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1 INTRODUCTION

The NAVSTAR Global Positioning System (GPS), currently
being developed by the Department of Defense, is a space based
navigation system that will provide the user with precise
position, velocity and time information on a 24 hour basi:z. in
all weather conditions and at any point on the globe. The
system, as illustrated in Figqure 1.1, consists of a space
segment, a control segment and a user segment,

When fully deployed, the space segment will consist of 18
satellites in s8ix 12 hour orbits of 3 satellites. Each
satellite will continuously broadcast a message containing
precise information relative to its own position (ephemeris) and
clock accuracy and less precise information relative to the
antire constellation position (almanac).

The control segment consists of monitor stations and a
master control station. The monitor stations transmit satellite
tracking data vo the master control station, which determines
the satellites' orbital parameters and communicates them to the
satellites for retransmission to the users.

The user segment consists of the equipment necessary to
derive position, velocity and time from the information received
from the satellites.

The potential unauthorized use of this source of very
precise navigational information has prompted the Department of
Defense to intentionally contaminate the satellites' signals and
to provide authorized users with the necessary information to
recover the original signal. These methods, along with an
anti-spoofing scheme, are known as Selective Availability and
Anti-Spoofing techniques.

Since the baseline GPS system will provide guaranteed high
accuracy to only a limited number of users, mostly the military,
it became evident that the civilian community had to devise a
variation of this system to allow for an assured, uninterrupted
level of accuracy. Differential GPS provides such a capability.

Briefly, it consists of operating a receiver/transmitter at
a fixed 1location, comparing its GPS derived position to its
actual surveyed location and transmitting these errors to
suitably equipped users. Different concepts can be implemented
and are discussed later.
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This study is intended to present the current thinking in
the implementation of Selective Availability, its impact on the
civilian use of GPS, and to assess the support in the <civiilan
community for the development of Differential GPS and the
potential market size for such a system, in particular for the
helicopter. The probability of signal ccrruption and its
possible relaxation with time are assessed and the justification
for the development of Differential GPS are discussed for
different cases of signal corruption.

Section 2 pcegents a brief description of the baseline
Global Positioning System principles of operation. In Section
3, Selective Availability Issues are discussed, as viewed by the
Department of Defense, the Department of Transportation, the
helicopter community, and other possikle users of the system.
Probabilities and projections as to the implementation of such a
system are presented. Section 4 describes different possible
implementations of Differential GPS, including a discussion on
performance. A justification for the development of such a
system is presented. In Section 5, the pctential civil support
and market size for Differential GPS are assessed. This
includes a review of existing radionavigation systems and a
discussion of the operational requirements of the civilian
community, in particular the helicopter community.
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i 2 [ERINCIPLES QF OPERATION OF THE GLQBAL ROSITIONING SYSTRM

2.1 pPseudo Range and Delta Range

The user position is determined by measuring its range to
four satellites, More precisely, the transmission time
necessary for a satellite signal to reach the user is measured.
This includes vscious prcpagation delays as well as satellite
and user c¢lock errors. The range corresponding to  this
transmission time is called pserdo range, since it is not quite
the geometric ran . The satel_ite clock is very precise and
its error can wve determined with high accuracy and corrected
accordingly. The user clock is far less elaborat: and its error
is considered to be an additional unknown. This is the reason
why four rather than three satellites have to be used for a
position fix. The user velocity and clock frequency offset are
determined by measuring the rate of change of pseudo range
(called delta range) to the four selected satellites.

2.2 Satellite Signal

The satellite siynal uses 2 carrier frequencies in the L
band, 1575.42 MHz (Ll) and 1227.6 MHz (L,). Each of these two
signals, L, and L

1 2! is wodulated by either or both a 10.23 MHz

precision (P) signal and/or by a 1.023 MHz clear/acquisition
(C/A) signal. Each of these two binary signals is formed by a
P-code or a C/A code which is m>dulo-2 added to 50 bps data.
The P and C/A signals are modulo 2 added to Ly and L, in phase

quadrature, The P code is a pseudo random sequence
reinitialized at the end of each 7 day period. The C/A code is
a unicue Gold code with a period of 1 msec. The user has the
capability to duplicate both the P and C/A codes and the
transmission time is determined by measuring the offset that has
to be applied to the locally generated code to synchronize it
with the code received from the sztellite. Since the P code has
a wider bandwidth, it will be more difficult to acquire than the
C/A code, but it will provide better accuracy and additional
anti-jam protection. This explains the names Precision and
Coarse-Acquisition code. Operation with the P code can be
expected to provide an unfiltered accuracy of abgut 16 m (lo)
while the C/A code will prcvide an unfiltered accuracy of about
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32 m (lg); (refer to Table 4.2).
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3 ANALYSIS OF SELECTIVE AVAILABILITY ISSUES CONCERNING
NAVOTAR-GPS

3.1 History

3.1.1 conception and Approval

The NAVSTAR system was approved for concept validation in
1973. This initiation was based on tactical requirements,
particularly in the area of weapon delivery. On 13 December
1973, DSARCI app.aval was given based in part on the results of
the predecessor program. This piojram, 621~B, had achieved test
results at Holloman AFB that proved both the concept of
"3-Dimensional Navigation"™ and the concept of "Code Division
Multiple Access"(l).

As a result of DSARC approval, a Joint Program Office was
formed at the Space and Missile Systems Organization of the Air
Force. The system which was to be validated was based on both
Air Force test results, and also the Navy's ongoing Timation
Program. In particular, the satellite orbits were selected to
provide graceful degradation in the event of satellite outages.
The 24 satellites in three rings of eight each also provided
good geometric dilution of precision or GDOP. (The Space
Segment of the GPS has recently been rebaselined to 18
satellites in 6 orbits of 3 satellites each.) The ground
stations involved were prototypes of the operational grcund
stations, and a complete ensemble of user equipment was provided
for testing at the Yuma Proving Ground in Arizona.

3.1.2 Ipitial System Goals

The initial system goals were principally to demonstrate
the cost and feasibility of user equipment; to demonstrate the
lifetime and stability of the satellite clocks; to demonstrate
the ability to predict future satellite location; and, as the
end result, to demonctrate the accuracy of the resulting
navigation system,
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3.1.3 Comparisons with Qther Systems

Table 3.1, which has been extracted from the Institute of
Navigation Bulletin, Volume 24, No., 1(2), shows « comparison of
the GPS with other modern, radionavigation systems. Notewocthy
are the global coverage for GPS combined with 3-dimensions of
position and 3-dimensions of velocity. A more extensive
discussion of these systems is presented in Section 5.

3.1.4 Test Results

Although NAVSTAR is in its infancy in terms of developing
accurate ephemerides and sophisticated clock corrections or user
equipment algorithms, the test results have been impressive.
Example test results using a single channel set are shown in
Figqure 3.1, extracted from the Institute of Navigation Bulletin,
Volume 26, No. 2(3).

In this example, the measured CEP of the static user was
6.2 meters against a systems spec for this single-channel set of
15 meters. GPS test results have generally met or exceeded all
the requirements which were established in 1973.

In addition toc trese tests, a special Differential GPS test
was run using the Texas Instruments High Dynamic User Set.
These results are noteworthy because they provide evidence of
the capability of Differential GPS, and may offer a solution for
the civilian user with more stringent accuracy requirements than
are currently expected to be available. More will be said about
this in Section 4.

3.1.5 Low-Cogt User Studies

A number of studies were performed during the Phase I,
Department of Defense Program. These aimed at the low-cost user
equipment market. The projected prices ranged from
approximately $1,000 up to $10,000, for a full, way point
navigation equipment. For comparison, the single channel C/A
tracking set (called Type 2), which had been developed for Phase
I as a military low-cost prototype, had been targeted at a
production cost of $10,000 (1973 9).
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(In report MX-TM-3212-76, Magnavox states a design to cost goal
of less than $15,000 (CY788). This is roughly equivalent to the
$10,000 quote when allowing for a 10% inflation rate.) It is
difficult to compare GPS User Equipment with most other
varieties of navigation equipments. This is because the GPS
equipment almost automatically provides such features as way
point navigation in 3-dimensions.

3.1.6 _hase-In/Qut Rlan

An official plan has been adopted for Federal
Radionavigation(4), which describes the phase-in/out of classes
of equipments for the various users. This is shown in Figures
3.2 and 3.3. Although the phase-in/out times are only
projections at this point, those phase points are important
drivers for decisions regarding selective availability on GPS.

3.1.7 System Use and Recommendations

Figure 3.4 presents the schedule for GPS development, as
well as for System Utilization as developed by the Federal
Radionavigation Plan. It represents a blending of requirements
and systems availability and cost.

3.2 gelective Availability i{SA) Issues
as Viewed by the Department of Defense (DQD)

3.2.1 Test Results Considered

As a result of the impressive test results for Phase I GPS,
there 1is a clear concern over making GPS capabilities available
to a potential enemy. This issue has been raised at each of the
DSARC's and a great deal of time has been devoted to studying
potential impacts and means to ensure that accuracy was denied
to the enemy.

