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l. INTRODUCTION
L1 PURPOSE

The purpose of this project is to examine the technical issues associated with
widespread civil usage of the NAVSTAR Global Positioning System (GPS), assess
the system's capabilities, determine any system limitations, and estimate the
-effectiveness of new developments in techniques te improve system performance.
Since a considerable body of experience already exists on the performance and
potential of NAVSTAR GPS, the project is focused on issues that have not yet been
definitely resolved.

The .results of this project will serve to support the Secretary of
Transportation in establishing jointly with the Department of Defense a
preliminary recommendation on Radionavigation System Utilization.

.2 SCOPE

This. report describes the unresolved issues that need to be addressed before
NAVSTAR GPS can be accepted as a reliable navigation system for civil use. The
methods used to address these issues are discussed, and the analysis and simulation
tools are described. Results and conclusions are provided in considerable detail.

.3 BACKGROUND

When the NAVSTAR Global Positioning Satellite (GPS) becomes operational,
it will provide worldwide navigation service with a precision currently available
only in limited areas for limited periods of time. Since it is a military system,
deployed with military objectives in mind, the Department of Defense {(DOD) has
no responsibility to promote civil use of the system; however, the coarse
acquisition (C/A) signal is not encrypted and will be available to civil users.
Current plans are to have an |3-satellite conf(iguration operational by 1988, with
- three additional active spares available by 1989."" :

Navigation tests performed using the NAVSTAR GPS satellites presently in
orbit have indicated C/A signal accuracies significantly better than. design goals.
These accuracies satisfy ocean and coastal phase marine requirements of the
Federal Radionavigation Plan and most en route and terminal air requirements.
They approach the stringent harbor/harbor entrance requirements. The addition of
a stationary receiver measuring local position measurement drift would enable
differential GPS5 operation that could possibly meet the harbor entrance
reguirements as well.

However, the accuracy of the C/A signals has posed a security problem to the
Department of Defense. As a result the DOD is planning to purposely degrade the
C/A signal under a program called Selective Availability. The method and
magnitude of this degradation has not yet been finalized, nor has the time frame
during which Selective Availability would be exercised. Enough is known, however,
that the effectiveness of differential techniques can be assessed.

1-1



The U. S. Department of Transportation (DOT) Is currently responsible for
providing civil navigation service to the National Air System users and the marine
community. The Department is charged with determining the future
radionavigation system mix. To carry out this responsibility, DOT established a
management structure in April 1979 under DOT Crder 1120.32, to coordinate
departmental planning and development efforts on future radionavigation systems.
DOT and DOD implemented an Interagency Agreement which stipulated that the
Departments undertake joint programs in design and testing of navigation systems.

The Federal Aviation Administration, U. S. Coast Guard, and the Research
and Special Programs Administration have formulated requirements for aircraft,
marine, and land-based users of NAVSTAR GPS. These requirements are pﬁ?ented
in Volume 1II of the joint DOD/DOT Federal Radionavigation Plan (FRP), The
FRP reflects the concerns of the DOT about the issues involved in widescale civil
usage of GPS receivers.

The Departments of Transportation and Defense plan to jointly -issue a
Preliminary Recommendation in 1983 on the civil use of radionavigation systems,
including NAVSTAR GPS, followed by a Final Recommendation in 1986. From what
is already known about the performance of GPS, it is apparent that it may have the
potential to replace some of the major civil navigation systems. Whether this
potential can be realized depends on whether GPS performance meets the following
conditions: ‘

o] Coverage matches or exceeds that of existing systems.

o Accuracy is adequate to meet operational requirements of navigation
service users.

o} System availabilty and reliability are adequate to meet operational

‘ requirements of navigation service users.

o} Costs of user equipment do not cause a significant economic burden on
the users. . .

0 Any additional costs borne by the government are justified by the
accrued benefits.

) Sufficient time is allowed for decommissioning of existing navigation
aids to enable users to phase into GPS without an undue economic
burden.

The first four of these are technical in nature and they comprise the focus of
the present work effort.

l.4 ISSUES

After reviewing the considerable literature on NAVSTAR GPS, ten issues
were |dentified which need to be addressed in order to evaluate the capabilities of
the system. These ten issues, as perceived at the beginning of FY 33, are listed
below:

ISSUE I: Satellite Qutages

In the I8-satellite, 6-plane configuration currently being planned by the
Department of Defense, there are three geographic regions in the United
States that will experience satellite constellations with unfavorable
geometries for periods up to twenty minutes twice a day. Does this render
the system inadequate to the National Airspace System and to other civil
users, or can receive_r/processors be designed to accomodate these outages”?

1-2



Note - The NAVSTAR GPS Joint Program Office has since announced the intention
of providing three active spares, and locating therﬁ) in such a way as to remove
these outages over the conterminous U. 5. (CONUS) " (see Section %)

ISSUE 2: Satellite Failures

The loss of a satellite signal due to space segment failure could result in
reduction of accuracy or lack of a sufficient niumber of available satellites to
establish position during a period of time. The severity and duration of these
outage periods need to be addressed.

ISSUE 3: Temporary Loss of Satellite Signai

Blockage by aircraft wings, or by buildings in the case of land receivers, can
cause severe attenuation of satellite signals. It needs to be determined
whether low-cost receivers can cope with this situation.

[SSUE 4: Selective Availability

The DOD plans to deliberately degrade the accuracy of C/A signal for several
years for naticnal security purposes. Depending on the type and severity of
degradation imposed, many of ‘the civil users' applications may be
compromised. What is the impact?

ISSUE 5: Diffeffential GPS, Without Selective Availability

lonospheric and tropospheric delays and other transmission variations may
limit the ability of a single-frequency, C/A code-only receiver to provide
sufficiently accurate navigation information for non-precision and precision
aircraft approaches, and harbor/harbor entrance ship guidance. With a
nearby receiver as a benchmark reference, corrections could be made which
might allow use of the GPS system for these more stringent applications.
What are the performance capabilities, and what are the costs and
operational complexity? :

" ISSUE 6: Differential GPS, With Selective Availability

If Selective Availability is imposed, Differential GPS could amelicrate its
effects by the broadcast of correction data. What accuracies could be
practically achieved by differential operation under Selective Availability?

ISSUE 7: Receiver Costs vs. Level of Service Provided

The level of service provided by a GPS receiver/processor depends on the
accuracy required, the degree of reliability required, the amount of operator
involvement, and user preference. Since each affects the purchase price of
user equipment, what are the tradeoffs?

ISSUE 8: "ALL-IN-VIEW" Position Computation

Would a low-cost GPS receiver provide better capability to deal with
temporary loss of a satellite signal if all satellite pseudoranges are employed
tn the position computation, rather than the four "best" ones" If so, is the
technique cost effective?
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ISSUE 9: Kalman Filter vs. Alpha-Beta Tracker

Processors frequently incorporate Kalman filters that optimally employ
knowledge of the vehicle dynamics and error sources to smooth data and
provide accurate position and velocity estimates, with a penalty in -
complexity and cost. Alpha-Beta trackers are simpler, but less accurate.
Which is cost-effective for civil users? '

ISSUE 10: Aiding

Do low-cost GPS recelvers require external aiding to meet the requirements
of the Federal Radicnavigation Plan? If so, for which applications and under
what conditions? ‘

As the project has progressed, policies have changed, and the relative
importance of the issues has shifted somewhat. Also, in order to address several of
the issues, the receiver/processor design alternatives need to be described first.
Therefore, after Section 2 on Operational Requirements and Section 3 describing
the Method of Approach, Section 4, Receiver/Processor Design Alternatives, lays
the groundwork for the analysis that follows. It incorporates Issues & through 10,
and describes some of the forms that receivers specifically designed for civil use
might take. Different designs have differing abilities to handle outages, to
incorporate external vertical information, and to handle transient conditions.
These considerations are discussed in Section 4.

Under the new sparing strategy, there still will be geometric outages over the
CONUS for some receivers when all 2! satellites (I8 plus three spares) are
operating. QOutages will also occur as a result of satellite failures, which could
result in geometric outages or reduce the number of satellites below that needed to
obtain a complete solution. Section 5 is devoted to satellite outages (Issue 1)t their
causes, their durations, and the ability of different receiver designs to handle
them. Issue 3, Temporary .Loss of Satellite Signal, is treated to some extent in this
section, but more work needs to be done.

The impact and likelihood of satellite failures (Issue 2) are discussed in
Section 6. Selective Availability, its magnitude, its variability and the resulting
navigation errors are treated in Section 7. - Section & deals with differential
operation both with and without Selective Availability (Issues 5 and 6). Receiver
costs (Issue 7) are treated in Section 9.

The final section summarizes the conclusions and recommendations.
Appendices provide details of the analysis and simulation tools at TSC and
describes analyses 1o support assumptions and conclusions in the main text.

A major policy shift was recently announced by the Department of Defense
which alters some of the conclusions of this report. The revised plan calls for a
nominal accuracy of 100 meters (2drms) for Standard Positioning Service when the
system becomes operational in 1988. The previous plan called for 500 meters, and
this figure was used in the work described in this report. Footnotes indicate where
figures, statements, or conclusions are altered by this change.
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2. OPERATIONAL REQUIREMENTS
2.1 GENERAL

The requirements of civil users for radionavigation services are based upon
the technical and operational performance needed for transportation safety and
economic efficiency. The requirements are defined in terms of discrete "phases of
navigation." These "phases'" are categorized primarily by the characteristics of the
navigational problem as the craft passes through different segments of its voyage.
For example, the marine navigational problem becomes progressively more
complex and risky as a ship passes from the high seas into the coastal area and
finally through the harbor approach to the dock. Thus, it is convenient to view
each segment separately for purposes of analysis. The navigation requirements
Eavhich f)ollow are taken from the Federal Radionavigation Plan, Vol. II, March 1982
Ref. 2).

2.2 AIR REQUIREMENTS
The two basic phases of air navigation are approach/landing and en
route/terminal. The current requirements for each of these phases of navigation

are summarized below.

- 2.2.1 Approach/Landing Phase

The approach/landing phase is that portion of the flight conducted
immediately prior to touchdown. It is generally conducted within 10 nautical miles
(hm) of the runway. Two sub-phases may be classified as: {I) non-precision
approach and (2) precision approach and landing. Since it is not currently
—anticipated that GPS will be used for precision approach and landing, only the non-
f_;'*'precision approach phase is considered here.

While the achieved capabililty for non-precision approaches varies widely,
“depending on the location of the navigational facility in relation to the fix
location and type of navigational system, approximately 30% of the non-precision
approach fixe+s based on VOR in the U.S. achieve a cross track navigational
accuracy of — |00 meters (2 sigma) at the missed approach point (MAP). This
accuracy is based upon the 2.5 degree YOR system use accuracy and assumes the
MAP is less than 0.7 nm from the VOR facility.

The current controlled airspace navigation accuracy requirements are shown

below:
Altitude Route Width Accuracy, 2drms

250-3000 f1 2 nm 100 meters

2.2.2 En Route/Terminal Phase

The en route/terminal phase includes all flight except that within the
approach/landing phase. It includes the following sub phases:

L. Cceanic En Route
2. Domestic En Route
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3. Terminal
4. Remote Area
5. Helicopter

The current controlled airspace navigation accuracy requirements for these
subspaces are summarized in Table 2-]. -

To facilitate aircraft operations in the en route/terminal phase, the system
must be capable of being operationally integrated with the system used for
approach and landing. The system used for domestic en route and terminal
navigation must be suitable for non-precision approaches.

