Science began
when people
looked to the
skies to track the
seasons and find
their way. To-
day’s engineers
have achieved a
satellite-based
system that can
determine your
position to within
a centimeter.

GPS RECEIVERS
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System revolutionizes
surveying and navigation

JOHN GALLANT, Technical Editor

The Global Positioning System (GPS) is
a radio-navigation system that employs
RF transmitters in 24 satellites. GPS
receivers decode the satellites’ signals
to calculate the latitude, longitude, and
altitude of a position on earth. The posi-
tioning accuracy ranges from 40m to less
than 1 em. This description seems straight-
forward, but imagine the
possibilities.

GPS applications ap-
pear limitless (see Table
1). You’ll be designing
them into surveying and
navigational equipment,
airplanes, boats, and
trucks—and that’s just
for starters.

Already GPS receivers
on airplanes and boats
are providing accuracies
10 to 100 times better
than those achieved by
ground-based radio-navi-
gation aids such as Lo-
ran, Omega, and VOR/
VME Tacan. Geologists
are using GPS to monitor
fault lines. Oil companies
are using GPS for off-
shore oil exploration. Be-
cause of their high-altitude orbit, GPS
satellites can keep track of lower-orbit
satellites such as weather satellites.
Fleet vehicles are trading their squawk-
ing radios for GPS receivers so the home
office can track vehicles in metropolitan
areas.

Satlock Inc (Stanfield, AZ) is using
the GPS to help crop sprayers spread
fertilizer and pesticides more effec-
tively. A GPS receiver monitors the
sprayed area to prevent overspraying

and overfertilization. As receiver costs
plummet, there’s no reason why every
automobile shouldn’t soon have a GPS
receiver to determine an optimal route
to a destination. An in-car computer
would analyze the GPS data and present
the route in color on a video screen. In-
formation on popular tourist attractions

Tapping into the GPS can be as easy as plugging a GPSCard into
your PC and connecting it to the Model 501 GPSAntenna and
integrated low-noise amplifier. The Novatel card has 10 channels
that track the C/A code and carrier signal’s phase.

and restaurants could be stored in CD-
ROM. In fact, Etak (Sunnyvale, CA) al-
ready offers digital maps for automotive
navigation.

Taxpayers foot the bill

The GPS, officially known as the
NAVSTAR GPS (NAVigation System
with Timing And Ranging Global Posi-
tioning System), is nearing completion
thanks to US taxpayers and the Depart-
ment of Defense (DoD). For complete
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and continuous global coverage, the
GPS requires 21 satellites and 3
spares circling the earth once every
12 hours. The orbits are 10,898 nau-
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tical miles above the earth and are
arranged in six orbital planes (Fig 1).
The planes are inclined 55° with re-
spect to the earth’s equatorial plane.

At the date of this writing, 19 satel-
lites are actively deployed. The
launch schedule should complete
the 24-satellite constellation in 1993.
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The satellite configuration guar-
antees that a GPS receiver located
anywhere on earth can receive RF
signals from at least four satellites
24 hours a day. Each satellite trans-
mits unique biphase pseudo-ran-
dom-noise codes on two L-band car-
rier frequencies—1575.42 and
1227.60 MHz. (For definitions of
GPS terms, see box, “Glossary of
GPS terms.”) A GPS receiver de-
codes the spread-spectrum modula-
tions and uses triangulation tech-
niques on the satellite signals to de-
termine its precise longitude, lati-
tude, and altitude.

The spherical error probability
(SEP) defines the radius of a sphere
in which a GPS receiver’s calculated
position has a 50% confidence level.
The DoD has a worldwide position-
accuracy goal of 15m SEP using
pseudorange measurements. (Be- Fig |—The complete Global Positioning System will indude 21 satellites plus three spares

cause synchronization errors exist traveling in 12-hour circular orbits 10,898 navtical miles above the earth’s surface. There
between the transmitter and re- are six orbital planes; which are incined 55° from the earth’s equatorial plane.
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ceiver clocks, the pseudorange is
not the true range. See box, “Find-
ing your pseudoway,” for how to
convert the pseudorange to the true
range.)
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1970s because of the insufficient
coverage and inherent inaccuracies
of the 1960’s Transit system. This
system—which is still operational—
consists of five or six satellites in

above the earth. Transit is accurate
to within 500m and does not include
enough satellites to provide global
coverage.