Appendix I contains an extract from a DOD statement on
NAVSTAR availability by Dr. Gerald P. Dinneen.
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The SA studies have included all cognizant members of the
National Defense community. It has been generally recognized
that the criteria for denying a navigation system are somewhat
different than the «criteria for securing a communications
system. This is because a navigation system can potentially be
gracefully degraded, whereas any access to certain communication
systems is potentially severely damaging. In the process of
studying the so-called denial of accuracy or selective
availability issue, many different techniques have been
considered. These will not be described in this study.

Generally speaking, the thrust in selective availability
has been to have the following capabilities:

a) Totally deny the P channel or precise channel at times
of national choosing, and

b) use various techniques to restrict the accuracy of the
clear/acquisition channel (C/A) to some predetermined
level based on national security considerations.

To more effectively examine the issues of selective
availability, it is worthwhile to consider how a hypothetical
enemy might exploit the non-degraded NAVSTAR signal. It should
be noted at the outset that any general or extensive
exploitation of GPS by a potential enemy will insure the very
sizeable cost or developing, copying and equipping the enemy
force in order to effect that exploitation, Table 3.2
summarizes enemy exploitation in each of five possible uses. We
will now examine those uses one at a time.

3.2.1.1 Tactical

The 1se of the C/A code in a tactical environment is of
little value to an enemy due to its susceptibility to spoofing
and to jamming. As a result, it is not felt that the C/A code
af fords much help to an enemy in a tactical theater. The use of
an unprotected P channel could be of considerable value. The
issue is the cost of equipping an enemy force of sufficient size
to take effective advantage of the common grid navigation
system. Any potential enemy would be concerned that the P
channel characteristics described in the open literature would
no longer be available in time of national emergency.
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Table 3,2. POTENTIAL ENEMY EXPLOITATION OF CPS

HYPOTHETICAL NON-DEGRADED SIGNAL

| | |
| | |
I I |
| I |
| USE | c/a I ) |
I | | I
| | I |
|Tactical | Not of value due to spoofing | Of considerable value]
| | and jamming susceptibilities | Issue is cost of |
I | | equipping enemy forcel|
I | | if use can be denied |
| I_ | !
| | | |
|Strategic | Not of value due to spoofing | Missiles/fear o€ |
| | and jamming susceptibilities | deception would make |
I i | cost of equipping |
| | | difficult to justify |
| | | Aircraft/might be ]
I | | used as a backup |
| | | system |
| | l |
I | I |
I[Intelli- | Static user/little effective | Static user/little i
| gence | improvement over TRANSIT | effective improvement|
| | capability | over TRANSIT |
I | Dynamic user/some peacetime | Dynamic user/some |
: } benefit : benef it :
| I I |
|Commercial| Value similar to U.S. civil | Value similar to U.S.|
[ | use | civil use !
| | [ |
| | I |
|Peacetime | Little value since it would | If forces are equip~ |
IMilitary | be an unlikely asset in | ped, it could be of |
|Exercises ; wartime } considerable value :
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3.2.1.2 Strategic

The C/A code is not of value for the strategic environment
for the same reasons that were described for the tactical
environment, The P code is potentially of considerable value.
There are two major areas where strategic forces might be so
equipped. The first is for those applications involving
intercontinental ballistic missiles. For thic use, a fear of
deception may make the cost of equipping difficult to justify.
The second is the strategic aircraft; it 1is conceivable that
selected vehicles bhe equipped with GPS receivers for use as a
backup system.

3.2.1.3 1Intelligence Gathering

The C/A code would afford little effective improvement over
the position capability now given the static user through the
TRANSIT receiver system. Therefore, locating specific geodetic
bench marks can be carried out using either capability. The
dynamic user in an intelligence~-gathering mode may find some
peacetime benefit from using the clear acquisition channel.
This is because there is little 1likelihoed of intentional
spoofing or jamming during peacetime. The P channel for the
static user would have 1little effective improvement over
TRANSIT. The dynamic user would realize even greater benefits
than the dynamic user of the clear acquisition code.

3.2.1.4 Commercial

The value matrix for the commercial users of a potential
er.emy would be similar to that for the U.S. civil users. There
is one major exception; in time of national emergency, it is
conceivable that certain selected U.S. civil users would
continue to be granted full accuracy. For example, certain
commercial airlines. Whether this might happen would be driven
by considerations of the exposure of the encryption keys to the
enemy access.
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3.2.1.5 Peacetime Military Exercises

The C/A code is of little value since it would not be a
likely asset ir wartime. The P code could be of considerable
Ialug if the enemy decides it could afford to generally equip

ts forces.

3.2.2 Summary

In reviewing potential enemy use of the NAVSTAR signal, it
is clear that there is an obiective basis for concern. Whether
the enemy would use the capability cannot be accurately
assessed. The real issue is, sould an enemy sever ga Lo the
effort and expense of generally equipping forces Lo use a

i AL system which he did not gcontrol? The
current military assessment is that such use is pogsible;
therefore, it is necessary to implement a selective availability
technical capability, as well as a policy. The currently
preferred policy is one which would provide a variable
guaranteed accuracy.

The issue of when S/A will be implemented is more difficult
to answer, There 1is an official commitment that Selective
Availability will be implemented. But, to our knowledge, there
is no official statement of when and how frequently it will be
used. It is, however, unlikely that S/A will be implemented
continuously, but the DOD will probably be unwilling to give any
written promise to that effect because this would defeat the S/A

purpose.

3.3 The Issues as Viewed by the Department of Iransportation
{DOT)

3.3.1 History ’

The Department of Transportation has not been a part of the
Phase I development program nor have they ever officially stated
a requir~ment for <+the NAVSTAR Global rositioning System
capabilities. They recognize it as a potential Department of
Defense system. They had been urged by Congress to consider the
NAVSTAR Global Positioning System in the context of the total
navigation and positioning needs of the nation. As a result, a
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joint Federal Radionavigation Plan has been developed which roes
into considerable detail in issues, requirements, techn.cal
capabilities, and long range projections. These are addressed
in Section 4.

3.3.2 gpecific DOT Issues

The specific isees which have arisen in DOT discussions of
the NAVSTAR system have included the following:

a) Hasty Introduction. A concem Ly the Departmen® of
Transportation that events are moving too fast; thdt
the promise of GPS had not yet been realized and that
any conclusion which would cancel an ongoing DOT
program was premature,

b) Impact of Selective Availability. The Lepartment of

Transportation has expressed concern that a gsystem
without continuous guaranteed accuracy was of little
use to the civilian community. As 2 result of this
concern and Congressional pressure, the Department of
Defense has stated an official policy in the Federal
Radionavigation Plan.

c) User Equipment Cost. The Department (f Transportation
has stated that potential NAVSTAR user equipment would
be very expensive and not affordable by the general
user community they service. There have been contrary
opinions tn~ this statement offered by a number of
cgquipment manufacturars. However, at this point, there
is no hard data on the actual user equipment costs
compared to the cost of equipments of equivalent
capability which navigate based on different systems.
I* is, however, nenerally accepted that in order to be
competitive, a set suitable for general aviation should
sell below §$5,000.

d) Potential Reguirements for Cost Sharing. From time to

time the issue of sharing the system cost (i.e.,
satellite/grourrd station) cost with the users has been
brought forward. Cost sharing has never been required
for other federal radionavigation aids. To burden the
Global Positioning System with such costs would create
an unfair economic advantage ¢to the alternatives.
However, the fact that it is unfair does not preclude
cost sharing and any civilian user must have a clearly
stated policy regarding the cost which must be borne by
the using community.
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e) Lack of Civilian Control of the System. The Department

of Transportation has been reluctant to consider a
system which was not under civilian control. There
have been joint use facilities such as search radars
for some time. These are the exception rather than the
rule, DOT feels the need for total control of any
system of this magnitude.

£) Many Iraditional Manufacturers Not Involved. The
traditional radionavigation manufacturing community has
not been involved in much of the development of the
NAVSTAR system. As a result there are legitimate
concerns on the part of DOT as to whether the
equipments being developed truly address the needs of
the user communities they serve.

f) Technical Adequacy of C/A. There has been a wide range
of concerns over the technical adequacy of the C/A
signal for commercial or civilian use. These range
from multi~path to antenna shading ard ionospheric
group delay corrections. Generally, the test data for
the so called 2 set of Phase I has explored many of
these issues; however, those tests were not under the
control of +he Department of Transportation. As a
result, the De,artment of Transportation feels the need
to independently verify the capabilities of the NAVSTAR
system.

3.3.3 Summary

The Department of Transportation generally would like to go
slow on the NAVSTAR GPS. It competes with certain DOT programs
and its eventual deployment 1is not yet guaranteed by the
Department of Defense. Active programs are now underway at the
Department of Transportation to explore in greater depth some of
the specific issues just described.

3.4 The Issues as Viewed by tbe Helicopter Community

There are now close to 10,000 civil helicopters in the
United States and Canada. The projections and trends are very
clear: their use will become more prevalent.