Federal Aviation Regulations specify the vertical separation required below
and above Flight Level (FL) 290 (29,000 feet). The current separation requirement
is 1,000 feet below Flight Level 290, and 2,000 feet at and above Flight Level 290.
In order to justify the 1,000 foot vertical separation below Flight Level 290, the
RSS altitude keeping requirement is 1350 feet (3 sigma)- This error is comprised of -
=250 feet (3 sigma) aircraft altimetry system error, of which the altimeter error is
limited to +125 feet below Flight Level 290.

The minimum performance criteria currently established to meet
requirements for the en route/terminal phase of navigation are presented in the
following sections. ‘

A. Qceanic En Route

The system must provide navigational capability commensurate with the need
in specific areas in order to permit safe navigation and the application of lateral
separation criteria. A 60 nm lateral separation standard has gone into effect on
the  North Atlantic fixed route system. The following system performance is
required to achieve this separation:

(n The standard deviation of the lateral track errors shall be [ess than 6.3
nm, | sigma (12.6 nm, 2 sigma). i '

(2)  The proportion of the total flight timg spent by aircraft 30 nm or more
off track shall be less than 5.3 x 107, i.e., less than 1 hour in about
2,000 flight hours.

(3)  The proportion of the total flight time spent bar aircraft between 50 nm
and 70 nm off track shall be less than 1.3 x {07, i.e., less than | hour in

about 8,000 flight hours.
3. Domestic En Route

Domestic air routes are designed to provide as nearly direct airways as
practical between city pairs that have significant air traffic. For altitudes below
Flight Level 180 (18,000 feet), the airways are defined as 8 nm in width out to 51 nm
from the VOR facility. Beyond 51 nm the airway increases uniformly in width on
either side of the centerline, with the apex of the angle at the VOR facility.



TABLE 2-1. CONTROLLED AIRSPACE NAVIGATION ACCURACY NEEDED TO MEET

CURRENT REQUIREMENTS

: Altitude Trathic Route Width Accuracy 2 drm
Phass Sub-Phaie (Flight Level} Demity {NM) (metors)
EnRoute/ Oceanic FL 275 to 400 Norma! 60
Terminal Domestic FL 180 to 600 Low 16 2000
Normal 8 1000
500 - 18,000 ft. High 8 - 1000
Terminal | 500 - 18,000 ft. High 4 500
Remote 500 - 60,000 fr. Low 810 20 1000 to 4000
Helicopter S00 - 5000 fr. Low {OH-Shore} | Not Determined 1000 te 2000
Operations 500 - 3000 ft. High (Land) 4 500
Approach Non:Precision 250 to 3000 Normal 2 100
and Landing ft. above
Surfsce
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For altitudes above FL 180 (18,000 feet and above), the airways consist of jet
routes which have the same protected airspace as the Jow-altitude structure,
except the VOR stations may be spaced farther apart and the route width may be
as large as 20 nm. Area Navigation (RNAV) routes have the same protected
airspace as regular airways.

C. Terrinal

Terminal routes are transitions from the en route phase to the approach
phase. The accuracy capability of navigation systems using the VOR/DME in terms
of bearing and distance to the facility is defined in the same manner as described
for en route navigation. However, the usually closer proximity to facilities
provides greater effective system use accuracy, since both VOR and Flight
Technical Error are angular in nature and are related to the distance to the
facility. The DME distance error is also reduced, since it is proportional to
distance from the facility, down to the 0.5 nm minimum error capability. The
minimum terminal route width is — 2 nm within 25 nm of the facility.

D. Remote Areas

Remote areas are defined as regions which do not meet the requirements for
installation of VOR/DME service, or as regions in which it is impractical to install
this system. These include offshore areas, mountainous areas and a large portion
of the State of Alaska. Thus the minimum route width varies and can be greater
than =0 nm.

E.  Helicopter Operations

Helicopter operations occur in offshore areas and on low-altitude domestic
routes. The current navigational accuracy requirements are listed in the Table 2-1.

2.3 MARINE REQUIREMENTS

Marine navigation in the United States consists of five distinct phases
identified as Ocean, Coastal, Harbor Approach, Harbor, and Inland Waterway
navigation. Standards or requirements for safety of navigation and reasonable
economic efficiency cam be developed around these five phases. Specialized
requirements, which may be generated by -the specific activity of a ship, must be
addressed separately. )

2.3.]1. Ocean Navigation

Ocean navigation Is considered that phase in which a ship is beyond the
Continental Shelf and more than 50 nm from land, in waters where position fixing
by visual reference to land, or to fixed or floating alds to navigation is not
practical. Ocean navigation is sufficiently far from land masses so that the
hazards of shallow water and of collision are comparatively small.
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For purposes of system planning and development, the requirements for
safety of navigation in the ocean phase for all ships are given in Table 2Z-Z.
Equipment meeting these requirements must provide the master with a capability
to avoid hazards in the ocean (e.g., small islands, reefs} and to plan correctly the
approach to land or to maneuver in restricted waters. For operational purposes,
repeatability is necessary to locate and return safely to the vicinity of a maritime
. distress, as well as for special activities such as hydrographic research, etc.
Economic¢ eificiency in safe transit of open ocean areas depends upon the
continuous availability of accurate position fixes to enable the vessel to-follow the
shortest safe route with precision, and thus minimize transit time.

TABLE 2-2. CURRENT MARINE REQUIREMENTS FOR SAFETY OF NAVIGATION
FOR ALL CRAFT, OCEAN PHASE

PREDICTABLE AVAILABILITY FIX

ACCURACY (2drms) ' INTERVAL

2-% nm ‘ 95% full capacity 15 mins. or

minimum less desired

1-2 nm 99% fix at least 2 hrs maximum desirable
: . every'i2 hours

For safe general navigation under normal circumstances, the requirements
for accuracy and frequency of position fixing on the high seas are not very strict.
As a minimum, these requirements include a predictable accuracy of 2 to &% nm
coupled with a maximum fix interval of 2 hours or less. While these minimum
“requirements would permit all vessels to navigate with relative safety on the high
“seas, more desirable requirements would be predictable accuracy for 1 to 2 nm and
.a fix interval of 15 minutes or less.

Economic efficiency in transoceanic transportation, special maritime
activities and safety in emergency situations require or benefit from navigational
accuracy higher than that needed for safety in routine, point-to-point ocean
voyages. Predictable accuracy requirements may be as stringent as 10 meters for
special maritime activities, and may be as loose as 0.25 nm for large, economically
efficient vessels. Search operations must also have a repeatable accuracy of at
least 0.25 nm. The required fix interval may range from as low as once per five
minutes te as high as once per minute. These requirements are based on current
estimates and are to be used for the purposes of system planning.

2.3.2 Coastal Navigation

Coastal navigation is considered that phase in which a ship is within 50 nm
from shore or the limit of the Continental Sheif (200-meter depth), whichever is
greater, and where a safe path of water at least one mile wide (if a one-way path),
or two miles wide, (if a two-way path), .is available. In this phase, a ship is in
waters contiguous to majer land masses or island groups where transoceanic traffic
patterns tend to converge in approaching destination areas; where interport traffic
exists in patterns that are essentially parallel to coastlines; and within which ships
of lesser range usually confine their operations. Traffic-routine systems and
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scientific or industrial activity on the Continental Shelf are encountered frequently
in this phase of navigation. Ships on the open waters of the Great Lakes also are
considered to be in the coastal phase of navigation.

There is need for continuous, all-weather radionavigation service in the
coastal area providing, at the least, the position fixing accuracy required to satisfy
minimum safety requirements for general navigation. These requirements are
delineated in Table 2-3. Further, the total navigational service in the coastal area
must provide service of useful quality, and be within the economic reach of all
classes of mariners. .

Government studies established that a navigation system providing a
capability to fix position to an accuracy of 0.23 nm will satisfy the minimum safety
requirements if a fix can be obtained at least every !5 minutes. As a secondary
economic factor, it is required that relatively higher repeatable accuracy be
recognized as a major advantage in the consideration of alternative candidate
radionavigation systems for the coastal area. In such activities as marine
scientific research, hydrographic surveying, commercial fishing, and petroleum or
mineral exploration, there is a need to establish position in the coastal area with
much higher accuracy than that needed for safety of general navigation.

2.3.3 Harbor Entrance

Harbor/Harbor Entrance navigation (HHE) is conducted in waters more
constricted than those of the Coastal Phase. For a ship entering from the sea or
open waters of the Great Lakes, the Harbor Approach phase begins generally with a
transition zone between the relatively unrestricted waters where the navigational
requirements of Coastal navigation apply, and the narrowly restricted waters near
and/or within the entrance to a bay, river, or harbor. The Harbor phase requires
navigation of a well defined channe! which, at the seaward end, is typically from
180 to 600 meters in width if it is used by large ships, but may narrow to as little as
120 meters farther inland. Channels used by smaller craft may be as narrow as 30
meters.

The pilot of a vessel in restricted waters must direct its movement with
great accuracy and precision- to avoid grounding in shallow water, and avoid
collisions with other craft in congested waterways. Unable to turn around, and
severely limited in the ability to stop.to resolve a navigational problem, the pilot
of the large vessel {or a tow boat and barge combination} may find it necessary to
hold the total error in navigation within limits measured in tens of feet, while
negotiating the straight channel segments and turns dictated by the configuration
of the channel.

To navigate safely, the pilot needs highly accurate verification of position
almost continuously, together with information depicting any tendency for the
vessel to deviate from its intended track and a nearly continuous and instantaneous
indication of the direction in which the pilot should steer. These requirements are
given in Table 2-4. The required accuracy varies from one harbor to another. In
the most restricted channels, accuracy in the range & to 20 meters (2drms)
(predictable accuracy) is needed. The requirements for smaller vessels are
currently under study but they are somewhat less stringent than for large ships.
For seismic surveying, the accuracy needs are more stringent, namely from one to
five meters (2drms) with a fix rate of one second.
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TABLE 2-3. CURRENT MARINE REQUIRE:MENTS FOR SAFETY OF NAVIGATION -
ALL CRAFT, COASTAL PHASE (FOR PURPOSES OF SYSTEM PLANNING AND
DEVELOPMENT.)

PREDICTABLE

: ACCURACY . FIX
REQUIREMENT (2drms) AVAILABILITY | INTERVAL
Safety of 0.25 nm 99.7% 2 Min.
Navigation - (460 m) Minimum
Al Ships
Safety of 0.25 nm-2 nm 99% 5 Min.
Navigation - (460-3700 m) Minimum
Recreational :
Boats & Other
Smaller Vessels

TABLE 2-4. CURRENT MARINE REQUIREMENTS FOR SAFETY OF NAVIGATION '
HARBOR APPROACH AND HARBOR PHASES (FOR PURPOSES OF SYSTEM
" PLANNING AND DEVELOPMENT)

PREDICTABLE .
ACCURACY "1 FIX
REQUIREMENTS (2drms) AVAILABILITY | INTERVAL
Safety of 25-65 ft 99.7% 6-10
Navigation- (8-20 m) Minimum Seconds
Large Ships & ' :
Tows
Safety of * % % 99.7% * o *
Navigation-
Smaller Ships
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2.3.4 Inland Waterways

Inland Waterway navigation is conducted in restricted areas similar to those
for harbors or harbor approaches. However, in the inland waterway case, the focus
is on non-seagoing ships and their requirements on long voyages in restricted
waterways, typified by tows and barges in the U.S. Western Rivers system and the
U. S. Intracoastal Waterway.

