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INTRODUCTION

The Global Positioning System has achieved a maturity
whereby a large marketplace of users have developed. This
marketplace has been flooded with many types of receivers
from a large number of manufacturers. The broad acceptance
of the system among military as well as commercial users has
created this market, and receiver availability due to
planned mass production has precipitated substantial price
reduction for GPS receivers. OEM receivers are presently
available on the market at such a low cost that their
incorporation into flight test systems should be seriously
considered. The data produced by the system has a reasonable
and usable accuracy for platform position, flight vectors
and time. These are suitable in most range applications and
can either augment or replace present tracking methods such
as multilateration or triangulation for vehicle position.
The advantages of eliminating the need for tracking
functions in ground control stations are obvious especially
in multi-vehicle operations such as in air-to-air weaponry
testing and range training missions. The simplification of
operation in position determination becomes especially
desirable for over-the-horizon platforms. In this case,
ground or airborne relays must be employed which complicates
the location task by orders of magnitude.

SYSTEM OVERVIEW/STATUS

Upon completion of launching all Block II satellites, the
Global Positioning System will provide users continuous,



accurate, all-weather, three-dimensional positioning,
velocity, and time parameters in a common navigation grid.
The complete baseline constellation of 24 satellites, 21
plus 3 operational spares, will operate in 12-hour orbits at
an altitude of 20,183 km. This will provide a visibility of
5 to 11 satellites, five degrees or more above the horizon,
to users located anywhere in the world 24 hours per day. At
present, only 18 satellites of the total constellation of 24
have been deployed. This number of satellites will allow a 2
dimensional solution (latitude and longitude), 24 hours a
day over the entire globe and a 3 dimension (altitude
inclusive) determination for 16 hours a day. Signals are
transmitted from the satellites at two L-band frequencies.
The Ll frequency if 1575.42 MHz and carries “Precision Code”
(P code) and “Course Acquisition Code” (C/A code). The L2
frequency is 1227.MHz and carries P-code only. Nonmilitary
GPS receivers will only have access to the Ll C/A code. The
differences between the C/A and P modes are the resultant
computed position accuracies.

The United States Department of Defense (DOD) has formally
implemented Selective Availability (SA) as a method of
denying unauthorized, nonmilitary, GPS users high position
accuracy. However, the Selective Availability Policy will be
renewed annually in an effort to increase the accuracy
availability as conditions allow. The inherent accuracy of
the C/A mode, which is 25 meters is purposely degraded to
100 meters when the Selective Availability (of the P Mode)
is invoked. The pseudo-range measurement of the receiver is
derived from a comparison between satellite and receiver
clocks. Selective Availability introduces errors by slowly
varying the components into the pseudo-ranges by
manipulating the satellite clock. Therefore, pseudo-range
errors are mapped directly into user position errors.

Selective Availability also alters the satellite position
data contained within the ephemeris data message. Deliberate
introduction of errors into the satellite orbital
information are uploaded to the satellite which leads to a
degradation of accuracy in the computed orbital position.
The orbital errors introduced vary at a slow rate and will
cause user computed position errors. According to DOD
Selective Availability Policy, the nominal position accuracy
for horizontal coordinates (latitude and longitude) in the
C/A Mode is 100 meters at a probability level of 95 percent.
The corresponding accuracy for elevation is 156 meters at 95
percent. These nominal values will be relevant when the full



satellite constellation of Block II satellites are
operational with a dilution of precision (DOP) factor
ranging from three to five. Until the satellite
constellation is complete, current GPS users should be aware
that accuracy may, at times, be worse. Accuracies are
dependent on sufficient satellites being visible and
reasonably well above the horizon.

Units capable of P code reception, even without SA being
invoked are slightly more accurate than the C/A Mode at 25
meters Spherical Error Probability (SEP) and have greater
resolution in position determination (due to the 10X rep.
rate of the ranging correlation code). As an example, the
accuracy of the Miniature Airborne GPS Receiver (MAGR), a P
Mode capable receiver that will be discussed later is 16
meters SEP. The dual frequency Ll and L2 permits correction
of the ranging errors due to the effects of the ionosphere
and troposphere conditions. Ranging errors that are caused
by variations of the propagation and refraction can be
computed from use of the dual frequencies and hence
compensated due to the dual frequency capability of the P
Mode receiver.