The helicopter is particularly attractive for service in
the 30 to 300 mile range. There are three noteworthy attributes
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of rotor craft which make its navigation problems somewhat
unique. These are:

1. Low Altitude QOperations

The helicopter performance is best at low altitudes
where the existing navigation system availability is
least.

2. Sparsely Equipped Terminal Areas

The helicopter's ability to land and maneuver anywhere
is one of its greatest benefits. However, most
navigation aids are located for a region of maximum
accuracy which is close to a fixed wing landing field.
It would be economically prohibitive to use these same
techniques for the range of helicopter terminal areas.
There is an increased need for IFR rated helicopters,
yet the improved NAV aids to provide them with the
operational flexibility they need are not being
planned.

3. Unstructured Routes

Helicopters tend to operate over unstructured routes.
Because they operate close to the ground, a
3-dimensional navigation capability is important to fly
the so-called RNAV routes which are direct paths
between the points they serve,

One of the spokesmen :or tche helicopter community, Mr.
Glen Gilbert, has frequeantly written and spoken in
public concerning the .aeed for the NAVSTAR Global
Positioning System. He has stated, "I believe the U.S.
Department of Defense satellite based NAVSTAPR ~lobal
Positioning System (GPS) 1is the one system now in
process of being implemented which offers the most
likely potential for meeting the (helicopter
community's) navigation goals. GPS provides gseven
dimensional information: 3 dimensions of position, 3
dimensions of velocity, as well as precise time." It
is clear that the helicopter community represents a
unique user. Mr. Gilbert feels the challenge is now
with the U.S. Government to provide the helicopter
community the services it needs. K« has called for
increased FAA R&D funding in the NAVSTAR Global
Positioning System area.
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3.5 The Issues as Viewed Ry Qthers

3.5.1 The Petroleum Industry

The petroleum industry has been the subject of numerous
articles on Navigational Positioning, e.g., Johnson and Ward(3),
Morgan(5). These describe the needs for the precise positioning
offered by GPS for the offshore drilling community. Any delays
in the operation tie up expensive pieces of capital equipment.
~3 a resgult, these users would now gladly buy GPS, even though
the receiver costs $100,000 to $150,000.

3.5.2 The International Community

Both military allies, such as NATO and othe: friendi{
countries such as Japan, have expressed interest in the NAVST

capability and potential availability. The NAVSTAR issue was
explored in an earlier AGARD special report(6), which had been
fostered by Prof. C.T. Leondes of UCLA., It would appear that
the harsh winter weather characteristics of northern Europe have
made GPS particularly appealing.

3.6 CQurrent Qfficial Selective Availability Status

The following paragraph 1is 1issued from Volume 1 of the
Federal Radionavigation Plan(4).

"The availability of navigational signals of adequate
accuracy at all times, including times of stress, is essential
to reliance on a given system for safety of navigation. A
preliminary evaluation of the proposed NAVSTAR GPS signals
indicates that many civil requirements probably could be met

with the coarse/acquisition signal Conversely, guaranteed
availability of optimum performance may diminish national
security objectives, so that a trade-off or mpromise is

necessary. Hence, a proposed national policy is being developed
on the criteria which will govern availability and accuracy.
The Department of Defense proposes that NAVSTAR GPS
coarse/acquisition (C/A) signal will be made continuously
available on an international basis for civil and commercial use
at the highest level of accuracy consistent with national
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security interests. It is presently projected that an accuracy
of 200m CEP (500m 2 drms) will be available during the first
year of full NAVSTAR GPS operation with accuracy available to
civil wusers increasing as time passes. This policy is a key
element in determining the non-military navigational services
that can be based on use of NAVSTAR GPS signals."

3.7 Probability and Proj .

3.7.1 gQurrent Situation

The system is available and currently being used. Figures
3.5, 3.6 and 3.7, extracted from reference 3, show the coverage
of the current GPS constellation. They show, for example, that
there are four vehicle coverages over most of the oil
exploration areas of the world on a daily basis. Figures 3.5
and 3.6 show the six satellite GDOP contours, and the near term
GPS constellation time contours. Figure 3.7 shows the areas
where 4 satellites are available. The point is that there is
already a small user community who can be serviced and who is
willing to pay 150 to 300,000 dollars for a GPS equipment,
because the resulting navigation positioning capabilities so
vastly improve their operations.

The currently planned operational date for the NAVSTAR
System is not driven by technical development time, but rather
by budget and cash flow considerations within the Department of
Defense. As originally conceived, there would be a so-called
worldwide 2-dimensional capability by 1982. Squeezes on the
budget and modifications to the satellites' technical
requirements have pushed that date out to 1986-87. If the
military needs were sufficiently urgent, the final operational
date would be accelerated considerably.

Because of the great costs in modifying the system
configuration, it is unlikely that any substantial changes would

be made. The selective availability feature 1is being
implemented with its nominal accuracy set at about the 200 meter
level.
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Figure 3.5. Near-Term GPS Constellation (3ix-SV) GDOP Contours

P8 HOURS OF 1 SATILLITE VISIBILITY
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igure 2.6. Near-Term GPS Constellation Time Contours
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Figure 3.7. Current GPS Four SV Coverage Contours
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3.7.2 Ihree Main Contending EFactions

Predictions of future actions by the federal government are
usually quite conjectural. The central question which involves
both technical and political considerations is what guarantee of
accuracy will be available to the civil users and how will that
improve over time. The Department of Defense through their
perception of enemy capability tends to limit the perrormance to
a lower level. The users community which is driven by favorable
cost performance trades tends to press for a guarantee for
better accuracy. This is nowhere better evident than in the
helicopter community. While the Department of Transportation
has been unwilling to request greater accuracy of the Department
of Defense at this time, their future actions might be somewhat
different. This must depend on their understanding and
assessment of true potential value to the users community whom
they represent. These pressures are diagrammed in Figure 3.8,

The two central issues in the Department of Defense
position are:

l. At what 1level of accuracy is there a material
improvement in enemy capability?

2. Would an enemy equip its forces in the face of our
selective availability capabilities?

The using community pressures can be summarized as follows:
Many express a need for the system today. Whether that expands
is a function of cost versus capability. Certainly as digital
electronics drive down the cost curve, the potential for greater
user interest is very real. The Department of Transportation,
to this date, has concentrated on its largest volume of users.
It can be expected that strong initial interest will principally
come from special user groups such as the petrochemical ur the
helicopter community.

The Congressional position on NAVSTAR has been generally
supportive to this date. In particular, Congress and the GAO
have urged the Department of Transportation to give the sysiem a
fair hearing. If such pressures continue, it may anasten the
date of GPS introduction into general use.
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GUARANTEER BETTER
ACCURACY TO CIVIL USERS

FAVORABLE
COST / PERFORMANCE
TRADES

Figure 3.3. Pressures on Level of Guaranteed Accuracy
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3.7.3 PRast Examples

It is instructive to examine the history of certain of the
current radionavigation aids as examples.

3.7.3.1 NNSSs

The Navy Navigation Satellite System or Transit has been in
use for over 10 years. It has not been officially declared
available to the civilian community, but its use is prevalent.
In particular, there is a small, but developing market for
Transit receivers(5). The Navy has officially statecd they
expect the GPS system to eventually replace Transit.

3.7.3’2 OMEGA

The OMEGA system has been developed and is being
implemented by the Navy with the assistance of the Coast Guar
and the participation of several partner nations in an effort to
assist in verifying system accuracy. Some commercial and
private ships and aircraft are using the OMEGA system either as
an update for their self-contained system or as a sole means of
navigation when operating on oceanic routes. Because of OMEGA's
extensive coverage, its use is expected to grow in the civilian
community.

3.7.3.3 LORAN

LORAN was developed to provide the military with a long
range radionavigation capability. It was subsequently selected
as the U.S, Government-provided radionavigation system for
civil marine use in the U.S. coastal areas. 1Its use has,
however, been limited in the civilian community, by the lack of
low-cost receivers and a lack of coverage, Technological
advances are rapidly lowering user equipment costs and coverage
limitations are being eliminated by an expansion and improvement
program now underway.
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3.7.4 Projections

Figqure 3.9 projects the GPS accuracy capability versus
time. The accuracy capability of 1980 is taken from the open
literature. The selective availability line is that taken from
the Federal Radionavigation Plan. It is hypothesized that the
enemy Transit capability 1is no worse than a factor of 2 below
the capability of the U.S. Transit System. The 1980 data on
the P code GPS is derived from Reference 7. Our Transit
capability is derived from the Federal Radionavigation Plan.
The P code Differential GPS is derived from Reference 8. The C/A
code accuracies for GPS and Differential GPS were determined as
described in Section 4.2.2. The enemy Global Positioning System
capability hypothesized for 1990, suggests introduction 10 years
subsequent to the frequency allocation approval for such a
system. At that point, the enemy capability improves rapidly to
a factor of approximately 2 worse than that of the U.S. P Coda
Global Positioning System. Based on that analysis, the need [cr
i Selective Availability capability will extend out to at least

990.