Requirements from the consideration of practically achievable performance
and expected benefits have not been defined. However, research in Harbor/Harbor
Entrance navigation is expected to produce results which will have some
application to Inland Waterway navigation.

2.4  LAND REQUIREMENTS

Government studies have identified a number of areas in both automatic
vehicle monitoring (AVM) and site registration where productivity and operational
improvements have been predicted. Since land application of radio-location
adopted systems has not been widely adopted by the civil community, no official
requirements or systems have been recognized by the Government.

2.4.] Automartic Vehicle Monitoring

There is no definitive statement of requirements for AVM service since it is
still under investigation. It appears that there are requirements in safety,
transportation management and economic areas. Study efforts and field
measurements to date have led to some preliminary estimates of accuracies and
costs required to make radiolocation service beneficial to various user groups.
These data are shown in Table 2-5. No other characteristics have been determined.

2.4.2 Site Registration

There are no definitive statements of requirements for this service since it is
still under investigation. It appears that there are requirements in both the safety
and economic areas. Study efforts and field measurements to date have led to
some preliminary estimates of accuracies required to make radiolocation service
beneficial to various user groups. No other characteristics have been determined.
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TABLE 2-5. LAND RADIOLOCATION ACCURACY ESTIMATES.

REPEATABLE
ACCURACY FIX
APPLICATION (2 drms)* COVERAGE | AVAILABILITY | RATE**
Public Safety
Urban Police,EMS*#%* 250 ft. Urban Area | 99.7% | sec.
Rural Police,EMS 1000 f1. County | sec.
State Police 1000 ft. State : | sec.
Transportation
Urban Buses 500 ft. Urban Area | 99.7% | sec.
Taxi - 500 f1. Urban Area | sec.
Delivery Truck 1000 f£t. Urban Area | sec.
Truck 10000 ft. Nationwide | sec.
(Hazardous
Cargo)
Highway Safety
Planning 100 ft. State 99.7% * | sec.
(Traffic records
Highway Inventory,
Highway Main.)
Resource Management | 100 f1. Nationwide | 99.7% | sec.

* Requirement under study, values noted are current estimates.

** Fix rate of navigation system, user update rate dependent on application and characteristics
of communication link.

**¥* Emergency Medical Service






3. METHOD OF APPROACH
3.1 GENERAL
The basic methodology used on this project is straightforward:
[ [dentify the issues which ére not yet resolved.

2. For each issue; formulate a set of questions that span the issue and are
capable of resolution. . .

3, Determine whether the analysis and simulation tools are adequate, and
determine what data exists.

4, Modify current tools and/or develop new ones to meet the need.
3. Characterize the users and their appropriate equipment.
6. Apply the tools, using the scenarios and receiver design options;

The computer simulation models AIRGPS and MARINEGPS have been
modified at TSC. They can now demonstrate how a marine or airborne
receiver/processor would behave under a variety of conditions: with or without
Selective Availability, with different mask angles (minimum satellite elevation
angle), and using three or four satellites in the navigation solutions. Receiver and
processor parameters, trajectories, and satellite geometries are operator-
selectable. '

The error-bound model (TSCERR) ‘ftfﬁs developed by Bradley University(B) and
Input-Output Computer Services (IOCS)'™" and is currently operated at TSC by
Bradley University. It provides a performance measure of an optimally designed
receiver; lL.e., one which takes full advantage of all the information available,
especially the performance history. Rather than outputting the smoothed estimate
of position for a particular location at a particular time for a specific heading, as
the simulation models do, TSCERR outputs the performance averaged over all
geometries. It is useful for predicting what an optimal receiver would do when a
satellite is faulted, or when the satellite geometry deteriorates.

While the models are useful in examining transient conditions, they are
unwieldy for the investigation of system accuracies in a collective sense, because
once a receiver design is defined, the accuracy is dominated by the satellite
geometry. Also, with 3elective Availability imposed, the intentional errors
dominate all other error sources. To analyze the effects of satellite geometry and
those receiver design parameters which affect satellite selection, computer
programs were developed which provide GDOP measures under a variety of
conditions, and which output statistical distributions.
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Selective Availability is a Department of Defense program under which the
SPS accuracy will be controlled, and Precise Positioning Service will be available
selectively, to military and special civil users. T5C obtained segments of the
signals that will be used in the satellite transmissions. They were obtained through
the NAVSTAR GPS Joint Program Office from Draper Laboratory. The segments
obtained are brief enough that they could not be used to reconstruct the accuracy
control technique, and could thus be unclassified. Analysis consisted of statistical
programs which examined the distribution of the equivalent pSeudorange errors and
their time deviations. This analysis is discussed in Section 7.

A costing model was adapted from two existing studies.on GPS5 receivers. It
Is useful for comparing the relative costs of different receiver designs, and
provides a reasonable estimate of list prices now and in the future. These models
and analytical programs are described further in the next section, as well as in
Appendices A through C and E.

3.2 ANALYSIS AND SIMULATION TOOLS

The analysis and simulation tocls used in the study are computer programs
which are written in FORTRAN-10 on the DEC-10 mainframe computer at TSC.
Their chief features are described below. The simulation models are described in
more detail in Appendices C-E.

3.2.] Dilution-of-Precision Programs:

GDOP subroutine - calculates XDOP, YDOP, HDOP, VDOP, and PDOP
measures for specified ranges of latitude, longitude and time, for specified
satellite selection criteria: choice of mask angle, best-set or all-in-view
algorithms, three- or four-satellite algorithms. '

GDOP distribution program - calculates distributions of DOP measures;
generates plots.

GDOP map generator - generates values of DOP measures and number of
satellites in view over the CONUS at a specified time. Figure 3-1 shows an
example of this. '

Satellite faulting program - modifies satellite selection to allow selective
removal of satellite signals, and calculates the resulting DOP measures.

3.2.2 Selective Avéilabilm (SA) Programs

SA delay statistics - calculates probability densities and cumulative
probabilities of SA delays from data.

SA rate statistics - <calculates probability densities and cumulative
probabilities of 5A rates of change.

SA rate change statistics - calculates probability densities and cumulative
probabilities of SA.second derivatives. '
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SA MARINEGPS interface program - an interpolation routine that sends

typical

SA pseudorange delays to MARINEGPS. AIRGPS can be likewise

accommodated.

3,2.3 TSCERR Error Bound Mode!

The error bound model has the following features:

a.

b,

C.

It can be used to analyze sudden satellite outage or faults.

[t accommodates different clock stabilities to enable stability
requirements assessment during outage.

It accommodates external aiding.

3.2.4 MARINEGPS and AIRGPS

Each simulation mode] has the following features:

a.

b.

C.

h. .

ia

Each can handle a full nonlinear receiver model as well as a simplified
receiver model.

Eat_:h operates with the full I8-sateilite constellation, pius 3 spares.

The nonlinear model provides detailed behavior of AFC loop, phase-lock
loop, and code-tracking loop.

Each has a Kalman Filter navigation processor; the AIRGPS model
includes a turn rate state.

Each has user-selectable clock quality, vehicle trajectory,
receiver/processor parameters, system time, and rate-aiding of code
loop.

Each has been modified to handle sequential receiver operation.

Each has a limited abi'lity to handle three-satellite as well as four-

‘satellite navigation solution.

Each incorporates antenna location and pattern effects.

Each accommodates vehicle roll, pitch, and heave variations.

3.3 CHARACTERIZATION OF CIVIL AIR USERS AND EQUIPMENT

The most evident civil air application of GPS is to oceanic navigation, due to
its relative advantages in cost, accuracy, and coverage. The same aircraft will
probably begin to use the system for high altitude domestic en route navigation as
well. It will certainly be competitive with inertijal systems. It is not clear that
GPS can fulfill other roles of the VOR system, however. In particular, VOR. sets
are installed in a wide spectrum of aircraft; they are relatively inexpensive and are
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used in VFR as well as [FR conditions even though they are not generally required.
While the VFR usage of the navigation system cannot be ignored, there are no
established VFR requirements that could serve as a basis for evaluating GPS
performance. Rather, the low-cost receiver processor will primarily invelve IFR
applications of en route, terminal, and nonprecision approach navigation. Users
will range from recreational flyers to air taxi operators, and the aircraft will vary
in size from two-seat trainers to 6 to 10 seat twins.

Table 3-] shows a widely utilized user classification scheme(5).- It appears
that the target population for low-cost receiver users is that of Class C. While
some users may have other RNAV equipment, the investigation of this program
assumed stand-alone GPS equipment except for the possible use of an encoding
altimeter. ‘

There are a number of other users who would find GPS useful, namely
- helicopter operators, search-and-rescue teams, agricultural operators, and survey
crews. However, their dynamics and requirements are less stringent, and do not
appear to pose any unusual performance problems for the GPS.

Table 3-2 shows the characteristics of the users and the flight scenarios used
10 address the main issues. Table 3-3 lists the receiver/processor parameters
.which characterize the receiver evaluated for the civil air users. In particular, the
“parameters listed in Table 3-3 are used as input parameters to the computer
simulation called AIRGPS. They aisc serve to define the constraints used in the
error bound simulation (TSCERR). These software tools are discussed in
Appendices A and C. The receiver described in Table 3-3 is patterned after the
IExperiment%é)Duai Channel Receiver (EDCR) which was recently tested by Lincoin
Laboratory.

3.4 CHARACTERIZATION OF CIVIL MARINE USERS AND EQUIPMENT

Civil marine navigation may be characterized by four specific phases: the
ocean, coastal, harbor and harbor approach, and inland waterway phases. GPS will
clearly satisfy the requirements for oceanic navigation and almost certainly those
of the coastal phase. The harbor approach and harbor phase requirements are
significantly more demanding and it is not clear that they can be met with a low
cost GPS set. Requirements have not yet been defined for inland waterway
navigation.

