have
made possible this unprecedented accuracy In
global navigation.

2. NAVIGATION PROCEDURES

The Navstar GPS Is a radio navigation system that
uses frlangulation procedures in which baselines
are established by picking up precisely t+imed
pulses broadcast by radio transmitters at known
locations. Fig. 1 illustrates how a simple radio
navigation system could be used to establish the
longltude and {atitude of any properly equlpped
ship. The two transmitters send out precisely
tuned puises that are Intercepted by the radio
receifver on board the ship, which Is equipped
with a clock In accurate synchronization with the
transmitters' clocks. The navigator on the ship
establ Ishes the distance to each transmitter by
subtracting the arrival time of each pulse from
the time I+ was transmitted. The range of each
transmitter then equals the signal travel time
multiplied by the speed of |Iight (about 186,000
miles a second). He can then determine his
location by drawling two circles of radil Ry and
Rz on his nautical charts. As Fig. 1 shows, the
ship lles at one of the two Intersections of
these two circular arcs,

Theoretically, the timing pulses from three
transmitters couid establish the user's poslition
at the Intersection of three spheres of radii Ry,
Rp, and Rz In a three-~dimensional analogy of the
procedure just described. However, this approach
would require an extremely accurate user-set
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2-D NAVIGATION: PERFECT CLOCKS

Fig. 1 Electronic Navigation

clock synchronized precisely with the clocks
located at the transmitters. Such an approach
would be expenslive and difficult to Implement.
Instead, the GPS user sets are equipped with
small, Inexpensive quartz crystal oscillators
roughly 10,000 times less stable than the atomic
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clocks carrfed by the sateliltes. The user sets
pick up signals from four sateliites rather than
only three to achfeve three~dimensiocnal
navigation capabllities. The extra signal is
used to el Imlhate the effect of any timing errors
In the user sets' crystal oscillators. Flg. 2
presents the four GPS navigation equations that
are solved Iteratively to obtaln the three user
position coordinates Uy, U‘y, and Uz and the clock
error Cg.

The method employed by a user set In establishing
the signal +travel time + Is outiined In Fig. 3.
Basically, the satellite transmits a prearranged
pseudorandom pulse train consisting of a string
of binary 1's and QO's, which Is duplicated in
real time by the user set electronics. An
automatic feedback control loop then brings the
two pseudorandom sequences Into correspondence .
vla the autocorreiation function:

TN
Autocorrelation = :7 / SCHIXS{H ) dt,
)

where S(+) 1s the amplitude of the signal at time
+, and S(H+J) Is its amplitude j seconds later.
Since the prearranged sequence of pulses Is
pseudorandom, the autocorreiation function ylelds
a value close to zero for all valuss of | except
when there 1s an exact correspondence between the
two binary sequences. When this correspondence
has been achleved, the value of tThe
autocorrelation function immedlately Jumps to 1.

N
X SATELLITE 4
N

COMPUTE POSITION COORDINATES
{FOUR EQUATIONS WITH FOUR UNKNOWNS)

%1 =012+ b1 = (0912 + 2 - 012 = L D
(xg = @12+ (va— 0p) 12+ 25 - 012 = (Ry - (Cp) 2

%3 - 012+ (v3 '—@)2 +123-(0)12= Rz~ €)1
(x4—@)2+(Y4—@)2+(z4_@)2= (Rq~Ce)1?

SOLVE FOR USER'S POSITION COGRDINATES
{Uy, Uy, Uz} & CLOCK BIAS (Cg)

COMPUTE FOUR PSEUDO-RANGE VALUES

ATIME1[ |

TIME SIGNALS

ATIME 2 | | .

RADIUS ¢ = C (ATIME 1)
RADIUS2 = C (ATIME 2)

TRANSMITTED ATIME 3

—

]

BY SATELLITE ATIME 4

RADIUS3 = C (ATIME 3)

g1

)

C (ATIMEA4)

RADIUS 4 =

Fig. 2

(C= SPEED OF LIGHT)  ,,cc5150054

Navigating With the GPS,
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¥ no background Information about the geometry
of situation is avallable, the time shift |
needed to bring the two pseudorandom sequences
into correspondence equals the signal travel time
(about 1/11 of a second) plus the clock blas
factor Cg, which Is typically on the order of
1/100 of a second or less. Actually, background
information Is avallable, and much less searching
Is required.

The signal acquisition methods just described
hold only for the simpie, inexpensive user sets.
The more sophisticated units follow more precise
and elaborate procedures. Flrst, they lock onto
t+he so-called C/A (Clear Acquisition) signal, as
described. Then they decode the message I
contains to find a timing key that allows them to
lock onto another pseudorandom sequence called
the P~code (Precision Code). The chlpping rate
of the P-code (10 milllon bi+s per second) is ten
+imes higher than that of the C/A code, and hence
navigation sets using the P-code are more
accurate and jam-resistant.