3.7.5 cConclusions

The Selective Availability concept will continue to be
implemented by the Department of Defense. It is only prudent to
insure that we have the capability to deny accuracy in time of
national need.

If the enemy capability increases, as postulated by Figure
3.9, and the Department of Defense pe:ceptions do not change,
one would expect a 60 to 100 meters guaranteed CEP by about
1990. If the enemy were to deploy a Global Positioning system
at an earlier date, it is likely that more accuracy would be
available at an earlier date for the civilian community. At
this time, there appears 1little likelihood of a guaranteed P
channel prior to 1990. This is because the P Code GPS will
continue to provide significant military assistance,
particularly in such areas as blind bombing. Although P Code is
not guaranteed, it may be available in usable form to special
users. That is the situation now, and except for selective
tests, there may be no need for a general policy for denial
until, or unless, world tensions cause modifications to that
policy. The fact that the P Code is usually available will not
be of great assistance in obtaining ICAO sanctions for general
use of the GPS P Code.
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Figure 3.9
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Pigure 4.1. Differential GPS Operation

At least three Differential GPS concepts could be implemented:

A. A receiver is placed in a known location and the errcrs
(ax, AY, Az) in the solution derived from GPS
satellites are measured. This information 1is then
transmitted to the vehicle carrying the primary
receiver. Issues here are the degradation of the
validity of the correction terms as a function of tne
distance between the two receivers, and the fact that
these correction terms are only valid if both receivers
use the same set of satellites. The first issue will
be discussed in the next section. The second issue s
the fundamental drawback of this concept. However,
with the 18 satellites constellation and the localized
nature of Differential GPS, it is unlikely that the
different constelliations will be selected by the user
and the ground station.

B. A receiver is placed in a known location and the errors
in the pseudo range to all visible satellites are
determined and transmitted to the user. With this
techrique, there is no need for the usar to use the
same constellation as the ground receiver, gince he |is
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getting the correction terms for all the satellites.

C. The ground station is acting as a pseudo-satellite.
The biases in pse.do range for all the satellites are
calculated and included in the navigation data message
broadcast by the pseudu-satellite. The userx can
collect this information as part of the regular
navigation message and correct his solution
accordingly. This technique is especially attractive
in areas where 4 satellites are not always available
due either to terrain configuration or to constellation
configuration.

4.2.1 Limiting Factors on Accuracy

All three techniques proposed for Diffevential GPS require
the use of a data link between the ground reference point and
the user. This limits Differeatial GPS to a localized area due
to line of sight and propagation problems,

Another limiting factor is the degradation of accuracy as
the distance from the ground reference increases. An upper
bound Zor the ranging e.ror introduced by using, at the user
location, the pseudo range correction term calculated for the
reference point is derived below.

Let us consider the situation, (see Figure 4.2), where the

satellite S at location Strue' but believed to be at location

Sassumed' transmits a message at time t believed to be t + At.

These discrepancies can be dne to genuine inaccuracies in
ephemer’s and clock error determinations or can be intentionally
introduced as a Selective Availability technique.
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Figure 4.2, Degradation of Accuracy With Distance
From the Calibration Point
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At the calibration point, the time at which the signal is
received and the time at which it is expected are:

N rtrue ¢
signal recvd © c
r
true + Ar
tsignal expected = c bt

The total time discrepancy is

AL | At
c

Let us now consider a user, a distance § away from the
calibration point. For this user, the total time discrepancy
will be

fr' + At
c

Therefore, the range error introduced by using, at the user
location, the discrepancy obtained for the caiibration point is:

e = AL = aAr!
or
e -~ d sina - d sin (a-¢)
e - d(sira - sinac cosec + sine cosa)
Approximatinc to first order for small ¢, we obtain
e Z ed cosa

The value of ¢ can be bounded as

e <8
r
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which leads to

e £ S_d. CcCOS8
r

The worst case will be for

*= 0,, i.e,, an along track offset.

and lel £ =

In Figure 4.3, these errors are plotted for various cases
of user to calibration point separation. Obviously, one would
not use Dif ferential GPS if the ranging error is larger than the
quaranteed accuracy of GPS. This is 83 m (1v) (PDOP=3) . If
Selective Availability is not implemented, ranging errors can be
expectad to be about 5 m (P code) and 11 m (C/A code).

Example: for 5= 100 km and d = 1 km and
since r is approximately 20,300 km

lel< 5 meters

The pseudo range correction at the calibration point is ir + cat
and is obtained by taking the difference between the time at
which the signal is expected and the time at which it 1is
actually received. The time at which it 1is expected 1is
Getermined by using the true calibration point location and the
assumed satellite 1location. The difference will, therefore,
include all propagation delays.

So, the ranging error introduced is linearly proportional
to the distance from the ground reference point.

In the second and third techniques described above, pseudo
range correction terms are actually sent to the user.

However, in the first technique, Earth Centered Earth Fixed
(ECEF) coordinates correction terms (.x, Jy, 3z) are broadcast
by the ground reference station.
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An error in position i. related to a ranging error by the
Position Dilution of Precision (PDOP); i.e.,

ex = PDOP e,

whire

ey and e  are position and range errors, respectively.

PDOP is a funct.on of the geometry between the user
position and the 'satellite position, A PDOP of 3 is
representative of GPS. Ikor this value, a position error of 15 m
would be obtained in the (ase of a 5 m ranging error. More on
PDOP can be found in reference 11.

4.2.2 Differential Gk. . arformance

Table 4.1, borrowed from (8), presents the baseline GPS
system error bvudget as well as the Differential GPS error budget
(using the precision code P), This table, however, dces not
take into consideration the degradation of accuracy due to
distance discussed above.

If we use the example of the previous section, i.e., a
distance of 100 km between the two receivers and a 1l km
«longtrack error in the satellite position, a 5 meters ranging
error would result. The resulting User Equivalent Range Error
(UERE) would be about 6.5 meters, which would correspond to a
point solution accuracy of 19.5 meters without filtering or 15
meters with filtering, which does not compare favorably with the
baseline GPS. A less extreme case would be a 100 km distance
between the two receivers and a 200 meter alongtrack error in
the satellite position. A 1 meter ranging error would result.
This corresponds tc a point solution accuracy of about 12 meters
without filtering or 5 meters with filtering. These numberz
compare more favorably with the baseline GPS. The sensitivity
of Dif ferential GPS to alongtrack errors 1is, however,
noteworthy. The baseline GPS system, on the other hand, is
pretty much insensitive to alongtrack errors, but very sensitive
to 1line of sight errors. If a 1l km ranging error were added on
in the GPS error budget, this error would dominate all other
sources and the user would end up with a 1 km UERE, if the
baseline  GPS is used. Satellite clock errors are
undistinguishable from the line of sight position errors and can
therefore only be compensated by Differential GPS and not by the
baseline system.
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Table 4.1. P Code Receiver GPS Error Budget

Abssings (metem) Diffusentiel (metes)
Exw Souwses Nas Remdam Toml | ] Randem Toml
Clock and navigation ] 2?7 27 1] 7 2?7
suboystem stability
Precictability of 1.0 0 1.0 0 0 0
sataiiite parturbasions
Other ] 0.866 0.866 0 0866 0.866
Ephemaris and clock pA | 0 pX 1 0 0 V]
prediction
lonospharic delay 23 0 23 0 0 0
Compensation
Tropospheric delay 0 20 20 0 20 .0
compangiion
Recetver nosss and Q9 1. 1.5 0 1.5 1.8
resoiuton
Muitipath 0 1.2 1.2 0 i.2 1.2
1o systam user 3.54 197 $3 0 397 397
quivaient rangs
error (UERE)
Pant sodution sccurscy = Pomt solution saccurxy »
PDOP X ranging accuracy PDOP X nngng accuracy
»3 X 5Im 16 meters = 31X 397 m |2 meters
Flltered soiuton sccurscy = Filtered soiution accuracy =
97\ .97
J (3 X 3.54) + (-3-5319—7) “% = 4 meuns
a!] metrs
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Estimates of Differential GPS perfcrmance using the P and
C/A codes are discussed next., Tables 4.2 and 4.3 present these
results.

Table 4.2 addresses the performance of the baseline GPS and
that of the three Differential GPS techniques assuming various
scenarios of availability to the civilian community. Four
satellites are available at all times.

Table 4.3 presents the same information as the first -one
with the exception that an overhead satellite outage is assumed,
i.e., not satellite is available at a high elevation angle
relative to the user. Use of the baseline GPS in this situation
would provide a degraded vertical accuracy.

Dif ferential GPS would provide a better accuracy.
Techniques A and B provide an improved vertical solution,
especially after filtering. Technique C, in which the ground
station would act as a pseudolite, will give the best results
when the ground station is directly below the user, thereby
improving the Vertical Dilution of Precision (VDOP). The
numbers presented in Tables 4.2 and 4.3 are only representative
of the type of relative improvements one might expect from the
use of Differential GPS. They were derived as follows:

I. No Satellife Qutages
A. C/A With S/A
1. Baseline GPS
200 m (CEP) as indicated in the Federal

Radionavigation Plan. This corresponds to
about 250 m (lo).