Navigation requirements apply to all craft and we have selected a vessel of
50 meters length as representative of the class of users of low-cost GPS sets. For
a given speed, the roll amplitude and roll frequency tend to increase with
decreasing ship length. Consequently, for a given sea condition the increased
dynamics of smaller craft can be expected to place a greater burden on the GPS
set. Both moderate and calm sea conditions can be accommodated by the
MARINEGPS simulation. It is anticipated that harbor approaches with narrow
channels will not be attempted in severe conditlons.
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TABLE 3-I. CIVIL AIR USER CLASSIFICATION SCHEME

Class A
o IFR capability in all controlled (mixed, positive control, and high
density) airspace regions of the National Airspace System under
instrument meteorclogical conditions (only VFR flights may be
conducted in uncontrolled airspace).
Q Equipped with dual, high quality avionics characteristic of air carrier
and military aircraft. ‘ :
Class B -
) IFR capability in all mixed and positive controlled airspace regions
(requiring 3D-RNAV), except where Strategic Control procedures
(requiring 4D-RNAV equipment) are in effect.
o Equipped with dual, high quality avionics characteristics of expensive
general aviation aircraft..
Class C
o] Typically operates IFR in mixed airspéca regions.
0 Has nonredundant, medium quality avionics of limited navigation (2D-
RNAY) and data link communications capability.
Class D
o Generally operates VFR in all low density terminals and mixed en route
airspace.
o} Has low cost avionics without area havigation equipment.
Class E
o) Typically operates YVFR in mixed airspace only if within line-of-sight of
a radar site, otherwise operates in uncontrolled airspace.
o Has low cost avionics with VOR Navigation equipment.
Class F
o QOperates in uncontrolled airspace with pground-based voice

communications and minimum YOR navigation capabilities.
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TABLE 3-2. GENERAL CHARACTERISTICS OF A CIVIL AIR U3SER OF.

LOW-COST GPS NAVIGATION EQUIPMENT

Class C User

- Typically operates [FR in mixed airspace
" regions.

- Has nonredundant, medium quality avionics \
of limited (2D-RNAYV) and data link communications
capability.

Typical Aircraft

- Twin Otter, Beech Baron, Piper Navajo

Maneuvers

- Straight and level at accelerations up
to 0.2 g's.

- Climbs and descends up to 2000 ft/min.
- Standard 2-minute turns.

- Nonprecision approaches.

Bank Angle

- 30°.

Maximum Speed

- 210 knots over a fix or in terminal area.

Receiver/Processor . - C/A Code only, 1575.42 MHz.

- Two channels: Navigation, DaT:a.l

- Cne antenna.2

- Aiding: None, initially.-

- Satellite Tracking Algorithm Best Set

of Four, initially.

- Position Algorithm: 3-dimensional solution.

L. Recelver architecture is patterned after(g]e Experimental Dual Channel

Receiver {(EDCR) developed by the FAA.

2. Consistent with low-cost user application.
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TABLE 3-3. RECEIVER PARAMETERS - AIR

PARAMETER VALUE
NAV. CHANNEL DATA
CHANNEL
CLOCK
Clock Stability 1 X 10'8(1-3 Sec.) 1X 10-8(1-3 Sec.)
CODE LOOP
Type Tau-Dither
Order Ist
Bandwidth 6 Hz
Damping Factor N.A.
Delay Prepositioning Yes
Satellite Dwell Time 0.220 Sec.
Dither Timestep 0.01 Sec.
Dither Code Shift +0.5 Chip
IF Noise Filter Bandwidth 500 Hz
CARRIER LOQOP
Type AFC AFC/Costas
Order Ist Ist/2nd
Bandwidth 10Hz 10Hz/20Hz
Damping Factor N.A. N.A.
Doppler Preposition Yes Yes/Yes
Satellite Dwell Time 0.220 Sec. N/A
IF Noise Filter Bandwidth 500 Hz 500 Hz/500Hz
NAVIGATION FILTER
Type Kalman
States 9
Observables Pseudorange
SATELLITES TRACKED
Satellites Tracked 4binitiall'y (up to 7 eventually)
Satellite Mask Angle 3 :

~
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Although we have limited our consideration to the navigation requirements
which apply to safety of navigation, there are additional benefits to be derived
from more precise navigation. Specific user applications, including commercial
fishing, hydrography, resource exploitation, search operations, law enforcement
and recreational sports fishing, can benefit from increased navigation precision.
The minimum performance necessary to achieve these benefits generally falls
between the requirements for coastal navigation and those for harbor approach and
harbor navigation. Consequently, if GPS can satisfy the more stringent harbor
approach and navigation requirements, it will most likely yield the additional
benefits described above.

Table 3-4 shows the characteristics of the users and navigation scenarios
which will be used to address the main issues. Table 3-5 lists the
receiver/processor parameters which characterize the receiver to be evaluated for
the civil marine user. The parameter values listed in Table 3-3 were -used as input
parameters to the Monte Carlo computer simulation MARINEGPS. MARINEGPS is
similar to AIRGPS in that the nonlinear receiver portions of the two simulations
are identical.' The receiver modelled for marine applications is patterned after the
Z-set. Parameters are chosen to be representative of a marine receiver. These
parameters (listed in Table 3-5) also serve to define the inputs to the error bound
software TSCERR.

3.5 CHARACTERIZATION OF CIVIL LAND USERS AND EQUIPMENT

Civil land use of radiclocation has been characterized by three operéting
regions: rural, suburban and urban. The principal applications associated with each
of these regions are listed below. .

: Rural: The principal needs in rural-regions are for location identification for
. emergency services, public safety, conservation and environmental protection,
- traffic safety data and highway data.

Suburban: The principal applications of radio location systems in suburban
areas are related to automatic vehicle location of transit and public safety
vehicles. :

Urban: The principal applications of radio location systems in an urban area
are the same as those in suburban regions, namely, transit and public safety. Urban
operation is characterized by much more adverse propagation conditions due to
increased electromagnetic interference (EMI) and signal blockage.

Unlike air and marine applications, no fixed set of minimum performance
requirernents has yet been developed for civil land uses of radio location. A
tentative set of "minimum requirements"” has been defined based upon current
estimates. These tentative requirements fall into two application classes: thase
involving a static measurement and those involving significant user vehicle
dynamics. The latter class is believed to represent the more demanding
requirements and is the class chosen for the evaluation of GPS user set
performance. '
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TABLE 3-4.

GENERAL CHARACTERISTICS COF CIVIL MARINE USERS"
OF LOW-COST GPS NAVIGATION EQUIPMENT

Typical User

Freighter

Typical Crafr-

50 meter length, 750 tons

Maneuvers

Straight line at accelerations up to
0.05 g's
Two-minute turn rate

Maximum Speed-

15 knots 50117150 amplitude with a 6 sec.
period, 5 in harbor areas.

Receiver/Processor

C/A Code only, 1575.42 MHz

Single channel, navigation data

One antenna, fixed mounted

-Satellite tracking algorithm, best set

of three

Position algorithm: 2-dimensional solution.




TABLE 3-5. RECEIVER PARAMETERS - MARINE

PARAMETER VALUE
NAV. CH .DATA
' cH.

CLOCK 3 3

Clock Stability 1 X 107%(1-3 Sec) 1 X 107
CODE LOOP

Type Tau-Dither -

Order 2nd

Bandwidth 0.30 Hz

Damping Factor 0.707

Delay Prepositioning Yes

Doppler Prepositioning No

Satellite Dwell Time 0.68 sec.

Dither Timestep 0.0] sec.

Dither Code Shift +0.5 CHIP

[F Noise Filter Bandwidth 300 Hz
CARRIER LOQP

Type AFC AFC/Costas

Order Ist Ist/2nd

Bandwidth 10 Hz 10 Hz/I0 Hz

Damping Factor N.A. N.A.

Doppler Preposition Yes ‘Yes/Yes

Satellite Dwell Time 0.68 sec. - 0.68 sec.

IF Noise Filter Bandwidth 300 Hz 300 H2/300 Hz
NAVIGATION FILTER

Type Kalman

States 6

Observables Pseudorange
SATELLITES TRACKED

Satellites Tracked 3

Satellite Mask Angle 10°
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Table 3-6 shows the characteristics of the users and scenarios which will be
used in this program to address the main issues. The receiver is patterned after
the FAA's Experimental Dual Channel Receiver, with parameters selected to be

consistent with the intended land application. The receiver parameters are given
in Table 3-7, -



TABLE 3-6. GENERAL CHARACTERISTICS OF CIVIL LAND USERS

OF LOW-COST NAVIGATION EQUIPMENT

Typical User

Urban police, emergency medical service.

~Typical Maneuvers

Straight line, constant acceleration up
to 0.25 g.

. 130 meter radius turn at 40 mph (0.25 g

radial accel.

Maximum Speed

55 mph.

Receiver Processor

~C/A code only, 1575.42 MHz.

Two channels, Navigation and Data.
One-antenna, mounted on top of vehicle
Satellite Tracking Algorithm: All-in-
view. :

Position Algorithm: To be determined.
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TABLE 3-7. RECEIVER PARAMETERS - LAND

PARAMETER VALUE
NAV. CH DATA

CH.
CLOCK 3 -3

Clock Stability 1 X 10 ' 1X10
CODE LOOP _

Type ) - Tau Dither

Order ‘ 2nd

Bandwidth 1.0 Hz

Damping Factor 0.707

Delay Prepositioning « ' Yes

Doppler Prepositioning No

Satellite Dwell Time 0.5 Sec.

Dither Timestep 0.0l Sec.

Dither Code 5hift + 0.5 Chip

IF Noise Filter Bandwidth 300 Hz
CARRIER LOOQP . }

Type AFC AFC/Costas

Order o st Ist/2nd

Bandwidth 10 Hz 10 Hz/17Hz

Doppler Preposition Yes Yes/Yes

Satellite Dwell Time 0.5 Sec. N. A,

IF Noise Filter Bandwidth 300 Hz 300 Hz/300Hz
NAVIGATION FILTER

Type Kalman

States 6

Observables Pseudorange
SATELLITES TRACKED

Satellites Tracked 4

Satellite Mask Angle | 10°
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4, RECEIVER/PROCESSOR DESIGN ALTERNATIVES

4.1 GENERAL

This section describes some of the features of NAVSTAR GPS receivers, how
they may differ to achieve low-cost status or be tailored to particular applications,
and how they may change in the future.

4.2 RECEIVER IMPLEMENTATION

The NAVSTAR GPS Interface, Doc’ument(n leaves a number of design factors
unspecified: . .

s a. Mask angle - The elevation angle below which satellites are ignored.
Receiver designs up to now have generally chosen the mask angle to be
59 or 10°. However, in Section 5.2 it will be shown that an 8° mask’
angle is the preferred value for 3-dimensional navigation.

b. Satellite Selection Algorithm - The selection criterion to determine
which satellites are chosen to derive the navigation solution.

C. Navigation solution - Four satellites are generally used to provide three
dimensions of position plus time. However, if altitude can be
determined by an independent method, only three satellites are needed.

d. Number of receiver channels - In principle, the number of channels
could be one to eight for the planned I8-satellite-plus-3-spares
constellation. The reasons for preferring different numbers of channels
are discussed below. '

e. Receiver implementation technique - The choice of functions that could
be accomplished digitally is broad and is expected to broaden even
further in the future as faster circuitry comes down in price.

f. Tracker Implementation - The navigation tracker can range from no
tracker at all to highly adaptive Kalman filters. Alpha-Beta trackers
and fixed-gain Kalman filters form the intermediate choices.

The first three of these are discussed in Section 4.3, The others relate to the
implementation of the user equipment and are discussed below.