An approximation of the major errors are:
Ranging measurement - 3.6 meters
Receivers (noise etc.) - 1.2 meters
Ephemeric - 0.6 meters

Other errors are of lower significance and since this is not
meant to be a GPS tutorial, they are not discussed here.

The additional accuracies achievable with P Mode capability
may not warrant the additional costs involved until some
time in the future when the selective availability (S/A) is
invoked. A large number of commercial and civilians are
presently enjoying use of the single frequency C/A Mode and
as their number increases the DOD is less likely to invoke
the SA unless national security is at stake. In summary, the
largest contributor of position accuracies are a function of
the system operation i.e., SA or not, rather than the type
or price of the receiver.

Notable variations of performance from receiver to receiver
are in the time to first fix (TTFF) and accuracies during
platform motion dynamics. This variation directly relates to
the number of parallel receiver channels. The number of
channels may be a mute point at this time in that



technology, has permitted miniaturization of circuitry,
developed expressly for use in GPS Receivers, has provided
multi-channel capability in receivers from most
manufacturers. Multichannel capability enables acquisition
of several satellites simultaneously, each channel devoted
to a satellite. Acquisition must be obtained with 4
satellites for a 3 dimension position determination. With 5
or 6 channels (already available from several
manufacturers), the extra channels perform tasks such as
updating the almanac and ephemeric data, and/or searching
for satellite coming into better viewing relationships. A
single acquisition requires matching the pseudo-random pulse
code position transmission (correlation) of each of the
acquirable satellites. A unique code is associated with each
in order to maintain individual identity. Extra (spare
channels) therefore avoid the time lost to re-acquire
satellites with which acquisition is lost. Initialization in
the event of a cold start where a receiver has no
Initializing inputs as to its location is also performed
quicker. The multichannel capability has enhanced the
systems useability to a very large extent. Acquired
satellites are easily lost during high dynamic maneuvers and
time is required to establish acquisition. The temporary
position location loss can be supplanted when GPS is
combined with inexpensive strap-down inertial measurement
units and the two outputs combined by a Kalman filter
process.

Time To First Fix (TTFF)

The TTFF is primarily a function of the receiver
initialization upon turn on and secondarily the type of
receiver. Acquisition of 4 satellites must be accomplished
in order to perform the position computation. A typical TTFF
for a 5-parallel channel receiver, as excerpted from the
NAVCOR V (an OEM GPS Receiver) Operators Manual is shown in
the following table.



Signal Acquisition Performance

Maximum Age
Time-To-First-Fix Initial Error Almanac Ephemeris

Uncertainties (3 sigma)

Typical 90% Position Velocity Time (weeks) (hours)
(min.) Probable (km) (m/s) (sec)

(min.)

0.4 0.6 100 75 1 1 4

1.5 1.9 100 75 1 1 U/A

15.0 15.0 100 75 U/A 1 U/A

35.0 35.0 U/A U/A U/A U/A U/A

U/A - Unavailable in real time to the unit.

As can be seen, the TTFF increases dramatically with
uncertainties of initial time, position, velocity, almanac
and ephemeris. Under worse case, i.e., none of the
initialization parameters available (U/A), the acquisition
is 35 minutes and is referred to as a “Cold Start”. Hold up
batteries reduce the time dramatically as would entering the
initializing data after receiver power turn-on. The addition
of a hold up battery retains the last known values in memory
and thereby reduces the TTFF accordingly provided the
receiver has not been moved to a new and distant location.
Almanac data is transmitted from all satellites which
provides a course location of any satellite at a specific
time. From a cold start an almanac must first be obtained in
order to determine which satellites are in view at that time
in order to establish signal acquisition. The satellite
ephemeris of the in view satellites can then be obtained and
position computation begun. The largest contributor to the
TTFF is acquiring the almanac which in itself requires 12.5
minutes. This is so regardless of the receiver type.

A candidate system using an embedded receiver should include
a small memory back-up battery thus reducing the TTFF,
provided the receiver has not been moved to a new location
while power was off.

Receiver Characteristics Comparison

Information has been gathered from several manufactures and
three of the receivers have the same basic position



accuracies and are only capable of the C/A Mode. The fourth
one, the RI MAGRS, is presently in development for military
aircraft retrofitting. Due to different numbers of parallel
channels employed they provide substantially different
TTFF’s. The major characteristics have been put into a
matrix and are shown the enclosed table.