2. Differential GRS

The error budget of Table 4.1 was used, but
the receiver noise and resolution error was
assumed to be 10 meters rather than 1.5
meters since the C/A code is used.
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This leads to a lo UERE of 10.65 meters. Any
line of sight bias in the satellite position
or any error in the satellite clock are
cancelled out by Differential GPS. The error
due to the distance between the user and the
ground reference point was not included.
Using a HDOP of 1.5 and a VDOP of 2.5 lead to
horizontal and vertical position errors of
about 16 meters and 27 meters, respectively,
assuming no filtering. After filtering, and
assuming that the random ranging error can be
reduced by a factor of 3, the position errors
are 5 meters (1 horizontal) and 9 meters (10
vertical). Techniques A, B and C will
provide the same ranging accuracy. The
position accuracies could be different since
there can be variations in the DOP values. A
VDOP of 2.0 was assumed for DGPS-C since VDOP
is improved by the pseudolite.

B. C/A Without S/A

1. PBaseline GPS

The error budget of Table 4.1 is used, with
10 meters receiver noise error. The
resulting lg UERE is about 11 meters. This
corresponds to a horizontal and vertical
position errors of 17 and 28 meters (HDOP =
1.5, VDOP = 2.5) before filtering and 8 and
13 meters after filtering.

2. Differential GPS

Since there is no Selective Availability, the
satellite position error alongtrack can be
assumed less than 1 km., A 200 meter error
would induce a 0.1 meter error in range for a
10 km distance between the user and the
ground reference point. This error can be
neglected., The lo UERE would then be 10.65
meters. This corresponds to a horizontal
position error (HDOP = 1.5) of 16 meters and
5 meters before and after filtering,
respectively. The vertical errors (VDOP =
2.5) are 27 meters and 9 meters before and
after filtering, recpectively. Here again,
possible DOP variations between Tecltniques A,
B and C can occur. A VDOP of 2.0 was assumed
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for DGPS-C.
C. P Without S/A
1. Bageline GRS

The numbers from Table 4.1 are used with HDOP
= 1.5 and VVDOP = 2.5, This 1leads to

horizontal errors of 8 and 6 meters before
and after filtering and vertical errors of 13
and 9 meters before and after filtering.

2. Differential GPS

The numbers from Table 4.1 are used with HDOP
= 1.5 and VDOP = 2.5, Horizontal and
vertical errors are 6 and 10 meters before
filtering and 2 and 3 meters after filtering.
For DGPS-C a VDOP of 2.0 was used. This
leads to slightly smaller e:rors.

II. QOne Qverhead Satellite Qutage

By an overhead satellite outage, we mean that all
satellites available to the user are at relatively low
elevations. This leads to an increased Vertical
Dilution of Precision (VDOP), while the Horizontal
Dilution of Precision (HDOP) is practically unchanged.

To illustrate this situation, a VDOP of 4 was
assumed, while HDOP remained at 1.5. The horizcntal
accuracies obtained in the case of no overhead
satellite outage are therefore the same in this case.
The vertical errors are larger, except in the case of
technique C of Differential GPS, where the ground
station can be used as the fourth satellite in the
sonstellation. For this case, VDOP would be conserved
at 2.0 and the vertical accuracy would be much better.
Table 4.3 presents these results.

III. Conclusions

From these tables, we can see that Differential
GPS will, in most cases, greatly improve the accuracy.
It is noteworthy that this is also true when no
Selective Availability is implemented, The largest
improvement provided by the differential approach is
when an overhead outage occurs. Technique C provides
the hest accuracy, but it will require a fair amount of
modification to the user equipment sets designed for
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the baseline GPS, since one satellite will now be on
the ground, which, among other things, will require the
use of multiple antennas, Techniques A and B also
require a data link with the user but not at the rate
required by Technique C.

Nevertheless, whatever the technique, Differential
GPS 1is one sure way for the civilian community to have
a guaranteed level of accuracy better than the 250
meters presently planned for GPS. Also, with an 18
satellites constellation, the probability of an outage
is increased and the potential improvement of
Differential GPS more apparent,

4.2.2.1 1Ionospheric Compensation

Let us dwell just a 1little on the ionospheric delay
compensation .,0f Table 4.1. The ionospheric delay is dependent
on both the character of the ionosphere at =zenith and the
elevation angle to the satellite. The effects of the elevation
angle relative to the total ionospheric delay are illustrated in
Figure 4.4 extracted from (12). The obliquity factor
(multiplicative) gives the factor with which the ionospheric
delay is increased relative to the delay for a ray to a
satellite at zenith or

lono, = QE 1onog,
where ionoE is the ionospheric delay for an elevation E
iono90 is the ionospheric delay for an elevation of 90°

Qg is the obliquity factor.

If we consider, as previously, a distance of 100 km between the
ground reference point and the user, we obtain (see Figure 4.5).

- 100 . -
2 %400 - 0.016 rad -~ 0.9 degree

3 £ 'ﬁ%%ﬁa Z 0.005 rad or 8 < 0.3 degree
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This limits the change in elevation to 1.2 degree.
The ionospheric delay for P and P' are, respectively,
QP iono90

QP' iono90

the difference is

|aiono| = IQP - QP.I ion090

From Figure 4.5, the maximum change of Q with elevation is about
0.06 for a 1.2° change or |4iono| £ 0.06 ionog,.

Replacing ion090 by 2.3 m one obtains an upper bLbound on the
difference of ionospheric delays between user and ground r*ac.c.

|Aiono| £ 0.14 m

So, for all practical purposes, the ionospheric delay
compensation is the same at both points. It would therefore be
advantageous to modify the user equipment software so as to
inhibit the ionospheric delay correction. Two approaches are
then possible.

For Differential GPS Technique A, where position
corrections Ax, Ay, Az are transmitted, either no ionospheric
correction 1is made at the ground receiver, or the correction is
made and transmitted to the user along with the pesition
correction terms, In the former case, the position correction
terms will include any ionospheric delay, and in the latter
case, the same ionospheric correction will be made at both user
and reference ground station. Ir any event, it is well known
that ionospheric delay estimation is imprecise and requires a
dual frequency receiver in the user set. The techniques above
do away with this dual frequency requirement and provide for a
more accurate ionospheric compensation.
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Figure 4.5. Change in Ionospheric Delay

MNTERMETRICS INCORPORATED e 5392 BOLSA AVENUE @ HUNTINGTON BEACH. CA 92649 ¢ (7'4) 831-4631 @ 12'3) 594-9695
CORPORATE CFFICE. ™21 CONCORD AVENUE e CAMBRIDGE. MASSACHUSETTS 02138 @ 517, on' 1840



48

For Differential GPS Techniques B and C, where pseudo range
corrections are transmitted to the user, the same techniques can
be used. If no ionospheric correction is made, this delay is
included in the pseudo range correction terms broadcast, as
indicated in Section 4.2.1. If the correction is made, it is
transmitted to the user.

4.2.3 FEield Test Results

Differential GPS Technique A described in Section 4.2 was
tested by Texas Instruments (TI)(8) at the Yuma Proving Ground
(YPG) test range. A TI 5 channel High Dynamics User Equipment
(HDUE) receiver was used. The 1Inverted Range Control Center
(IRCC) at YPG contains a multichannel receiver that provides
continuous tracking of all GPS satellites being used by the user
sets on the range. The IRCC provides "“ground truth" data for
post-mission analysis, and also controls four ground based GPS
transmitters or pseudolites that can be used in conjunction with
the satellites to obtain a "constellation® of four. These
ground transmitters were used to transmit the Differential GPS
information to the user (using the user equipment fifth
channel), but they were never part of the constellation used for
pseudorange measurements. The ionospheric delay was treated as
indicated in 4.2.2.1. The differential correction terms were
transmitted at a 50 Hz rate and had an update rate of 39
seconds.

The three items that were sent are:
1. Four satellite identifier codes.

2. Differential corrections in the earth-centered, earth
fixed coordinate systen.

3. Ionospheric delay compensation incorporated at the IRCC
for each satellite.

Modifications were made to the HDUE software so as to add
the following capabilities:

1. An interface established through the <C{DU allows the
operator to select the differential mode and enter a
ground transmitter number as the differential source.
This action causes the HDUE to acquire and track this
GT on its fifth channel. The satellite management
function then inhibics the GT measurements from being
incorporated into tne navigation solution.
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2. The data block processing function has been modified to
recover the differential terms added to spare areas in
the GT 50-Hz data frame.

3. All ionospheric measurement corrections are read from
the differential data frame rather than being
calculated from L2 measurements.

4. The navigation solution is corrected based on the
received differential correction terms.

5. The corrected solution is then used for all normal HDUE
navigation activities such as absolute position
determination, relative navigation tc a selected
waypoint, and control of the steering display to
maintain a desired approach.