The DoD maintains the GPS via

The GPS was conceived in the

polar orbits 580 nautical miles

five monitor stations.

‘,,Glossury of GPS terms

Biphase modulation—A phase- shrf’r keymg tech
nique that changes the phase of the corrter frequency' :

by 180° on each bit transition in a data sequence.

has a switching rate of 1.023 MHz and repecn‘s every
1023 bits.

Datum—A surveying term that descnbes how o posi-

tion and orient a surveying matrix on the earth’s surface.
Differential GPS—An accuracy-enhancing tech-
nique that employs two GPS receivers at two different

locations. The receivers exchange data with each other

in real time to eliminate ephemeris and clock errors.

Ephemeris—A set of parameters defining the orbit
of a satellite. A GPS satellite broadcasts these parame-
fers in a navigation message that modulates the two
carrier signals. Six parameters define a smooth elliptical
_orbit in which a satellite’s position is a function of time
relative to a reference time. Additional parameters de-

scribe the deviation of the satellite’s motion from the
smooth ellipse. (The plural is *‘ephemerides.”)

GDOP (Geometrical Dilution Of Precision)—A
figure of merit for the range-measurement accuracy ot

a specific satellite configuration. The lower the GDOP,

_the greater the accuracy. The GDOP calculated by

GPS receivers determines the optimal satellite selection,

which changes with time. , '

NAVSTAR GPS (NAVigation System with Timing

And Ranging Global Positioning System)—A

satellite-based radio-navigation system financed by the

 US Department of Defense (DoD). The GPS consists of
- 21 satellites plus three spares arranged in six orbits
10,898 miles above the earth. Using the satellites’ sig-
nals, a GPS receiver can calculate its longitude, latitude,
and dltitude. The system provides continuous global
coverage to an unlimited number of users.

L band—The band of frequencies extending from 1
to 2 GHz. Both the L1 and L2 carrier frequencies GPS
satellites transmit to receivers are in the L band. The
frequencies are 1575.42 and 1227.60 MHz, respectively.
P code (Precision code)—A sequence of pseudo-
random binary bits that biphase-modulates both satel-
lite carrier frequencies. The frequency is 10.23 MHz,

ond the sequence repeats every 266 4 days. A umque
segment of the code is assigned to each satellite and

resets eoch week The P code is prlmonly for mlh’rary
C/A code (Coarse/Acquisition code)—A se-
quence of pseudorandom binary bits that biphase-
modulates the L1 satellite carrier frequency. Thé code

purposes..

‘Pseudorunge-——The dnstonce be’rween a transmitter

and a receiver based on measuring the elapsed time

for 1-way transmission and multiplying by the speed
~ of light. Because synchronization errors exist between
the transmitter and receiver clocks, the pseudoronge

is not the true range.

- RTCM (Radio Technical Committee for Maritime

Applications)—A Department of Transportation com-
mittee that defines data-exchange protocols and mes-
sage formats for differential navigation corrections.

'S band—The band of frequencies extending from 2
to 4 GHz. The GPS control station at Colorado Springs,
CO, communicates with the satellites via an S-band
 uplink at 2227.50 MHz. The station sends tracking and

telemetry data and command signals. The downlink from
the satellites to the control station is at the ostensible
S-band frequency of 1783.74 MHz.

 SA (Selective Availability)—The DoD’s method for '

denying civilian GPS receivers the same accuracy as

military receivers. The DoD purposely degrades the
resolution of the ephemerides data and dithers the C/A

code’s frequency to degrade a receiver's navigation

~accuracy from approximately 15m SEP without SA to

approximately 40m SEP with SA.

SEP (Spherical Error Probability)—The radius of
a sphere that defines a 50% confidence level in the
accuracy of a position measurement in three dimen-
sions—latitude, longitude, and altitude. The 2-dimen-
sional analogue for latitude and longitude measure-
ments is the CEP (circular error probability).
Waypoint—An intermediate latitude and longitude
point on a navigated course. The navigator must pass
the point to reach the final destination. A waypoint can
be moving or stationary.