The primary advantages of these OEM modules is their size
and unit prices. Many manufacturers have invested
substantial sums in order to compete for the commercial and
private markets where the numbers of units and volume of
business is overwhelming. Units are presently available in
the C/A modes for slightly more than $2,000 as complete
stand-alone receivers including antenna, display and
keyboard and less than $500 in OEM equipments. Of course the
P mode units are substantially more expensive.

The disadvantages of the C/A low cost units are the
limitation of maximum velocity and acceleration of the
platform. It can be speculated that their performance will
accommodate most target and relay vehicles provided they are
subsonic and performing only moderate maneuvering. This
approach may not be suitable where supersonic velocities and
high maneuvering dynamics may be encountered. In this case
the RI MAGRS GPS Receiver may be more suitable.

The most promising receiver, as a separate LRU rather than
an OEM, is Rockwell’s Miniature Airborne GPS Receiver
(MAGR). The unit has been under development for several
years at Rockwell Collins as a derivative and evolution of
prior military receivers. The government funded MAGR program
was begun late 1990 and is intended to be a multi-service
unit retrofitting all F-15, F-16, F/A 18 and AV8B Aircraft.
A MAGR-JPO has been established at Los Angeles AFB. Some of
the specialized and custom circuits used in Rockwell
Collins’ NAVCOR V are an outgrowth of the MAGR and earlier
GPS Receiver developments.

Characteristics shown for the MAGR receiver were prepared
from information gathered by telecons with various personnel
at the MAGR JPO, Los Angeles AFB, the Rockwell/Collins
Government Avionics Division, Cedar Rapids, IA and from an
unreleased classified military specification for the
Miniature Airborne GPS Receiver (MAGR), CI-MAGR-300. This
receiver is presently in development at Collins. As such,
the information obtained is subject to change as the program
equipment is developed. This is expected to be minimal due



to the extensive background and experience of Rockwell
Collins in Airborne military GPS Receivers.

The MAGR is a P-Mode capable receiver and in addition
provides an extensive number of aircraft guidance and
navigation related outputs. The major characteristics of the
receiver have also been included in the receiver comparison
matrix. It is a selective availability (P-Mode) type and can
also provide anti-spoofing.

Most characteristics shown in the enclosed comparison matrix
have been taken from available suppliers information. A few
of the characteristics have been derived from similarities
among them, most notably in the environmental capabilities
area. This extrapolation was done in order to present a
comparable set of characteristics. Due to the preliminary
status of the MAGR specification and the classified portions
several of its characteristics were not available at the
time of this study. These are denoted as N/A (not
available). The only accuracies that were available are
those indicated In a marketing bulletin and its unclassified
peripheral features were acquired from the preliminary
specification.

Accuracies shown for all receivers are for the maximum
vehicle dynamics specified. Errors are stipulated in many
different ways and it is generally considered that Spherical
Error of Probabilities (SEP) Is the most useful from an
overall point of view. More detailed breakdowns of
accuracies are not applicable here since they would depend
on the ultimate usage and missions of the host vehicle.

Altitude hold is available on all the receivers
investigated. This feature is a fall-back mode whereby the
position computation is performed using only 3 satellites
(should one of the 4 become obscured). The last known
altitude, is used instead, thereby providing updates to
lat/lon and time only. As a fourth satellite Is reacquired
normal operation is restored.

Altitude hold is available on all the receivers
investigated. This feature Is a fall-back mode whereby the
position computation is performed sing only 3 satellites
(should one of the 4 become obscured). The last known
altitude, is used instead, thereby providing updates to
lat/lon and time only. As a fourth satellite is reacquired
normal operation is restored.



DIFFERENTIAL GPS

One method of significant accuracy improvement is use of a
differential GPS. When operations are contained within a
limited geographic area, such as on a test or training
range, this approach becomes most attractive.

Accuracies can be brought down to the 4-5 meter range and
all that is necessary is to employ a ground GPS receiver
whose precise location in the grid is known. The ground
receiver’s computed position is compared to its known
position and thus acquire a position error. For this method
of operation the ground receiver must be accessing the same
four satellites as the airborne receiver whose computed
position is to be corrected. With proper telemetry links the
determined error can be subtracted from the airborne
computed position either in the range ground equipments or
in the airborne units. Should the DOD make the P-Mode a
selective availability (SA) then this type of operation will
have an advantage for both the military and civilian users
of the system. The C/A mode receivers would then have an
accuracy of 25 meters as it is presently without SA invoked.