The tests were conducted using a UH-1H helicopter., The
course was a box ttern consisting of 4 legs of approximately
10 km each. Figures 4.6 and 4.7 present the results for a
segment of such a flight. First the helicopter is operating in
the non-differential nmode, with horizontal and vertical errors
of the order of 20 m and 40 m, respectively. When the
differential mode is selected, errors immediately drop to about
5 mi

Noteworthy is that in this case the distance between the
ground reference point and the user was probably of the order of
10-15 km and that, therefore, the degradation effect due to
distance, as discussed earlier, was very small. Neverthaless,
the dramatic improvement in accuracy achieved with Differential
GPS makes it look very promising., Additional test results are
provided in Table 4.4.

An additional point should be made here. The poor
performance of the GPS set in its baseline configuration was due
to aged ephemeris data and should not be attributed to the set
itself. The ability of Differential GPS to handle such problems
was clearly shown.
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Table 4.4. Representative Differential Performance

ERROR (METERS)
STD

DATE MEAN RMS DEV CEP PE

9 Jan 1980 Horiz 4.2 4.7 2.1 3.8
Vert -5.2 5.5 1.9 5.2

10 Jan 1980 Horiz 5.0 5.3 1.8 5.0
Vert 3.9 4.5 2.2 4.0

11 Jan 1980 Horiz 3.8 3.8 0.8 3.7
Vert 1.4 2.0 1.5 1.5

16 Jan 1980 Horiz 3.6 3.8 1.5 3.4
Vert 2.1 2.6 1.5 2.1
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4.2.4 Differential GPS Justification

The 1ssues addressed in the previous sections relative to
the performance of Differential GPS (with or without Selective
Availability) are ample justification for its development.

Table 4.5 lists potential uses of Differential GPS. These
are addressed one at a time, .

Table 4.5

Potential Uses of Differential GPS
e Approach Instrumentation for Non-Instrumented Airfields
e All Weather Helicopter Resupply (Offshore)
e Narrow Channel Maritime Navigation
e Loss of Contrcl Segment Due to Enemy Action
e All Weather Helicopter Rescue
e P-Code Performance at C/A Cost
e Seismic Geophysical Exploration
e Generally Improved VDOP

® GPS Accuracy Monitoring and Alert System

e Use of Space Vehicle Down to 0° Elevation

® Total Loss of Overhead Satellite Signal

® Less Than Four Satellites in View Due to Terrain
Shading

e Unmodeled Atomic Clock Drift
e Atomic Clocks railed/Use of Quartz Crystal

e Aged Ephemeris Data
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A. Approach Instrumentation for Non-Ipstxumented Airfields

The non-precision approach accuracy requirement for
controlled airspace is 50 m (lo). This cannot
generally be achieved with the baseline GPS if
Selective Availability is implemented. However, even
with S/A, Differential GPS should provide an accuracy
of better than 10 m, which would allow for
non-precision approaches.

If an overhead satellite outage occurs, the vertical
accuracy will degrade, but Differential GPS would still
meet the requirements.

B. All Weather Helicopter Regupply (Offshorel

The fast development of offshore o0il exploration is
creating a need for an all-weather heliccpter resupply
capability. While the baseline GPS would be sufficient
for en route navigation, the terminal approach would
require additional accuracy that could only be provided
by Differential GPS, We have seen that distance
between the ground reference station and the user
induces errors in Differential GPS. If such a ground
station was located on the o0il rig, the accuracy of
Differential GPS would improve as the helicopter is
approaching, which is exactly what is needed.

C. Narrow Channel Maritime Navigation

The accuracy required for narrow channel navigation 1is
very high, especially considering the size of today's
ships and their inability to alter course or stop
quickly. In the most restricted channels, accuracies
of 4 to 10 m are required. From Table 4.2 it appears
that Differential GPS using the C/A code could meet the
10 meters requirements. If no S/A is implemented, the
P code accuracy obtained with Differential GPS would
neet all the requirements.

D. Loss of Control Segment Due to Enemy Action

1€t the Control Segment is lost, the satellite
navigation message will not get updated. This will, of
course, lead to a slow degradation of the accuracy.
The baseline GPS is helpless 1in this case; but
Dif ferential GPS can, as was discussed earlier, cancel
out the resulting biases introduced by satellite and
clock data errors.
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E. LAll Weather Helicopter Rescue

This application is similar to the all-weather offshore
resupply capability. The difference, however, is that
there will be no ground station at the rescue point and
therefore no improved accuracy with decreasing time to
go. Nevertheless, precise localization of the rescue
point and 1low repeatability errors are needed for a
rescue operation and are provided by Differential GPS.

F. P Code Performance at C/A Cost

It is clear from Tables 4.2 and 4.3 that Differential
GPS using the C/A code will provide accuracies
comparable to that of the P-code for the baseline
system, In fact, in the case of an overhead outage,
technique C of Differential GPS using the C/A code will
outperform the baseline P-code. The modifications the
set needs to be able to operate in the differential
mode are minor when compared to the additional cost of
a P set. In addition, given that the P-code will most
probably be de-* d to most users, this high accuracy
capability take added significance.

G. Seismic Geophysical Exploration

The extremely high operating costs of geophysical
exploration make it imperative to have a high
positioning accuracy capability. Both marine and land
surveys have stringent requirements in the areas of
coverage and relative, reproducible and absolute
accuracy. Even if this community is provided access to
the P code, this accuracy can still be improved by
differential techniques. There is, therefore, little
doubt that strong financial support can be expected
from this community for the development of Differential
GPS.

H. Generally Improved VDOP

The Vertical Dilution of Precision (VDOP) relates
vertical position accuracy to the ranging errors. If
technique C of Differential GPS is used (the ground
reference point is a pseudolite), very good vertical
accuracy will be obtained when the user is directly
above the pseudolite, which will be the case in a final
approach, for example.

I. GPS Accuracy Monitoring and Alert System
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Comparison of the GPS derived solution with the known
surveyed location of the ground reference point would
provide for an excellent accuracy monitoring system of
the baseline GPS. When this error exceeds a maximum
acceptable limit, a message could be broadcast to users
to alert them to switch to the differential mode.

Use of Space VYehicle Down o 0° Elevation Without
Serious Error

Due in part to visibility problems, but also to large
ionospheric delays, space vehicles are not used below

59 elevation. The ability of Differential GPS to
compensate for these ionospheric delays would allow the
use of satellites down to the zero elevation level.
This could, in some cases, be the difference between 3
or 4 available satellites and a considerable accuracy
improvement.

Total Loss of Qverhead Satellite Signal

The total 1loss of an overhead satellite signal would
significantly degrade the solution, As already
discussed earlier in this section, Differential GPS,
especially Technique C, can greatly improve the
accuracy in this situation.

Less Than Four Satellites in View Due to Terrain
Shading

Temporary loss of a satellite due to terrain shading is
very similar to the previous case. Of course, the loss
is wusually only temporary and the degradation is
therefore less severe.

Differential GPS would be very well suited to handle
such situations.

Unmodeled Atomic Clock Drift

As we saw earlier, unmodeled satellite clock errors can
be easily corrected for, using Differential GPS.

Atomic Clocks Failed/Use of Quartz Crystal

In this case, the satellite clock error will be very
large and this satellite will be of little use to the
baseline GPS. However, Differential GPS can correct
for large clock errors.
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O. Aged Ephemeris Data

When ephemeris data grow old, the accuracy of the
solution degrades due to the bias errors in the
satellite position. As we have seen, Differential GPS
is relatively insensitive to the line of sight errors,
but fairly sensitive to alongtrack satellite errors,
The reverse holds for the baseline GPS. Nevertheless,
a 1 km alongtrack error leads to a 5 m ranging error at
the user if it is 100 km away from the reference point.
The sensitivity of the baseiine GPS to a line of sight
error is, of course, much stronger. The advantage of
Differential GPS in the case of aged ephemeris is
therefore apparent.

4.2.5 Advantages of Differential GPS Other Than Pure Navigation
Accuracy Improvement

In the previous section, we have looked at Differential GPS
as a system providing improved navigation accuracy. Let us now
focus our attention on additional benefits that might be derived
from the use of such a system.

4.2.5.1 Moving Bases Rendezvous

This is mainly a military application, In
aircraft-to-aircraft, ship-to-ship, or aircraft-to-aircraft
carrier rendezvous operations, absclute position determination
is not as important as relative information. A data link would
need to be established between the vehicles and each would
transmit its pesition to all the others. Or, alternatively, one
vehicle would be declared the master and would transmit its
position to all the others.

4.2.5.2 Automatic Checking of Selective Availability (S/A)
Cor-uption

Since the ground reference station is surveyed, it will
provide an automatic indication of the amount of corruption
introduced by S/A in that particular area. This information is
28sential if GPS is to be implemented in the ATC environment.
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4.2.5.3 System Development May Have Elements
in Common With Collision Avoidance

A collision avoidance system in which every aircraft would
know where the other aircraft in the area are, where they are
heading and at what speed, would be very effective. In such a
system, each aircraft would compare its position, heading, and
speed to that received from the nearby aircraft and take
appropriate corrective action, The RELNAV function would by
itself correct for all biases in the solution and has
potentially many elements in common with a Differential GPS
system. This type of collision avoidance would take some of the
load away from Air Traffic Control =-- certainly a welcome
factor!