In addition to the three~dimensional position
coordinates, the GPS user sets also provide
velocity components In three dimensions with an
average accuracy of about 0.3 feet a second. The
users! three veloclty components Uy, Uy, and Uz
are determined in a manner that Is conceptually
similar to the procedure used to determine the
position coordinates Uy, Uy, and Uz. The
satell ites transmit their signals superimposed
upon two carrier waves that have oscillation

Acquiring the C/A Signai

rates of 1575.42 and 1227 .6 megahertz (million
oscl|lations per second}. The user sets generate
duplicate carrier waves and match them with the
waves arriving from the satellite. They then
count beats to determine the frequency difference
A ¢ between the carrler and satellite waves.
Most of the frequency difference arises from the
fact that the user sets and the satellites are
moving with respect to one another. This creates
an effect known as the "Doppler shif+," a
systematic variation In frequency similar to the
one that is observed when the whistie of a moving
locomotlve is heard by a waiting passenger
standing beslde the tracks.

In order to malntain the full accuracy of the
GPS, the satellites will be updated at least once
per day. These updates, determlined by the
Control Segment, will provide fresh and accurate
clock correction factors, satellite ephemeris
constants (orbital elements), and Information on
+he current status of the earth's ionosphere.

Four monlitor stations at wldely separated
locations (see Flg. 4) pick up the pseudorandom
signals from the satellites one by one, These
measurements are then transmitted via
communication links to the Master Control
Station, where they are flltered and computer-
processed to establish the orbital elements of
the satellltes and their current clock errors.
The results of these rather elaborate computer
model Ing procedures are fransmitted to each
satellite at least once per day.
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Planned Constellation:
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Fig. 4
Additional corrections to the navigation
algorlthms must be made because the propagation
speed of a radlio sfignal changes when It passes
through the earth's ilonosphere and troposphere.
Less accurate user sets make use of mathematical
models to eliminate both lonospheric and
tropospheric effects. High-accuracy sets model
the troposphere but process the dual frequency
L-band transmissions from the satelllites to
el Iminate the lonospheric effects, This is
possible because the propagation velocity of a
radlo signal passing through the lonosphere is
Inversely proportional to the square of its
frequency.

Correctlons are also made for relativistic
effects ih accordance with Einstein's special and
general theories of relativity: The observed
chipping rates of a satellite clock and a user
set clock are slightly different because of the
relative motion between them and because the user
set clock 1s affected by stronger gravity than Is
experienced by the clocks on board the
satellltes. These effects are reduced
dramatically by complex mathematical modellng
procedures.

AddItional refinements Include the use of Kalman
f1ltering In both the Master Control Station and

7

The Major Segments of the GPS System

In the user sets to achleve Improved accuracies, -
A Kalman fifter uses the entire time history of
t+he event beling model{ed to account for model
uncertainties, historical evolutlion, and errers
In the measurements In a nearly optimal manner.

3. NAVIGATION ACCURACY

The navligation accuracy that can be achieved by a
particular user depends primarlly on two factors:
1. The average error [n the range measurement
from the user set to each satellite

2, The Instantaneous geometry of the satellltes
as seen from the user's location on earth

The range error from user to satelllte is denoted
by a quantity called the User Equivalent Range
Error (UERE). As shown in Fig. 5, the component
parts of the UERE arise from various kinds of
errors in the space segment, the control segment,
and the user segment. The biggest space segment
errors are caused by clock Instablilities and
space perturbations (mostly unmodeled solar
radlation pressure and lunar-solar gravitational
forces). The largest control segment errors
arise from difficulties In modeling the satellite
ephemeris coordinates (orbital elements). The
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biggest errors in the user segment arise from
difficulties in modeling the delays experlenced
by the signals when they pass through the earth's
lonosphere and i+s troposphere. Surprisingly,
the UERE arlsing from all of these sources
combined amounts fo only about 7 meters per day.

As Flg. 5 shows, the navigation error experienced
by any glven user is obtalned by multiplying the
UERE by a quantity called the Geomefrical
Dilution of Precision (GDOP)}., The value of the
GDOP depends upon the locations of the four
satellites relative to the user set, which
automatically selects those four satellites most
favorably located to minimize 1ts navigation
error. On the average, the resulting navigation
error amounts to 16 or 17 meters, assumling that
datly updates are made.