In those cases where large geographical areas are required
then more than a single ground receiver is needed. The
ground receivers can be placed at those areas where the
differential methods need be applied to achieve the better
accuracies. This differential GPS somewhat defeats the SA
mode in that the accuracies available without the SA mode
invoked are nearly again achieved i.e., 25 meters.

Some testing has been performed to determine the
applicability of Differential GPS for precision instrument
landing approaches. Present accuracy for Cat III landings
are ±18 ft. horizontal and ±2.2 ft. vertical. The best a
fully enhanced Differential GPS could do is ±30 ft.
horizontal and ±30 ft. vertical. Tests were performed by
NASA/Honeywell over 131 landings and during 22 hours of
flight testing to establish these results. Therefore, unless
some new innovation to improve accuracies become available
the best GPS is not usable for precision instrument
landings. A second problem associated with GPS is its
reliability during critical situations in landing aircraft.
Any satellite that has been acquired and is transmitting
erroneous landing information during an instrument landing
cannot be detected, turned-off and the pilot alerted in a
rapid enough sequence. Both problems are being studied and
enhancements proposed to eliminate them and further advance
use of the GPS.



RECEIVER COMPARISON MATRIX

ATTRIBUTES RI NAVCORE V MAGELLAN MOTOROLA RI MAGRS REMARKS

A. ACCURACIES

1-Position(SEP Meters) 25 (CEP) 25 25 16 Error of Prob.

2-Vertical(2dRMS Meters) 78 SEP Spherical

3-Velocity(Meters/sec) 0.5 0.15 N/A 0.1

4-Time (msec) 1 1 1 0.0001

CEP Circular

Error of Prob.

B. OPERATIONS

1-Posn. Update Rate 1 1 1 1 MAGRS
(per sec)

2-Time To First Fix(sec) 25 180 28 N/A

3-Max.Velocity (MPH) 2200 500 670 N/A

4-Max. Accel. (gs) 4 0.5 4 N/A

5-Alt. Hold Mode yes yes yes yes

USN=2/sec for

C. RECEIVER TYPE 5 Ch Parallel 1Ch Fast Seq. 6 Ch Parallel 6 Ch Parallel

-Mode Capability C/A C/A C/A  P

D. PHYSICAL

1-Size-(inches)
L- 4.0 7.4 3.94 12.0
W- 2.6 3.12 2.72 3.13
H- 0.7 1.14 1.14 6.78

2-Weight-(oz) 4 7 4 192

3-Package Type Single PC Card 2 Stacked PC PC Card Module LRU
Cards

E. POWER

1-A.C. ---- ----- ---- 115V, 400HZ MIL-STD-704

2-D.C. +/-5 +12 VDC +5 ----

3-Watts 1.6 3 1.5 28W

4-Keep Alive Battery-(mA) 0.2 0.5 0.5 0.5



RECEIVER COMPARISON MATRIX

ATTRIBUTES RI NAVCORE V MAGELLAN MOTOROLA RI MAGRS REMARKS

F. OUTPUT DATA AVAIL.

1-Time and Date yes yes yes yes

2-Posn.and Alt. yes yes yes yes

3-Velocity yes yes yes yes

4-Ground Course no yes (SW option) no yes

5-Error Estimate yes yes yes

6-Satellite yes yes yes

yes

yes (SW option)

G. INTERFACE AVAIL.

1-RS 232 yes yes yes yes Magellan-one

2-RS 422 no yes no yes

3-1553 no no no yes

4-NEMA 0183 no yes no no

5-ARINC 429 no no no yes

type output  only

H.  WAYPOINTS AVAIL. none 30 (SW option) none 200

I. ENVIRONMENTAL

1-Operating Temp. (ºC) -40,+85 -20,+60 -30,+80 -40,+85

2-Storage Temp. (ºC) -40,+85 -40,+71 -40,+85 -55,+125

3-Altitude-(FT) -1000, +40,000 -1000, +40,000 -1000, +40,000 -1000, +60,000

4-Vibration SAE Stds MIL-STD-810 MIL-STD-810 MIL-STD-810

5-Shock SAE Stds MIL-STD-810 MIL-STD-810 MIL-STD-810

J. PRICES APPROX

1-Receiver ($s) 500 500 1000 Inc. Ant 25,000 W.O.

2-Antenna ($s) 500 500 ---- ----

Ant.

K. DELIVERY PREDICTED Dec 91 Mar 92 Mar 92 Oct 93

NOTE: N/A = Not Available - See Text