4.2.5.4 Cost

As was seen in Tables 4.2 and 4.3, the accuracy of a C/A
set is often improved by Differential GPS. A user requiring a
certain level of accuracy could therefore purchase a cheaper set
(no P code capability) and still meet its requirements. This
cost reduction is, of course, of paramount importance if GPS is
to compete in the general aviation market.
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5 CIVIL SUPPORT AND MARKET POTENTIAL FOR DIFEERENTIAL GRS

5.1 Review of Existing Radiopavigation Systems

The multiplicity of radionavigation systems and the ensuing
cost of maintaining and operating these systems has led the
Department of Defense (DOD) and the Department of Transportation
(DOT) to a Federal Radionavigation Plan(4). The goal 1is to
select an optimal mwix of radionavigation systems, either
existing or in development, i.e., a combination that would
provide for a high denree of common use (either militarg/civil
or between the various transwporcation modes) by meeting iverse
user requirements for accuracy, availability, reliability,
operational utility, and cost. DCT and DOD expect to arrive at
an initial selection of thigs mix by 1986. The systems being
considered are:

LORAN-C

OMEGA

VOR, VOR/DME, VORTAC

ILS

TRANSIT

Radiobeacons

MLS

NAVSTAR GPS

The characteristics of these systems are addressed below.
1. LORAN-C

LORAN-C has good ac;uracg but limited coverage. DOD
phaseout of LORAN is scheduled to start as GPS becomes

operational (1985). Characteristics and civil  uset
schedule are provided in Table S5.1.
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2. QMEGA

OMEGA has global coverage but limited accuracg. DOD
phaseout is scheduled to start as GPS ecomes
operational (1985). Characteristics and civil user
schedule are provided in Table 5.2.

Dif ferential OMEGA, which is still in the development
stages, 1is being stuvdied in France, Canada, and the
U.S. to determine to what extent its use can improve on
the accuracy of the baseline OMEGA system,

3. YVOR, VOR/DME, VORTAC

This system is extensively used today and 1is an
integral part of ATC procedures. The heavy investment,
both in user equipment and in ground stations, will
provide for continued growth of this system until at
least 1985 and its use probably into the next century.

The military phaseout 1is scheduled to start by 1985.
Any replacement of VOR/DME by GPS should take at least
5 years. Characteristics and civil user schedule are
provided in Table 5.3.

4. IACAN

DOD phaseout is scheduled to start by 1985,
Characteristics and user schedule are provided in Table
504.

5. IL8

This system is widely used for instrumented approaches.
It does not allow, however, fo: multiple approach
paths. Its use is currently assured until at least
1995, by international agreement. Table 5.5 presents
the user schedule for ILS.

6. IRANSIT

This system is used extensively in the maritime
community for surveying. DOD phaseout is scheduled to
start by 1985, Characteristics and user schedule are
provided in Table 5.6.
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7. RADIOBEACONS

Continued use iz 2 wred for general aviation aircraft
and pleasure b¢ v,  until the year 2000, due to low
cost of equipme~ . Characteristics and user schedule
are provide~ in Table 5.7.

8. MLS

This system is scheduled to last well beyond the year
2025 and will probably be used in conjunction with an
improved version of DME, the Precision DME (PDME).
User schedule is provided in Table 5.8.

9. NAVSTAR GRS

The development schedule of GPS was presented in Figure
3.4. System characteristics and user schedule are
presented in Table 5.9. For the system to be accepted
by the civilian community, three main issues are to be
worked out:

1) The cost of the user equipment must be
competitive.

2) The management of the system by the military could
create a reluctance to use it in the civilian
community.

3) Systenm availability and the probable
implementation of Selective Availability must be
clearly assessed.

The baseline system does not have the required accuracy
to allow for precision landing, harbor approach, or
harbor and inland navigation. Differential GPS,
however, has this capability.
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5.2 Civilian community Qperational Requirements

The general requirements for the use of & Radionavigation
System in the civilian community are:

1, Provide a service adequate for safety.
-2, Provide good accuracy, flexibility and availability.

3. Be economically af fordable (especially the user
equipment).

Below are some specific requirements for different sectors of
the civilian community as presented in the Federal
Radionavigation Plan.

A. Aviation Requirements

i. The system must be safe, reliable, available and
capable of providing global, all-weather,
24-hours-a-day service, regardless of terrain and
propagation anomalies,

2. The system must be capable of being interpreted
into the overall ATC, communications and
navigation system.

3. The system should be capable of integration with
all phases of flight, including the precision
approach and landing system.

4. The frequency and accuracy of position
determination must be such as to ensure that the
operation minima can be maintained at all times
and that holding and approach patterns can be
executed accurately.

5. The system must be capable of providing the
information necessary to permit maximum
utilization of airports and airspace.

6. The System must be cost-effective to both
government and users.,

Currert and projected future accuracy raguirements
for navigation in controlled airspace are provided
in Tables 5.10 and 5.11.
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B. Maripe Requirements

Safety cunsiderations are of primary imfortance, but
the operational and economic dimensions also need to be
considered. For example, accurate worldwide navigation
is important for the ecnnomy of large ships whose
operating costs are very high. In fishing and oil
exploration, the abilit’ to locate precisely and return
to productive or pronising areas provides economic
benef its.

The three phases of marine applications; the ocean
phase, the coastal phase, and harbor approach and
navigation have different requirements. These are
addressed below.

1. QOcean Phase

a. Ability to avoid hazards (small islands,
reefs, etc.).

b. Repeatability to locate and return to
vicinity of maritime distress.

c. Provide accurate position fixes that enable
the vessel to follow the shortest, cafest
route and thus minimize transit time, and
therefore, cost.

?cigracy requirements are provided 1in Table
The increasing use of relatively expensive
satellite navigation (TRANSIT) by merchant ships
and large fishing vessels 1is evidence of tne
perceived value attached to highly accurate ocean
navigation by the vessel owners.

2. Coastal Pfhase

In general, the total navigational service in the
coastal area wuust be of useful quality, be within
economic reach ot all classes of marirers, and
sufficient to assure that no danger to a boat or
ship or the environment is tc be traced t¢ the
inability of the vessel to navigate safely with
reasonable economic efficiency.

The accuracy requirements £fcr this nhase are
provided in Table 5.13.
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3. Hactbor and Harbor Approach Phase

Given the inability for large vessels to maneuver
quickly (stop, turn, etc.), the need for frequent
and highly accurate position information is
extremely important for navigation in congestad
areas.

The accuracy requirements for this phase are
provided in Table S.14.

C. Land Regquirements

Use of radionavigation for Automatic Vehicle Monitoring
(AVM) is being contemplated. The ability for a
dispatcher to know where all the emergency vehicles are
at any time would allow for quick rerouting. Tracking
of a hazardous/valuable cargo transport are other
possible applications for AVM.

5.3 Helicopter Community Requirements

The helicopter role in the civilian community has and will
continue to increase in the foreseeable future. The high price
of real estate, coupled with environmental groups' opposition to
the development/expansion of airports show the way for the IFR
helicopter, The key, however, 1is the integration of the
helicopter in the ATC system without disturbing CTOL operations
and increasing the risk of midair collisions. Therefore, the
need for an all-weather, accurate, low altitude capability.

Helicopter missions that could greatly benefit from high
accuracy are:

l. commuting to offshore o0il platforms
2. city to airport commuting

3. business/corporate operations

4. police/firefighting

5. search and rescue operations

6. landing in remote areas
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7. collision avoidance
8. service pipelines (Alaska)

In his paper "Helicopter and NAVSTAR/GPS"(14), Glen A,
Gilbert lists the ideal navigation goals for the helicopter.

- Highly accurate three-dimensional (lateral,
longitudinal, vertical) area navigation guidance.

- Four-dimensional (4-D) guidance adding time referenced
navigational capability to 3-D gquidance with extremely
high time positioning accuracy.

- Sufficiently accurate approach and landing quidance by
the airborne RNAV system sc that reasonably low minimum
descent altitude (MDA) for "no-precision" instrument
approaches could be achieved by any pilot-selected
point on the surface without the need to have an
electronic landing aid at that location; also inherent
capability to provide for "precision” instrument
approaches with nominal external augmentation at the
landing point.

- Ability to perform RNAV functions without line-of-sight
(radio horizon) limitations from ground signal source
facilities.

- Vertical velocity measurement accuracy in the order of
0.1 ft/second; horizontal velocity measurement accuracy
in the order of 0.1 knots.

- Imperviousness to atmospheric conditions for
non-interrupted operations.

- Non-saturable capacity.

- Service availability to all classes of airspace users
on a world-wide basis.

- System outputs capable of inputting advanced
multifunction cockpit displays, including displays of
navigational and traffic situation information, as well
as existing conventional cockpit displays.

- Data link capability te transmit x-y-z coordinates for
actomatic position reporting and air-to-air separation
assurance.
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- Cost effectiveness based on life cycle cost analysis
with the system design such that it can have various
levels of sophistication and thus will be affordable to
all classes of airspace users.