Fig. 6 illustrates the manner tn which the GDOP
values vary with changing geometry for a simple
case of two-~dimensional navigation with perfect
clock synchronizatlion. In this case, the
quantifies GDOPy and GDOPy represent the GDOP
values in the x and vy direc¥lons, respectively.
Note that when the two fransmitters both lie
along the Y-axis (6 = 0°), the GDOPy value is
Iinfinite. This means that the satellites are so
unfavorably located that no useful information
concerning the value of the x coordinate can be
obtalned by the user. On the other hand, if both
transmitters Ile along the X-axls (on opposite
horizons), the GDOP,, value will be Infinite, and
no useful Information can be obtalned concerning
the user's y coordlnate.

The overall GDOP value, GDOPiot+g|, equals the
room-sum~square of GDOPy and GDOP,. It
constitutes an overal| average value for the GDOP
In two dimensions. As Fig. 6 shows, GDOPt+qo+a)
reaches I+s minimum value when g equals 45°
(i.e., when the angle between the two
+ransmiftters is 90°, as seen from the user's
location}.

The Navstar system provides navigation readings
in three dimensions, as well as an accurate
estimate of the current time. Hence It uses
various GDOP quantities, each providing a
different measure of average accuracy. One of
the most useful variations Is the perpendicular
dilutton of precision (PDOP). |t represents a
measure of the overall navigation accuracy In the
three mutually perpendicuiar user coordinates Uy,
Uy, and Uz

Computer simulation procedures coded at Rockwell
International and elsewhere have been run
hundreds of times to determine the various GDOP
values and the corresponding navigation
accuracles at various times and locations with
different satellite constellatlions. These
simulations, along with other consideratlions
(such as system survivability, redundancy, and
satel | 1te replacement strategies), have led to
the conclusion that the best 18-satelllite
constellation consists of six orbital rings
containing three satellites each., WIThin each
ring, the satellites are evenly spaced. The
equatorial crossings (ascending nodes) of the six
rings are equally spaced around the equator and
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are Inclined at an angle of 55°, An artist!s
conception of the operational constellation Is
shown In Fig. 7. All the elements In this figure
are drawn to scale except the satellites
themselves, which are oversized.

The Operaflonal'NaVSTar GPS Constellation

Fig. 7

1
GDOProTAL=/2 SIN 6 COS 0

GDOP Values for a Simpie 2-D Configuration

Global time-averaged PDOP values for the
operational constellation and a number of other
constel latlons are presented In Fig. 8., As this
figure shows, the present six~-satellite
constellation provides a three-dimensional PDOP
value of six or less roughly 20 percent of the
time. This means that 1f the UERE can be
maintained at 12 feet, a global time-averaged
navigation error of 72 feet or less can be
achleved at least one=fifth of the time. The
same fjgure shows that the operational six-plane,
18=-satellite constellation will provide a PDOP of
2,5 or less 50 percent of the time. Given a UERE
value of 7 meters, thls Impiies a navigation
error of 17.5 meters or less at least 50 percent
of the time. '

The Navstar system can provide even greater
accuracies If I+ is used in the relative or
differential navigation mode. In this special-
ized mode, two user sets recelve signals from the
same satellites and communicate with each other
over a radio Iink to exchange the readings they
are receiving. Most of the components making up
the UERE are virtually eliminated by this
technique because they are common to both
navigation solutions. The few errors that are
not common (uncorrelated) are relatively small.
Studies show that, in some cases, relatlive
navigation errors of 5 feet or less can be
antlcipated for the operatlonal constellation.
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4. NAVIGATION COMPARISONS

Comparisons between the coverages and the 2¢
navigation accuracies of the GPS system and elght
other popular navigation systems are presented In
Fig. 9. An operating range equal to half the
circumference of the earth (about 11,000 nautflcal
mlles) has been arbitrarily selected for those
systems with global navigation capabillties.
Note that, among the global systems, the GPS is
nearly 20 times more accurate than [is nearest
competitor, the Transit Navigation Satellite-=-
which, incidentally, provides only intermittent
navigation fixes every 30 to 120 minutes under
normal conditions. The other two global systems,
Inertial Navigation and Omega, are even less
accurate when operated over i[ntercontinental
ranges.

Even In comparison with short-range navigation
systems, the GPS 1s generally superfor. Only the
Instrument Landing System (ILS) achleves a
smalier navigation error. Of course, the ILS is
used for a very speclallized purpose: to aid In
terminal maneuvers for landings at major
alrports. The other data values presented In
Fig. 9 are {argely self-explanatory, but If more
detalls are desired, they can be found In
: » by Logsdon
and Helms (see Bibl iography).
5. FIELD TEST RESULTS
To date, more than 700 fleld tests have been
conducted at Yuma, Arizona, and other locations
using the GPS satellltes now In orbit. In
virtually all of these tests, the GPS has

Accuracy for Various Satellite Constelliations

exceeded speclfications, In particular, the
system has been extensively tested for signal
strength, navigation capabilitlies, and clock
accuracy. In addition, I+ has been used In
connectlion with such reallstic military
operations as aerfal rendezvous, blind bomblng,
and marine navigation.