The high-quality receivers built in Phase [ of the NAVSTAR GPS program
have four channels. A best-set-of-four satellite selection algorithm is employed,
so each channel is devoted to one satelilite. This is termed "paralle!" operation.
When a satellite sets, that channel is assigned to the next satellite chosen by the
selection algorithm. A parallel receiver is quite insensitive to user clock drift. A
marine receiver for ocean use can make use of the known altitude to operate with
three satellites. Although none have been produced in this manner, a three-channel
parallel marine receiver is feasible.
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A lower cost receiver can be achieved by using fewer channels, and "looking
Pé the satellites one at a time. This is termed "sequential" operation. The Z-set
built during Phase I for low-dynamic aircraft use, has a single channel to
receive the signals from four satellites and de@ide the data. One of these sets was
recently modified by the U, 5. Coast Guard to operate with three satellites to
achieve two-dimensional navigation. The update interval is about ten seconds,
which is adequate for marine and most air applications, but marginal for aircraft
non-precision approach navigation.

For aircraft usage the single-channel receiver has two other drawbacks that
led the FAA to explore a different design:

a. Long startup period - Typical "cold-start" acquisition can take up to 30
minutes.

b. High sensitivity to satellite fading - During turns, low-lying satellites
can be blocked by wing or tail, causing the set to change satellites. The
abrupt change results in erratic behavior of the station.

The Experimental Dual-Channel Receiver (EDCR) was built by Standard
. Telecommunications Inc. It was then integrated with a navigation processor and a
data acquisition sysfﬁaljl by Lincoln Laboratory and tested for the FAA Office of
System Engineering . The receiver uses one channel for tracking all satellites in
view, and uses the other for data decoding. As a result, startup time is five
minutes or less, and satellite fades do not result in erratic position estimation.

4.3 SATELLITE SELECTION

Most designs to date have employed a best-set-of-four satellite selection
algorith 2chor.)se e four satellites which give the lowest PDOP
{PDOP = DOP + VDOP* ). Actually, the algorithm usually used computes the
volume of the tetrahedron formed by each combination of satellites taking four at
a time, and selects the constellation having the largest volume. This is believed to -
select the constellation having the lowest PDOP as well. '

To avoid blockage by terrain or obstacles, low signal-to-noise ratios resulting
from antenna pattern fold at the honzon and tropospheric noise, and multipath, a
mask angle is chosen, usually 5% or 10°, below whu:h satellites are not 1nc:luded in
the navigation solution. The DOD sets use 5%, but the FAA prefers 10°.  This
choice is less significant when the all-in-view strategy is used, because noisy
signals can in principle be down-weighted in their effects on the position estimate.
The choice of mask angle affects the service cutage time of a receiver, a subject
discussed in Section 5. It is shown there that an 8° mask angle is desirable.

* When altitude is known,.as few as three satellites are needed for a solution.
(2D Solution). In effect, knowledge of the altitude is tantamount to having an
extra satellite at the center of the earth. The navigation processor still performs
computations with four "satellite" pseudoranges. For an ocean-going vessel, the
distance of the antenna from the center of the earth can be approximated by the
height above an averagg ”aterllne plus the earth radius for that latitude as given
by the WGS-72 model Errors resuiting from tides, ship heave, and ship roll
and pitch are small. Inland marine or land receivers could use the three-satellite
solution if altitude could be entered manually. For aircraft, altimeter aiding could
provide this information (See Section 5).



The EDCR (10) employs an all-in-view satellite selection strategy. All
satellites above the mask angle are used in the navigation solution. Each additional
satellite above four serves to improve the accuracy of the solution. As a result,
when one satellite fades, the solution does not change suddenly, nor is time lost in
acquirlng new satellites. ©Of course, when only four satellites are VLSlble, the
solution is identical to the best-set-of-four solution.

Figure 4-]1 shows that the relative advantage of a 5° mask angle over a 10°
mask angle for a receiver using a three-satellite solution is not significant. This is
generally  true for receivers using four-satellite solutions, which can be seen. in
Figure 4-2. However, there are some locations where large HDOP's occur for the
17 mask angle that do not occur for the 5° mask angle. These outages are severe
enough and last long enough (I to 10 minutes) that receiver designers should
seriously consider using a mask angle below 10°, It is shown in Section 5.3 that
these cutages do not occur using mask angles of 87 or Iess.

There are several reasons generally cited for not employing satellites below
some mask angle like 10%: (1) tropospheric effects, (2) higher multipath probability,
(3) low signal-to-noise ratio, and {4) increased probability of blockage by terrain.
In each of these the reduction of performance in using an 8~ mask angle rather
than 10° is small, while the advantage of ehmmatlng outage periods is considerable.
-Also, there. Js little 1o be gained by going below 8°. Therefore use of a mask angle
-of about 87 is strongly recommended for airborne receivers and other receivers
--using % satellites in the navigation salution.

The relative advantage of the all-in-view strategy is evident in Figure 4-3.

The HDOP's are about 30% better than with the best-set strategy. This is offset

somewhat by the fact that the processing of additional satellites requires shorter

—dwell times, which means that noise-related errors increase. However, the HDCP

..is the dominant effect, so that accuracy improvements of 20 to 25% are reasonable
.to expect.

“4.4 TRACKER TECHNIQUES

Tracking is. performed in order to obtain user vehicle velocity estimates and"
smooth recejver output noise. Most trackers are first-order trackers, which means
. they project straight-line tracks. As a result, they estimate position to the outside
of the actual track on turns. Heavy smoothing results in excellent position
estimation performance under unaccelerated motion, but poor performance during
accelerated motion (including turns). Reduced smoothing improves performance
during accelerations, and reduces performance on straight segments of travel. In
principle, second-order trackers could ameliorate this problem, but in practice the
advantages are often not significant, because of the noisiness of the computed
acceleration terms. In the AIRGPS simulation model, a horizontal turn state is
included in the Kalman state vector.

4.5 COMPARISON OF KALMAN FILTER & ALPHA-BETA TRACKER PERFORMANCE

4.5.1 The Navigation Processor

The navigation processor filters the random errors from the measurements
made to determine the user's position and estimates the position and velocity of
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the user vehicle. In filtering the measurements, the capability of position tracking
is lessened so that a trade-off must be made, depending on the amplitude of the
measurement noise and the accelerated motion of the vehicle.

The issue here is whether a simple processor like the alpha-beta tracker can
be used to track a vehicle performing. a standard operation, without incurring
errors due to accelerated motion which exceed the bias errors in the GPS system,
or whether a more complex processor like the Kalman {ilter is needed for the
output of GPS user equipment. ‘

Errors in the user estimated position are made when the pseudorange
measurements contain errors and when there is accelerated motion. The latter is
associated with the departure of the vehicle from straight line motion in the case
of the alpha-beta tracker and from a dynamical model in the case of the Kaiman
filter. A fraction of the difference between the actual and expected
measurements is used to correct the user's position estimate, the size of the
fraction being determined by the confidence in the measurement.

4.5.2 The Alpha-Beta Tracker

The model used for this tracker is that of a vehicle travelling at constant
velocity. Differences in position and velocity from this model, as determined by
measurements, are used to correct the model estimate (usually called the
propagated values) of position and velocity as follows:

X =H.R (4-2)
=-meas -

X, (k)=x(k-1} + tx(k-1 (4-3)
x(k) = x (k) + alphale, oo () - x () (4-t)

x() = xlk-D) + beta/ilx . (k) - x (K) ‘ (4-5)

k is the number of measurement intervals fromt =0

H transforms the measurement vector R into the position measurement vector
Xmeas ‘

t is the measurement interval

t/beta is the response time of the alpha-beta tracker

alpha is determined from beta for damped tracking

g:_P(k) is the propagated position

x(k) is the filtered position

x(k) is the filtered velocity

[t can be seen from equations 4-3 and 4-4 thlat décreasing alpha and beta
filters the measurement noise and produces a response lag to motion which departs
from the model. On the other hand decreasing t tends to decrease (x - X ),

thus decreasing the bias.errors encountered in a maneuver. Alpha is gﬁosen Pto
critically damp the filter cutput.
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this version, an acceleration sensor or measurement error threshold is used to
change alpha from a low value in straight passages to 1.0 in curves, thus affecting a
filtered navigation system which does not overshoot on turns.

4.5.3 The Kalman Filter

The Kalman filter can model position, velocity and acceleration states. It
can also model clock errors and user trajectory errors separately from
measurement errors. In the Kalman filter demonstrated here, acceleration states
are not represented, but clock time and frequency states are present. A one-to-
one comparison of the Kalman filter with the alpha-beta tracker here is not
strictly possible, since the treatment of the two filters for use with a sequential
receiver differs. The alpha-beta tracker waits to accumulate four independent
measurements and then corrects its propagation estimates. The Kalman filter
corrects its propagation estimates every measurement interval, essentially using
four measurements of age 0, I, 2, and 3 intervals. For the same measurement
interval, this makes it more responsive to accelerations than the alpha-beta
tracker.

Modification of the alpha-beta tracker to use measurements ranging in age
from 0 to 3 measurement intervals should bring the performance closer to that of
the Kalman filter. Use of the switched tracker should also improve performance.

4.6 SIMULATION RESULTS FOCR KALMAN.FILTER AND ALPHA-BETA TRACKER

Figures 4-5 to 4-8 show the performance of an alpha-beta tracker and
Kalman filter on GPS receiver data taken during a simulated 900-second voyage in .
which a ship proceeds on a straight line course at 10 knots, begins a 90 degree turn
at 540 seconds, and continues a straight line course at 63| seconds. The data for
these figures are taken from a related project (Reference 32). The trajectory is
shown in Figure 4-4.

. Figure &-5 shows navigation errors for an alpha-beta tracker with
alpha = beta = I. That is,, course corrections are made assuming the pseudorange
measurements to be error-free. The fluctuations represent pseudorange
measurement errors. In essence, the tracker has been removed. The fluctuations
prior to 270 seconds are transients due to the coldstart behavior of the tracker.
Figure 4-6 shows the errors for an alpha-beta tracker optimized for low
accelerations (alpha = .3). The tracker shows good noise-reduction during the
straight legs but a large error is introduced during the turn. Figure 4-7 shows the
results for-a switched alpha-beta tracker in which the transient error in the turn is
attenuated but a residual error due to unmodelled acceleration is present. Figure
4-8 shows the results for a Kalman filter with no acceleration states in which the
measurements are incorperated into the position estimate at each measurement
interval.

It appears that alpha-beta trackers can provide adequate performance for low
dynamics vehicles such as ships in which accelerations are typically less than 0.05

g's.
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Alpha-beta trackers are simple fixed-gain trackers, since the alpha and beta
terms are selected to best match the combined effect of vehicle dynamics and
measurement noise. They are ccnsidered to be less expensive than Kalman filters
to implement, but this advantage is expected tc disappear in future receiver
designs (see Section 4.5). They can be made adaptive by adjusting the values of
alpha and beta in real time. One way to do this is to have an acceleration term
computed, such that when acceleration exceeds a certain threshold value, alpha
and beta are set to unity (equivalent to no tracking). When the acceleration
detector drops below the threshold, the terms are restored to their previous values.