WGS-84 (World Geodetic System 1984)——The
standard coordinate system adopted for the GPS. The
system is a best-fit approximation of the earth’s surface
to an oblate spheroid. The latitudes and longitudes of
the spheroid are used with local maps to determine the
contours of a particular region.
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are in Hawaii and Kwajalein in the
Pacific ocean, the Ascension Islands
in the Atlantic ocean, Diego Garcia
in the Indian ocean, and Colorado
Springs, CO. The Colorado Springs
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location is the master control sta-
tion for the system. All of the moni-
tor stations track the GPS satel-
lites, and the master control station
provides 24-hour updates to correct

for satellites’ ephemerides and clock
errors. (“Ephemerides” is an astro-
nomical term for tables of parame-
ters defining the orbit of a satellite.)
The master control station commu-
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nicates with the satellites via an S-
band uplink and downlink.

Civilian GPS receivers decode
one of the satellites’ two biphase
spread-spectrum codes to deter-

mine position. The code called the
Coarse/Acquisition code (C/A code),
is a pseudorandom-noise (PRN)
modulation at 1.023 MHz on the L1
carrier frequency. The other PRN

code, called the Precise code (P
code), modulates both the L1 and
L2 carrier frequencies at 10.23 MHz
to provide better position accuracy.
The P Code is intended for military

'rhot the GPS musr toke info. account the ciock
coused by relcmvny effecrs

You are here

To locate a point P on the earth’s surface relative
to a satellite located at point S, (Fig A), a receiver
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The scfe"l’re . ncxwgctlon message conmlns occurote~
ephemeris data, which determine X;, Y,, and Z,—the
satellite’s coordinates from the earth’s geocenter. The
message also contains correcnon factors for the so’rel-
_lite’s clock error.
The pseudorange equation for one satellite has four
unknowns—P’s coordinates Xo, Yo, Zo and the receiver's

_clock error t;. The receiver’s clock error is the same for

~all the satellites. Thus, the receiver can ,simuitdneous!y
obtain pseudorange data from four different satellites

to generate four equations with four unknowns. The

receiver’s software iteratively solves these equations
to determine P’s coordinates. The software then trans-

' 'ﬁg A—A GPS receiver locates a posmon, .
 surface by measuring the time of arrival of
“noise code on a satellite signal. The satellite is in orbit at point
S. The system makes simultaneous measurements from four
;sutellnes (only one shown here) to de‘termme Xor Yu, Zo, and
the receiver’s. do:k error (t,,) ;, .

, on 1he earlil' -
a pseudorundom—

mg the sate hfe mformcnon from mulhple receivers over’f
~ long basehne The techmque called dnfferenhcl e
achieves position

sccuracy of less than 5m SEP on the
code and can effectively cancel the effects of SA

CIA

By using dlfferencmg techniques, differential GPS can :

track the carrier phase of the L1 frequency and Qchleve .
posmon accuracy to a fraction of the carrier ‘wave-
length. This wavelength is cpprox:motely 19 em.

lates the geocentric coordinate data to [ongl’rude lati-

tude, and altitude.
With the Selective Availability (SA) feature turned off

GPS receivers typically achieve 15m SEP (spherical er-

ror probcbmty) accuracy when tracking the C/A code.
~ When SA is on, the accuracy degrades to 40m SEP.
(SA is the DoD’s attempt to doctor the GPS signals so

that civilian users cannot achieve military accuracy. See
for complete defirnitions of GPS ,

box, "“Glossary,”
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The references give much more detail on the GPS
than space allows here. They are arranged in order

af complexity ranging from the layman s tutorial in Ref

1 to the complex analytical treatment ‘Qf Ref
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Navtech Book & Software Store
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use. The DoD plans to encrypt the
code in the near future.

The receivers have omnidirec-
tional antennas for receiving the L1
and L2 signals from several satel-
lites simultaneously. The antennas
have low-noise amplifiers and
ground planes to reduce multipath
signals. The receivers convert the
signals to baseband for single or
multiple channels. Single-channel
receivers are cheaper than multi-
ple-channel receivers, but they
must time-multiplex data from mul-
tiple satellites. These receivers lose
phase-tracking information while
breaking and reacquiring lock.