The results of some of the navigatlon accuracy
tests are summarized in Fig, 10, For those cases
in which the upload occurred within two hours of
the test, the 10 UERE was 5.5 meters. When the
upload took place at some time within the
previous day, the UERE was 11.5 meters. This
latter value, which is slightly larger than those
anticipated for the operational constellation, is
well within the spec values for Block I.

The results of four other types of military field
tests are summarized in Filg. 11. Specific
versions of these tests resulted in:

1. Average static positioning errors of 23 feet

2. Harbor navigation well within the accuracy of
the visual calibration systems

3. Maximum aerfal rendezvous errors of 30 feet

4. Maximum blind bombing errors of 56 feet.

Of the tests that have been conducted at this
wrliting, only a few have produced errors
substantially targer than those obtalned from
computer simuiations of the same kinds of
military operations.
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6. SIMULATED BATTLEFIELD BENEFITS

Fig. 12 presents the results obtained from a
serfes of computer simulatlons in which the
effectiveness of GPS-equipped military forces was
compared with that of conventionally equipped
forces. These simulations demonstrated that:

1. Minesweeping operations can be accelerated by
a factor of 23 over conventlional approaches
1f the minesweepers and navy ships
subsequently traversing the swept channel are
equipped with GPS user sets.

2, Artiilery batteries operating agalinst the
Z5U-23 radar-controlled aritiaircraft gun
require approximately 10 percent as many
rounds as those using conventional map
coordinates.

3. Preclsion interdiction misslions agalnst SAM
sltes, ammo dumps, and radar installations
can increase enemy kills by a factor of four
to six when the attacking airplanes use GPS
precision bombing techniques.

4. Close air support missions adjacent to the
front |lnes can produce kill probabillities
agalnst enemy targets from 300 to 400 percent
higher 1f the GPS Is used.

Thus, It can be seen that the Navstar GPS will
probably turn out to be a highly beneficial
addition to the support hardware manufactured for
American military forces and their allles. It
will also greatiy Increase the navigation
capabilities of nonmilitary users. Ofil

GPS Fleld Test Results

exploration vessels, commerclal airlines, fishing
fleets, astronomers, and surveyors, among others,
can greatly benefit+ from the innovative
engineering and well designed computer simulation
technlques that have made the Navstar GPS so
practical and effective.

7. CONCLUSIONS

The operational Navstar GPS will permit users
equipped with relatively small and inexpenslive
user sets to determine their posltions 1n real
time to an average accuracy of 50 feet anywhere
on or near the surface of the earth. This 1s
accompl ished through radio navigation techniques
in which preclse binary puise tralns with
chipping rates of 1 and 10 million bits per
second are sent out by a constellation of 18
satellites In 12-hour orbl+s 10,898 nautlical
miles above the earth. The pulse trains emitted
by the satellltes are matched against with thelr
Identical counterparts, which are generated by
the user sets. A successful match ytelds the
travel time of the signal, which Is proportional
to the distance separating the sateliite and the
user set. Given the ranges of four satellltes,
the user set can automatically determine I+s
three position coordinates Uy, Uy, and U,, as
well as the error Cy In Its clock.

In order to malntain acceptable accuracy,
corrections must be made for delays experienced
when the binary pulse trains traverse the earth's
troposphere and ifonosphere., Addlitlional
adjustments are necessary because of the
relativistic effects caused by the relative
motion between the satellltes and user sets and
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+he varlations In the earth's gravitational
flelde A final refinement made for the sake of
accuracy consists of using Kalman filtering
techniques in which the user set computers
automatically account for uncertainties In
measurements and models, as well as in the
historical evolution of the measurements being
analyzed.

Comparisons between the Navstar GPS system and
various other navigation techniques Indicate that
it Is nearly 20 times more accurate than any
other global system. The GPS Is also superior to
most short-range systems, both civillan and
military,

Projected Battlefield Benefits

More than 700 tests conducted at various
locations indicate that the GPS meets or exceeds
virtually all of I+s design specifications.
Partlcular attention has been pald to navigatlion
accuracy, signal strength, and clock stability.
When these and other test resul+ts are
extrapolated via computer simulatlon ftechniques
to realistic battlefleld conditions, it is found
that important benefits will definitely result.

The Navstar system, whlch Is belng financed
Jointly by the varlous branches of the military,
will also be widely utilized by civilian users.
These will probably Include astronomers, flshing
vessel and alfrline navigators, oll exploration
experts, and a varlety of others.
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