The Federal Radionavigation Plan 1lists the following
requirements for helicopter operations.

Helicopter operations occur in off-shore areas and on
low-altitude domestic routes. For operations from U.S.
coastline to off-shore points, the following re. iirements must
be met:

1. Range from shore to 300 NM.

2. Minimum en route altitude of 500 feet above sea level
or above obstructions.

3. Accuracy adequate to support routes +4 NM wide or
narrower with 95 percent confidence.

4. Minimum descent altitude to 100 feet in designated
areas.

For helicopter operations over land, the following requirements
must be met:

1. Accuracy adequate to support +2 NM route widths in both
en route and terminal areas with 95 percent confidence.

2. Minimum en route altitudes of 1200 feet.

3. Navigational signal coverage adequate to support
approach procedures to minimums of 250 feet above
obstruction altitudes at heliports and airports.

None of the currently implemented radionavigation systems
can meet these goals. The Global Positioning System comes the
closest.

The current thinking in the GPS community is that 200
meters (CEP) accuracy will be guaranteed at all times. This is
sufficient for non-precision approaches and en route/terminal
operations. However, Differential GPS is needed if precision
approaches are to be executed.

INTERMETRICS INCORPORATED e 5382 BOLSA AVENUE ¢ HUNTINGTON BEACH, CA 92649 o (774} 891.4631 @ :213) 534-9635
CCRPORATE OFFICE "0 JONCORD AVENUE o JTAMBFRIDGE MASSACHUSZET™™ 12138 ¢ A7 #K1.1840



ot s

82

5.4 Civil Support

From the above presentations of the capabilities of
different radionavigation systems and the requirements of the
civilian community, it is apparent that only GPS meets the
requirements for availability, coverage and accuracy needed for
most civilian applications. The only exceptions were precision
landing, harbor approach and harbor and inland navigation.
These applications are, however, localized and Differential GPS
techniques as presented earlier can provide the required
accuracy. It was also evident that Differential GPS would
guarantee a high 1level of accuracy even when Selective
Availability techniques were implemented.

A. Helicopter Community

Given the requirements of the civilian community
presented above, and with a civil helicopter community
expected to grow through 1986, and the need to go 1look
for o0il further at sea, there is little doubt that a
strong financial backing can be expected for
Differential GPS.

A recent article in Aviation Week and Space
Technology(15) predicts a strong civil helicopter
growth through 1986. A few points made in the article
are presented below.

"There is a strong belief in the c¢ivil helicopter
community that helicopter business will grow at a rate
faster than that of the fixed-wing general aviation
industrv and that the civil helicopter industry will be
less subject to economic stresses. This is due to the
civil helicopter business geared almost completely to
some aspect of business use, whether for energy
development, corporate transportation or other growing
industrial markets,"

Figures 5.1 and 5.2 present helicopter population data
in 1980 and projections for 198S.
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OQther Civilian Suppori

The support outside of the helicopter community is
expected to be just as strong, if not stronger. Marine
applications 1look very promising. The projection that
by the year 2000 the total marine trade will be 2 to 4
trillion tons, coupled with the requirements of
perishable cargo, high demand products (oil) and
ever-growing ship sizes, emphasize the critical nature
of harbor approach navigation in all-weather conditions
and the possibilities of Differential GPS 1look very
attractive.

The use of Differential GPS for offshore o0il
exploration also looks very promising for both 1land
surveying and drilling platform locations,

Morgan(5) studied the role of navigation satellites in
0il exploration. He points out the extensive use of
the TRANSIT system by this industry, the extremely high
operating costs of seismic surveys, well site surveys,
and actual drilling. Therefore, a very accurate
positioning system is essential. Accuracies of the
order of 5 m are the goal. This can only be achieved
with Differential GPS. The very high savings that
could be realized by such a system leave 1little doubt
as to whether backing is to be expected from this
industry. To support this point, the following
projections were made for 1988 by o0il industry
experts(16) : "By 1988, there will be approximately 9
billion barrels of new oil discovered each year. Dr.
Jack Birks, Managing Director of British Petroleum,
said that about half of the future oil discoveries
would come from offshore exploration, It is estimated
that, by 1988, 1/16th of the yearly discoveries would
require accuracies of the order of 5 m. This
corresponds to 0.6 billion barrels per year or about 1C
billion dollars!t"
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6 CONCLUSIONS

We have reviewed che existing radionavigation systems and
their capabilities as well as the requirements of diiferent
sectors of the civilian community, with particular emphasis on
the helicopter community. It was clear that the baseline GPS
would provide the needed accuracy £for many of the civilian
applications if the P code was made available. However, the
bagseline GPS, even with the P code, would not fully satisfy the
requirements of precision approach, harbor approach, inland
navigation, and seismic surveys. Dirferential GPS would provide
this capability. Three techniques were described. Two ¢f them
showed significant improvement over the baseline system in the
case of an overhead satellite outage.

It was argqued that the guaranteed availability of the P
code to the civilian community is very much in doubt until at
least 1990 and that it is likely that the C/A code accuracy will
be degraded so as to provide 200 meters (CE?) of error. In this
situation, the improvement derived from the use of Differential
GPS could be dramatic and actually mean the difference between
acceptance or rejection of the GPS system by many sectors of the
civilian community.

The need for an IFR helicopter capability is clear and
strong backing is expected from the Helicoper Association of
America in an effcrt to develop Differential GPS. The oil
industry and the shipping industry are also iikely to back any
such effort. The FAA might be more interested in GPS if it can
control the system accuracy to some degree. Differential GPS
will provide this capability in a locel area. This would allow
integration in the ATC procedures.

Highly successful field testing of Differential GPS was
performed at the Yuma Proving Ground by Texas Tnstruments and is
reported in this study. Mocre such testing should bes done with
particular emphasis on the degradation of accuracy with distance
from the ground reference point. In addition, the technique
using the grcund station as a pseudolite should be tested :s
well as C/A code operation. These tests would provide the
evidence of the g-eat potential c¢f Differential GPS.
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STATEMENT BY HONORABLE GERALD P. DINNEEN I-"

NAVSTAR AVAILABILITX

Turning now to a second area that I am sure is of interest
to this Subcommittee, I would like to review our position with
respect to civil availability of NAVSTAR. During even the
fornative stages of system development, the need for some form
of denial or degraded capabilicy was recognized to preciude the
full potential of NAVSTAR being used militarily against the
United States or its allies. Originally our concern was limited
to the so-called "Precise™ signals transmitted by each of the
satellites. It was thought that the "Coarse/Acquisition® signal
-- which 1is used as an aid to acquire the "Precise” signal and
can be used for navigation -- would not be of sufficient
accuracy to be militarily useful. However, tests performed with
actual hardware have demonstrated that the "Coarse/Acquisition"
signal accuracy is much better than we anticipated. Although it
does nct offer the jamming signal margins of the Precise signal,
it could »>rovide improved capabilities to an adversary.

As a result, we have carefully examined several techniques
to not only deny the use of the Precise signal but to degrade
the accuracy available from the Coarse/Acquisition signal as
well. In establishing a 1level tc¢ which the system accuracy
should be degraded, we asked the Organization of the Joint
Chiefs of Staff to study the national security implications of
such a global capability and to recommend an appropriate course
of action, In addition, we worked closely with the Department
of Transportation, the Federal Aviation Administration, the U.S.
Coast Guard, NASA and other agencies of the Federal government
to establish a range of capabilities yersus specific
requirements for navigation service. In so doing, we have
attempted to achieve an equitable balance between national
security and national utility of the NAVSTAR system.

Our position is that NAVSTAR should be made available for
civil wuse at an accuracy level that is consistent with national
security. Consistent with the accuracy level we originally
equated to the "Coarse"™ signal, we have concluded that an
accuracy of approximately 200 meters (S50 percent confidence
level) would not seriously jeopardize national security in the
mid-1980's. This figqure, somewhat more accurate than the level
originally recommended by the Joint Chiefs of Staff study, was
selected since it represents a threshold level of accuracy for
potentially widespread civil aviation and maritime use.

/’al
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STATEMENT BY HONORABLE GERALD P. DINNEEN I-3

I want to emphasize that the balance betwe n national
security and national utility and the resulting Jsition on
civil availability have been subject to considera ie attention
within the Department of Defense. We have developed, but not
fully tested or evaluated several techniques to implement this
capability in the operational system deployment. Further, we
are still evaluating the operational procedures needed to
provide adequate control and security of these techniques in all
levels of conflict. We view this as the major issue remaining
related to the development, acquisition and operation of the
NAVSTAR system. We also recognize that the outcome may have
some impact on future civil use of NAVSTAR. For this reason we
will ensure that you and other interested parties are kept fully
informed of our progress. It is our concern that a clear
statement of policy and the ability to implement that policy
must go hand-in-hand. Given our current situation with both the
restructuring of the NAVSTAR program and the remaining work to
be done to address the civil availability issue, we have been
ggrced to delay finalizing the first Federal Radionavigation

an.
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