The Kalman filter can be fixed or adaptive. The MARINEGPS and AIRGPS
employ filter gain terms that are fixed in the sense that the expected "process"
noise and measurement noise terms are not dependent on the real-time behavior of
the position estimates. However, they do change with satellite elevation angle,
unlike the alpha-beta tracker. Furthermore, the Kalman filter separately weights
‘the effects of vehicle dynamics and measurement noise, again unlike the alpha-
beta tracker. To be adaptive in real time, the gain terms should vary with the
history of the 'residuals." The Z-set navigation processor dces this, and
sophisticated processing includes this feature. The simulation models are adaptive
only insofar as they down weight measurements which differ from predicted values
by a predetermined amount. This reduces the effect of occasional bad
measurements. :

4.7 FUTURE RECEIVER DESIGNS

Phase 1 designs employed analog components tc a large extent, using them to
perform code-tracking, carrier-tracking, automatic gain control (AGC), and code
and carrier detection functions, as well as front end radio frequency (RF) and
intermediate frequency (IF) tasks of signal filtering, correlation and amplification.
Phase III equipment and the EDCR perform all except RF, IF, and correlator
functions digitally. Eventually IF and correlator functions will be performed by
fast digital circuits as well, which will reduce costs and increase sophistication.

Microprocessors are progressing rapidly in speed and capability due to the
mass market for microcomputers and other consumer applications. As a result, it
can be anticipated that much more capability will be possible -in receivers at a
given cost. Bradley Ltlz%ersity recently completed a study for this project on
microprocessor loading . The following results are excerpted from that study.
The GPS processing work load was divided into functions performed at several
different rates: ‘ : ‘

a. Very Frequent (| kHz): analog-to-digital conversion, tracking function.

b. Frequent (50 Hz): data decoding, statistics, keyboard, amplitude
estimates.

C. Occasional (I Hz): Satellite state update, navigation updates,
pseudorange prediction, position estimates. .

d. Infrequent (0.0] Hz): ephemeris computations, complete navigation
solution.



Each function was analyzed to determine the precision required and the
number and type of arithmetic operations invoived. Several efficient
microprocessors were considered: their register size, data bus size, and maximum
speed. All this information was analyzed in a computer model for both Kalman
filtering and alpha-beta tracking.

Table 4-1 shows the capabilities of a number of current and planned
microptrocessors. The "processor class" refers to the register and data bus sizes:
16/8 means the registers use 16 bits and the data bus uses eight. Tables 4-2 and 4-3
show the amount of time per second required for each task for each
microprocessor. When the total time per second exceeds one second, the "duty
cycle" exceeds 100%, and more than one microprocessor is required.

Table 4-2 addresses a land or marine application, where altitude is not
tracked. It can be seen that several 8-bit processors are needed, operating in
parallel. However, with the new 68000 microprocessor, all functions can be
performed with a single microprocessor. The 63000 can be programmed to perform
the high-precision navigation solution computations without the need of a floating
point co-processor, and the numbers in the table include these computations. Since
CO-processors are expensive compared to microprocessors (e.g., 5200 vs $20), this is
a significant cost savings. Table 4-3 shows the corresponding numbers for an
airborne receiver. Note that a single 68000 still performs all the functions,
whereas up to six microprocessors would be required for 8-bit designs.

The 1tables also demonstrate that while alpha-beta trackers have a
measurable cost advantage for the less capable microprocessors, this advantage all
but disappears with the advanced processors. Therefore, the added costs of
incorporating high sophistication in a receiver will be limited primarily to up-front
program costs, which will be negligible when amortized over a production run.



TABLE &4-l. MICROPROCESSOR SPECIFICATIONS

PROCESSOR PROCESSOR MS PS MPY Div CLOCK
CLASS MODEL micro sec micro sec micro sec micro sec m Hz.

3/8 6502 2 .5 . - pd
16/8 8085a-2 2.6 .8 - - 5
16/8 68b09 35 S 5.5 . 2
32/16 68000 .87 . 27 4.6 10.5 15
32/32 68000/32 87° 27 46 10.5 15

MS = time for extended address memory to register, word of bus length

PS = {ime for register 10 register instruction

MPY = {ime for register/register multiply

DIv = 1ime for register/register divide

MS time -is for 32-bit register/memory instruction. 68000/32




TABLE 4-2. MICROPROCESSOR LOADING, LAND/MARINE APPLICATION

DUTY PERCENT

PROCESSOR TASK GROUP TIME SECONDS.
1 KHZ 50 HZ 1HZ .01 HZ
4 . 1.9 39 270
6502 .0033 ~
RYA 247"
45 ; 287
8085A-2 52 1.9 ‘ .0008
23 265 *
‘ A3 116
68b09 .5 .53 .0007.
065 : \ 109 *
.019 33
68000 15 .16 : .00015
0075 32
0l4 29
68000/32 15 13 00013
.0048 * : 28°

1. Nav update once per/sec

2. 4 satetlites track
3. 6 filler states
4. * indicates Alpha-Beta Tracker
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TABLE 43. MICROPROCESSOR LOADING, AVIATION APPLICATION |

PROCESSOR TASK GROUP - SECONDS DUTY PERCENT
' 1 KHZ 50 HZ 1HZ 01 HZ
1.6 ' 500
6502 .6 2.8 .0047
4" J80 *
1.7 540
3085A-2 .18 29 0011
53¢ 420 -
49 203
68b09 .75 19 .0010
A6 170 *
‘ .07 53
68000 .22 24 .00022 ‘
019 *° 48 *
060 48
68000732 .22 .20 00018
012 43°

1. Navigation solution updated gnce/seg

2. 6 satellites tracked
3. 12 filter states

4. * indicates result for Alpha-Beta tracker
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5. SERVICE OUTAGES
3.1 GENERAL

In this report a service outage is considered to exist when the HDOP for that
user receiver exceeds 6. The horizontal measure HDOP is used, because most
applications primarily use latitude/longitude information rather than altitude. It
was shown in Section 4 that service outages are relatively rare. However, for some
users such as aircraft operators even these rare outages can cause a problem if
they last more than 5 minutes or so.

There are several conditions which can cause service outages:
L. Satellite failure.

2. Unfavorable geometry of satellite constellation with a minimum
number of satellites.

3. Signal blockage due to terrain or buildings.

4. Signal blockage due to change in vehicle attitude (such. as blockage by
an airplane wing during a turn). This is a short-term effect.

The problem of terrain blockage could be problematic for airports in
mountain valley areas. Structures causing blockage in the vicinity of airports are
not likely to. cause a problem because airport construction policies restrict the
construction of buildings in the approach area (See Figure 5-1). For marine and
land users, bridges, tunnels, and buildings can block satellite signais.

For a user who has a method of automatically informing the receiver of
altitude, only three satellites are needed to obtain a position solution. Such a user
is called a 2-D user, since he is using GPS to obtain Z-dimensional position
information. Marine user receivers can employ models of the earth geoid to obtain
this aititude input, and for some land. applications this information is available.
Without an independent altitude input, the NAVSTAR system must compute all
three position coordinates, even though only two may be of interest to the user.
These users are called 3-D users, and their receivers require four operating
satellites to obtain a position measurement. If only three satellites are visible, 3-D
users will experience an outage, because the HDOP is infinite; 2-D users, on the
other hand, will not. Thus for 3-D users the NAVSTAR GPS must provide a
mninimum of four visible satellites in a favorable HDOP geometry; similarly a
© minimum of three visible satellites are required for 2-D users.

When only four satellites are visible, outages may still occur for 3-D users if
the satellites are almost coplanmar. 'In such an unfavorable geometry, the HDOP
becomes very high and outages occur which can last up to 30 minutes or more.
Similarly, for 2-D users unfavorable geometries occur when the three v151b1e
satellites and the user are almost coplanar.

There are three possible methods of dealing with these outages, each of
which has [imitations or is expensive:

L. For 3-D users an encoding altimeter can supply altitude information, in
effect making them 2-D users.
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2. A high-quality external clock can be inputted to the receiver, enabling
"coasting" through long outage periods.

3. A lower mask angle can be employed, which reduces or eliminates the
duration of the outage. :

4. The receiver can 'coast,” relying on the internal clock to "hold" the
time solution for a period of time.

The first two are costly, especially to general aviation or small commercial marine
users. The last twe have performance consequences which limit their
effectiveness.

By employing a lower mask angle, a receiver will see satellites for a longer
period of time, thus reducing or eliminating the outage periods. However, this
advantage is accompanied with a performance loss. The receiver antenna pattern
generally falls off at low elevation angles, which lowers the signal-to-noise ratio
and increases the measurement uncertainty. Signal blockage and reflections of
satellite signals from earth-based objects cause range- errors in low elevation
satellite signals. The minimum usable elevation angle (MUEA) thus depends on the
environment. The imposition of a mask angle, i.e., an elevation angle below which
a satellite signal is ignored, ensures that a satellite signal will not be used when it
is likely to be erroneous. However, in selecting a mask angle, these considerations.
should be balanced against the advantages to be gained by reducing or eliminating
outages.

By coasting with the clock, the position solution error will remain small until
user clock drift begins to cause the solution to wander. Clearly, the better the
short-term stability of the clock, the longer the coasting peried will be in order to
maintain a given accuracy.

This section addresses the conditions under which outages occur, the periods
of the outages, the accuracy required by external altimeter or clock inputs, the
user clock requirements for coasting, simulation results which demoenstrate clock
coasting, and the effects of mask angle variations.

5.2 SPARING STRATEGY

The recent JPO decision to rephase the three active spare satellites with the
6-plane, 18 satellite constellation will enable uninterrupted service within the
CONUS for users who utilize all satellites with elevation angles greater than 8°.
The configuration of |8 satellites with three active spares is detailed in Figure 5-2.
Figure 53-3 shows the time: variation of PDOP for the |8 satellite-only constellation
for a typical observer in CONUS. Note the singularity of PDOP at approximately 2
and 15 hours for times lasting approximately one half hour. These outages arise
when the visible constellation consists of % coplanar satellites. Figure 5-4 shows
the time varijation of PDOP for the I8 satellite constellation of Figure 5-2 with 3
active spares. In this case PDOP is less than 6 for the whole of the CONUS. The
deployment transfers the outages to other parts of the world which will then
‘contain time variations of PDOP similar to those in Figure 5-3.

Figures 5-3 and 5-4 apply to a receiver utilizing a best-set-of-four satelhte
selection strategy, a 3-dimensional navigation solution, and a mask angle of 595 this

5-3.
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FIGURE 5-3. PDOP VARIATION - I8 SATELLITE CONSTELLATION,
3-DIMENSIONAL SOLUTION, 5° MASK ANGLE (95°w/35°N)
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FIGURE 5-4. PDOP VARIATION - FULL I8 + 3 SATELLITE CONSTELLATION

3 BIMENSIONAL SOLUTION, 5° MASK ANGLE (95°W/35°N)
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represents a typical design for an airborne receiver. If the mask angle Is IOO, a
figure preferred by the FAA, the sparing strategy is not totally effective. Figure
53-5 shows the HDOP distributions for the two_mask angles. It can be seen that
there still remain outage periods for the 10° mask angle receivers. A closer
examination reveals there are five locations that experience outages varying In
time from [ to 15 minutes. The time variation of one of these is shown in Figure 5-
6 for 50° North Latitude and 85° West Longitude at about 9:45 hours GPS time.
Whether the receiver can "coast" through such brief outages is discussed in Section
5.4. '

The outages discussed above do not apply to receivers that have independent
altitude determination, i.e., either by altimeter input or by employing a two-
dimensional navigation solution such as that employed by ocean-goin% vessels.
Figure 4-| shows that all HDOP's are below 2.5 for mask angles of 5° or 10°.