As the price of GPS ICs drops,
multiple-channel receivers are be-
coming more prevalent. Commer-
cially available GPS receivers come
in all shapes and sizes. They range
from handheld portable products to
instrument pods on high-perform-
ance aircraft. Novatel's GPSCard is
a representative multiple-channel
GPS receiver for OEM applications.

Simply plug in a card

The GPSCard is available with an
8-bit ISA bus or Eurocard connec-
tor. The card accepts signals from
an external GPS antenna and feeds
them to 10 parallel tracking chan-
nels. High-speed samplers convert
each channel’s analog data to digital
data. Proprietary ASICs digitally
process the data to calculate the re-
ceiver’s position.

The GPSCard specifies a time to
the first satellite fix of 2 minutes
from a cold start. A cold start
means that the receiver’s memory
has no ephemeris data from any sat-
ellite. A GPS satellite broadcasts its
ephemeris data in a navigation mes-
sage that modulates the L1 and L2
carrier signals. The receiver must
decode the navigation message to
store the ephemeris in memory.
The card can reacquire a signal
within 5 seconds once the memory
contains recent satellite ephemeris
data via the navigation message.
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The GPS 10 Sensor board implements Garmin’s Multitrac technology on a 4 X 2.65 % 0.75-
in. OEM card. The receiver can track and use as many as eight satellites for accurate
positioning.

The GSPCard software lets you
enter waypoints to mark off an un-
chartered route. The software con-
tains a global map based on WGS-84
(Worldwide Geodetic System 1984)
coordinates. These coordinates are
a best-fit spheroid approximation of
the earth’s surface. Using a built-in
or user-defined survey datum, you
can refine your location on the
global map.

All GPS receivers specify a zero-
baseline measurement accuracy.
The zero-baseline specifications are
the receiver’s accuracy limits taken
when using one antenna and two
of the receivers in one location.
Manufacturers also provide accu-
racy data for GPS receivers under
an assumed operating condition.
This condition assumes a certain
geometrical dilution of precision
(GDOP) for the arrangement of the
satellites. The receiver’s software
calculates the GDOP using a matrix
of data from four satellites.

You obtain a receiver’s position
accuracy by multiplying the GDOP
value by the zero-baseline measure-
ment accuracy. GDOP values usu-
ally range from 2 to 6. A high GDOP
value occurs when the four satel-

lites are bunched close together,
which results in poor position accu-
racy. The lowest GDOP occurs
when one satellite is directly over-
head and the other three are
equally spaced on the horizon. If
more than four satellites are in
view, a GPS receiver can calculate
the various GDOPs to select the
four satellites that have the mini-
mum GDOP value.

Civilian surveying, exploration,
and navigation equipment use dif-
ferential GPS to improve position
accuracy. The mobile GPS receivers
receive the satellite signals in tan-
dem with signals from a reference
receiver at a known fixed position
on earth. This technique can result
in a measuring accuracy of within
a centimeter. :

GPS receivers specify accuracy
with the Selective Availability (SA)
feature turned on or off. SA lets
the DoD decrease a receiver’s posi-
tion accuracy. When on, SA de-
grades the C/A code’s frequency
and the resolution of ephemeris
data for civilian use. The intent is
to provide more resolution for a
military receiver than for a poten-
tial adversary receiver using the
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same satellite signals. However,
the differential GPS technique can
effectively cancel the effects of SA,
so the feature doesn’t make a lot
of sense.

From a civilian point of view, SA
is a real nuisance and is causing con-
siderable unrest about the future of
the GPS. Because the GPS is cur-
rently under autocratic control, the
DoD can make changes to it at a
moment’s notice. Another sticky is-
sue is funding. Depending on whose
figures you use, GPS operating
costs—which includes the replace-
ment of inoperative satellites—
could be in excess of $500 million
per year. Each satellite has an ex-
pected lifetime of 7.5 years. In light
of federal-budget constraints, US
taxpayers and the Congress may
not be willing to pay these costs.

The Russian Glonass satellite po-
sitioning system should be opera-
tional by 1995. Glonass will provide
the same global coverage as the
GPS and offers a viable supplement
or alternative. However, receivers
for the GPS and Glonass are not
interoperable. The GPS employs
time-division multiple access, and
Glonass uses frequency-division
multiple-access methods. Clearly,
some political issues have to be ad-
dressed before a true global system
becomes a reality. [EDN|
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