In the case of failure of a satellite or signal blockage due to buildings or
terrain or vehicle attitude, there may be periods in which less than 4 non-coplanar
satellites are visible to the user. These periods will vary from 60 seconds in the
case of turning aircraft, to 20 minutes for satellite failures where a spare has been
properly positioned, to periods in excess of an hour in the case of failures where
the spare has not yet been moved or where failure eccurs in a plane in which there
are no spares.

5.3 DEPENDENCE OF OUTAGE ON MASK ANGLE

The choice of mask angle in the precision design. affects the length of time a
receiver will experience an outage. Figure 5-7 shows the maximum contiguous
outage period for a 3-D user (a 3-D navigation solution requires the use of 4 visible
satellites) as a function of mask angle. It can be seen that reducing the mask angle
from 10 degrees to 8 degrees reduces the maximum 3-D outage time from 20 to 0
minutes. In a fully operating system a 3-D receiver able to see satellites above 3
degrees will thus have no outages.

Figure 5-8 shows the maximum contiguous outage period for a 2-D user (a
2-D navigation solution requires the use of 3 visible satellites) as a function of
mask angle. From these data it is concluded that Z-D operation for mask angles
less than 12 degrees will encounter no outages.

The mask angle can be increased from & to 10 degrees for the 3-D user
equipped with a'clogk having errors less than 300 nanoseconds for an outage period
of 20 minutes (1377 stability). Similarly, the mask angle can be increased to 13
degrees for the 2-D user equipped with a similar clock. .

In summary, with a full constellation of I8 satellites and 3 active spares,
outages can be eliminated by employing mask angle of 8 degrees or lsss for 3-D
users, and 12 degrees or less for 3-D users. By using clocks with 1077 frequency
stability over the period of tens of minutes, receivers can coast through limited
outage periods. For these receivers, mask angles of 10 and 15 degrees can be used
without incurring unacceptable errors.
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5.4 DEPENDENCE OF NAVIGATION ERRORS ON CLOCK ERRORS

A fixed observer may calculate his positien from the four arrival times of
four satellites and the known positions of the four satellites. For a four channel
receiver, the changing positions in time of the satellites during the spread of
arrival times (less than 0.02 seconds) can be estimated from their known velocities.
During this period, §he receiver ¢lock must be able to measure time to the required
range accuracy (1077 sec.).

If the receiver is sequential, the measurement of signal arrival time for each
satellite may require one second, so that a three-second spread occurs between

measurements. The clock must have good frequency precision (not accuracy) for

three seconds in order that there be nanosecond estimated delay errors.

If the observer is on a moving vehicle, the use of a Kalman filter permits the
user to add user velocity states to predict position. The addition of a clock state
to model the expected inaccuracies of the user clock decreases the effect of those
clock errors which fit the clock model.

While four or more satellites are available to the user, the clock must be

stable to nanosecond accuracies over periods of three seconds. The errors due to

longer term variations in the clock can be modelled by the Kalman filter and
greatly reduced. The phase fluctuation of the clock caused by mechanical
vibrations is the principal contributor to navigation errors in this mode of
operation.

When only three satellites are available to a 3-D user, the processor can
"coast" using the clock to provide accurate system time. The clock accuracy
should not exceed the sum of the contributions of range error from other sources,
such as Selective Availability, during the period that only three satellites are
available. The coasting period may be 30 seconds in the case where a satellite is
lost from view in a maneuver. It may be of the order of 20 minutes in the case of a
coplanar constellation configuration or longer in the case of a failed satellite.
Here, it is the variation of frequency of the clock that provides the largest
contribution to navigation error.

For the periods of interest in computing navigation errors due to clock errors
(3 seconds, 30 seconds, and 1000 seconds), we may attribute the clock errors to
environmental! effects only. In the case of crystal clocks, acceleration forces
result in a hysteresis effect for a net frequency shift even when the mean force is
zero. Thermal changes also cause a frequency drift. Atomic clocks are usually
well isolated from temperature effects but are subject to frequency pulling by
changing magnetic fields produced by adjacent equipment.

Essentially, the cost of the clock is determined by the equipment used to
isolate it from the environmenﬁB) Some details on_ﬁ)locks are given in Appendix D.
A clock with Allan Variance _better than 10 may, be used for long term
outages (1000 seconds). Such a clock will cost more than $2500. Thirty second
outages of the type that gccur during a maneuver by a civil aircraft, require a
variance of the order 1077. A $250 temperature—compensated crystal osciliator
satisfies this requirement. For a single satell_iﬁe outage of 1200 seconds, the clock
must maintain a. frequency stability of 10 to maintain a position error of
the order of 4 meters. An outage of 30 seconds requires a frequency stability of

wwwwww



: QXIO'IO for a similar position error. An example ir_a”given in Appendix | for a 1000
second outage, good PDOP and a clock offset of 10 * resulting in a horizonta! error
of 15 feet. Figure 5-9 shows the relationship of clock ofiset and outage time to
position error during an outage with the constellation shown in Appendix H.

5.5 SIMULATION RESULTS FOR CLOCK AIDING DURING MANEUYER OUTAGE

The AIRGPS simulation was used to examine navigation filter performance
under conditions of turning flight. ' In this situation, the filter has to cope with both
turn-induced acceleration and the degraded signal quality which results from
antenna pattern roll-off and airframe blockage. Four different aircraft
trajectories were used. The trajectories involve both standard-rate turns and turns
made at twice the standard rate. Several levels of user clock quality were used in
order to observe the effect of clock stability on navigation solution accuracy. The
runs also incorporated conditions of both nominal and poor GDOP.

The turn performance of the AIRGPS navigation filter was evaluated using
four different flight trajectories. The first three trajectories involve racetrack
patterns while the fourth begins with a descending turn followed by a descending
straight-line segment. In each case the filter is initialized at the start of the run
to approximate steady-state, unaccelerated flight conditions with a nominal GDOP.
The salient features of the four flight trajectories are listed in Table 5-l.

, TABLE 5-L FLIGHT TRAJECTORY FEATURES
TRAJ. TURN BANK  TURN  RUN
NUMBER GDOP TAS RATE  ANGLE ACCEL. DURATION  ALTITUDE
| Nominal 160 Kts 2 min 24° 0.4kg 200 sec Constant
L2 Nominal 160 Kts 1 min 41° 0.823g 100 sec Constant
L3 Poor 160 Kts 1 min 41° 0.88g 100 sec -Constant
Y Nominal 160 Kts 2 min 2° 0.44g 90 sec Variable

The navigation processor outputs for these runs (with a 1070 user clock
stability) are shown in Figures 5-10 through 5-13.. A summary of the data is given in
Table 5-2. '

The data are consistent in that they show the proper navigation errors for
those satellites which are blocked in the turns and the proper acceleration errors
for this Kalman filter. In runs #2 and #3, the horizontal acceleration errors
obscure the effects of going from a good HDOP to'a poor HDOP, but the vertical
errors do show the variation with VDOP. Details of these simulations are given in
Appendix F. ‘

5.6 MAINTAINING THE NAVIGATION FIX WITH ALTIMETER AIDING

It has been stated earlier that knowledge of a user's altitude from an
independent source enables him to compute his position and system time from only
three sateilites. We wish to investigate the accuracies and cost of alititude
measuring instruments and how inaccuracies in altitude, so determined, aifect the
accuracy of the three satellite GPS navigation fix. The GPS rms error in
horizontal position resulting from an aht)imeter error is of the order of the
altimeter error times the average HDOP, :

5-13
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AIRGPS SIMULATION RESULTS, MANELUVER OUTAGE

TABLE 5-2

CLOCK STABILITY =10~

2DRMS ERRORS (m)

IST | 2nD TOTAL
TURN STRAIGHT TURN STRAIGHT RUN
BASELINE-DIFFERENTIAL
3°/s 15.76 13.62 14.909 10,70 13.00
GDOP = 2.48
HDOP = 1.29
VDOP = 2.12
&°/s 32.82 15.90 30.70 17.18 27.00
GDOP = 2.48
HDOP = 1.29
VDOP = 2.12
6°/s 54,92 56.84 33.74 17.82 44.00
GDOP = 21.24-15.69
HDOP = 9.76-7.23
VDOP = 18.86-13.93
HIGH C/N_ POOR GDO
3%/s 16.38 14.48 - - 15.00
GDOP = 2.48 '
HDOP = 1.29
VDOP = 2.12
2-SIGMA ALTITUDE ERROR (m)
TURN
RATE
3%/s Run | 9,98 11.52 12.18 - 10.70 11.00
6°/s Run 2 17.48 6.68 12.02 8.82 12.00
6°/s Run 3 95.84 105.80 65.58 22.50 80.00
3°%/s Run & 13.22 14.28 - - 13.00
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A barometric altimeter computes the static barometric pressure from the
dynamic pressure measured at the static ports of an aircraft. Aside from the
errors in relating the dynamic and static pressures occurring when there are
changes in aircraft altitude, and speed, the principal error in determining the
aircraft altitude, using a barometric altimeter, is the variation of lapse rate (the
. relation of the static pressure to altitude) in time.

The mean altitude errors resuiting from the variation in lapse rate are
estimated to be 3% of the altitude. An aircraft at 40,000 feet may expect altitude
errors of 1200 feet while an aircraft at ,000 ft will have an altitude error of 30 ft.

A radio altimeter measures the propagation time of a signal transmitted from
the aircraft, then reflected from the ground to the plan. The altitude is
proportional to this time interval. The nature of the terrain and the altitude itself
determine the accuracy of the measurement. Pulsed transmitters can differentiate
areas immediately under the aircraft from other areas by time discrimination,
while FM systems average over a larger area of terrain.

Radio altimeters are used primarily below 5000 ft above local ground. The
errors present in the system are terrain dependent but average errors of 2% of the
altitude may be expected. For altitudes of 1000 ft to 5000 ft, average errors run
from 20 ft to 100 ft. Present costs of an encoding altimeter are about $2,000 for a
barometric instrument and 53,500 for a radio altimeter.

The barometric altimeter has an accuracy at high altitudes which is far less
than that necessary to produce four-satellite navigation fix of normal accuracy. In
spite of this limitation, the requirements for laﬁsal separation of aircraft
specified in the Federal Radionavigation Plan (FRP)'"" are such that the three-
satellite-fix with barometric altimeter aiding, has sufficient accuracy to be
acceptable.  Table 5-3 compares the expected accuracy of GPS with FRP
requirements. Table 5-4 summarizes the user coverage requirements. .
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TABLE 5-4. GPS USER COVERAGE REQUIREMENTS

LAND USE

Normally needs only 3
visible satellites.

Terrain and building
blockage may require
more visible satellites
or a good clock.

MARINE USE

Normally needs only 3
visible satellites.

High sea state or

harbor operation may

cause blockage and

more visible satellites

or a good clock are required.

AJRCRAFT ENROUTE

Normally needs %
visible satellites.

In case of satellite failure,

an encoding altimeter will
provide accuracy necessary
for FRP requirements. A good
clock will provide normal

GPS accuracy.

AIRCRAFT APPROACH LESS

THAN 1000 FT. ALTITUDE

Normally needs &
satellites.

Encoding altimeter or a
good clock will provide
normal GPS accuracy in case
of satellite failure or
blocking by terrain or
buildings.
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6. SATELLITE FAILURES
6.1 GENERAL

With the recent decision to place the three spare satellites in positions which
reduce the geometric outage periods across the CONUS, as noted in Section 5, the
amount of time fewer than five satellites are in view has also been reduced.
Figures 6-1 and 6-2 show that 5 or more satellites are in view at least 98% of the
time. It would thus appear that the NAV3TAR GPS satellite constellation should
be fairly forgiving of a satellite failure. That is, if a satellite becomes non-
operational through exhaustion of fuel, clock failure, power supply failure, or some
other fatal cause, the periods of time when fewer than four satellites are visible,
or when the geometry results in high HDOP's, should be minimal. However, upon
further investigation it turns out that a failure 065 single satellite causes outage
periods that can last as long as an hour. Shively pointed this out earlier, using
spare positions that had been planned prior to the recent decision.

Shively also pointed out in another study (16) that the probability of
continuous navigation service from all 2] satellites is not as high as might be
expected. Using an MTBF for long-term failures of 10 years, the probability of
having at least four satellites in view over a given location for a year is only 95%,
‘and for |0 years is only 70%.

The computer analysis programs at TSC have been modified to output the
DOP measures and the visible satellite count, using the new spare positions and
’ allowing for failure of a specific satellite. In the analysis, each of the 2l satellites
is faulted, and outage periods determined at a number of locations around the
.CONUS. Both 2-dimensional and 3-dimensional navigation algorithms were
analyzed, for both 5 and 10 degree mask angles. It was found that the loss of any
“satellite will cause an outage somewhere in the CONUS The outages can last up
'-*to 60 minutes.

In view of the sensitivity of GDOP to the loss of a satellite, and because of
the relatively high likelihood of experiencing such a loss, the system does not
appear to be adequate as a primary system for air navigation. Unlike the current
VOR air navigation system, GPS does not have the capability of 1009 redundancy
for dealing with station faults. For most marine and land uses, the availability is
adequate for all but the most stringent requirements. Also, GPS appears to be
adequate as a secondary system for air navigation.

6.2 EFFECT OF SATELLITE FAILURES ON SERVICE OUTAGE PERIODS

When a satellite fails, there may be periods for some users when there are
fewer than the minimum number of satellites necessary to compute a position. For
example, about 2% of the time there are four satellites in view for the normal -
situation of 2I operatmg satellites and user mask angle of 10° (see Figure 6-1). This
drops to 0.03% for a 5% mask angle (see Figure 6-2). If one of those four satellites
suffers a failure, users attempting to obtain 3-dimensional posmon fixes would not
be able to compute their positions. In essence, the GDOP is infinite. This is one
condition fer an outage.
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Even if four satellites are visible for these users, they may be almost
coplanar. This is the geometrical condition for the outages discussed in Section 5.
For this condition, a 3-D user will experience high GDOP's. Similarly, when 3
satellites are visible, even a 2-D user can experience high HDOP's when the
satellites are almost colinear.

For the purpose of this report, an outage is defined as the period during which
the HDOP exceeds 6. The results are not sensitive to the number selected as the:
threshold value. The remainder of this section is devoted to.describing the results
of the analysis.

A grid was defined across the CONUS every 10 degrees in latitude and
longitude. HDOP values were computed every |0 minutes for a 24-hour period at
each location on the grid. Each time an HDOP value exceeded 6, a |0-minute
‘outage time was ascribed to the location. The outages were analyzed to see if they
were contiguous In time, in order to gain a measure of the maximum outage time
at each location. Outage maps were generated which describe both the total
outage period and the maximum outage time. These maps wee generated for each
of the 2l satellites being faulted. In addition, a number of runs were made to
~determine the effects of different receiver mask angles, and for 2-D and 3-D
navigation solutions.

Satellite failures are not uniform in their effects on CONUS outages. That
is, some satellites cause more and longer outages than others. However, a failure
of any satellite causes outages somewhere in the CONUS. The longest outages in
the CONUS occur when satellite #2 fails (see Figure 5-1 for the satellite numbering
system). Figures 6-3 through 6-5 show the total daily outage time for 3-D users
with 10, 8 and 5 degree mask angles, respectively, caused by a failure of satellite
#2. It can be seen that receivers employing lower mask angles are more forgiving
of the satellite failure. The longest outage time for a 5> degree mask angle is only
20 minutes, while it is 60 minutes for a 10 degree mask angle. Figure 6-6 shows
that the outages are nonexistent for 2-D unsers in the CONUS even for a I0 degree
mask angle.

While the total outage time is significant, it is equally important to
determine the length of the longest outage which a user would experience. Then
the effectiveness of coasting techniques can be assessed. It also fixes the period of
time that a user might be without coverage for a given mission. Figures 6-7
through 6-9 show these periods, which are termed "maximum contiguous outage
times." It can be seen that these periods do not exceed 40 minutes for a 10 degree
mask angle and-20 minutes for a 5 degree mask angle. These results apply for
failures of other satellites as well,

The results so far have concentrated on the worst-case assumption of a
failure of satellite #2. However, a failure of any satellite is equally likely. It
would be desirable to determine outage times more representative of typical
failures, not just those for satellite #2. In order to provide such data, outage times
were computed at each grid position for a failure of each of the 2l satellites. The
average outage time at each grid position was then computed. Figures 6-10 to 6-12
show the average outage times for 3-D receivers for mask angles of 10, 8 and 5
degrees. Comparison with corresponding Figures 6-3 to 6-3 shows that a failure of
satellite #2 is considerably more sericus than a failure of an average satellite in
most locations.
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The coarseness of the grid and the 10-minute time interval make it difficult
to observe the patterns of outages. However, the cost of computation made five-
grain analysis as contour plots prohibitively expensive. To show a local area in
more detail, a grid of 2.5 degrees and 5 minutes was used for a few locations. A -
contour map of contiguous outage times for a local area having. the longest outage
time for #2 satellite failure is shown in Figure 6-13. At 30 degrees latitude, the
- area extends for 10 degrees latitude and 10 degrees longitude. -

6.3 CONCLUSIONS
The failure of any satellite causes outages somewhere in the CONUS.

Different locations in the CONUS exhibit different sensitivities to satellite
failures. ~

3-D users may encounter outages of up to 30 minutes from a single satellite
failure. ‘ -

2-D users may encounter outages of up to 20 minutes from a single satellite
failure.

The failure condition may last for several days until a spare satellite can be
put into covering position. For those orbital planes containing no spares, only
partial covering can be provided until a new satellite can be launched and placed in
orbit. : :

3-D users must provide clock or altimeter aiding to cope with 20- and 30-
minute outages in case of satellite failure.
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7. SELECTIVE AVAILABILITY
7.1 GENERAL

While many aspects of the Selective Availability program are classified, it is
known that there are two types of errors to be used: () errors which would cause
position measurements to wander; (2) errors which would confound velocity
measurerments. ‘ ' ‘

The current plan promulgated by the NAVSTAR GPS Joint Program Office
calls for a horizontal position accuracy of 18 meters (2drms) with the Precé;«i
Positioning- Service (PPS) and 500 meters with the Standard Positioning Service
(SPS) when the system becomteﬁ)operational in 1983. This policy is stated in the
Federal Radionavigation Plan'""’. PPS will be available to civil users only by
special permission. Most users will have access to the SPS only. Higher levels of
Selective Availability, i.e., less accuracy, could be employed if security
considerations required them. The more likely series of events is that the
Selective Availability level will be reduced, eventually enabling SPS having
accu&aé:)ies approaching 20 meters (2drms). Beser and Parkinson of Intermetrics,
Ine., for example, postulated a possible enemy potential navigation capability
scenario that would allow reductions in the 3elective Availability level starting
about 1990. Thus .it is reasonable to anticipate marked improvement in available
NAVSTAR GPS accuracy during the 1990's. The decision to introduce SPS at the
500 meter leve!l is not irrevocable, so it is important to identify the beneficiaries
and the impact on their operation of higher accuracy Selective Availability levels.
There are a discrete but large number of levels that can be activated by the
NAVSTAR GPS Contro!l Segment between 300 meters and 20 meters.

( amination of the requirements set forth in the Federal Radionavigation
Plan'™’ shows that the 500 meter accuracy level of the SPS is adequate for Marine
Oceanic and Coastal Navigation safety requirements. Applications not met with
Selective Availability, but which would be met if it were removed, include the
following: ‘

o Marine commercial fishing.
0 Search and rescue operations
o Land survey and tracking requirements.

It is likely that Harbor/Harbor Approach navigation requirements could be met
with differential operation, but this has not yet been definitely established.
Commercial fishing and search and rescue operations require highly accurate
repeatability of measurements, rather than high absolute {predictable) accuracy.

By comparison, LORAN-C currently meets all the Marine Ocean and Coastal
navigation phase accuracy requirements where coverage is provided, which. includes |
all of the CONUS coastline. Precise Harbor/Harbor Approach navigation is not
feasible with LORAN-C without differential corrections. However, differential
LORAN-C corrections are adequate only over limited regions.

g

*The Office of the Secretary of Defense has recently announced a decision to
provide service more accurate by a factor of 5. Thus the 3500 meter nominal
accuracy referred to in this section has been changed to 100 meters (2drms).
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The attractive feature of differential GPS operation is that corrections are
valid over large areas. A drawback is that signal characteristics of the NAVSTAR
GPS satellite transmissions vary significantly with time. The ionosphere introduces
a delay in the signal which changes diurnally. With Selective Availability imposed,
the signal variations will be much faster, as well as much larger. Consequently
GPS differential corrections must be transmitted much more frequently than
differential LORAN-C would require. Differential operation is discussed at length
in Section 8.

7.2 APPROACH -

Selective Availability is a program for controlling the accuracy of
pseudorange measurements. The user is in essence given a false location for each
satellite, so that the resulting pseudorange measurement is in error by a controlled
amount. The level is chosen to give navigation solutions that meet a specified
accuracy under certain GDOP assumptions. While the actual time variations of the
degraded signals to be employed are classified, some of the statistics of the signals
are not. Through the NAVSTAR GPS Joint Program Office, the Department of

Defense provided the Department of Transportation with unclassified segments of

the Selective Availability cycling errors in order to enable the DOT to assess the
impact of the imposition of Selective Availability. These segments were anaiyzed
to determine the distributions of the pseudorange errors, their rates of change, and
their second derivatives. From these properties, the effects of Selective

Availability on the navigation solution, on receiver performance, and on the design,

of differential stations were inferred.

The pseudorange errors translate into navigation errors via the dilution-of-
precision measures. Specifically, if the rms value of the satellite pseudorange
errors at a specific time and place were 125 meters, and the HDOP were 2, the
standard deviation of horizontal position error would be 250 meters, and the 2drms
error would be 500 meters. The two-dimensional navigation error distribution
depends on the HDOP distribution over time and location. The HDOP distribution
in turn depends on receiver/processor mask angle, satellite selection algorithm, and
position computation algorithm. To estimate the navigation errors introduced by
SA, HDOP distributions were computed for several of these design choices. In

addition, the marine receiver computer simulation MARINEGPS was exercised’

using the Selective Availability data segments. The resulting tracks provide a
comparison of the navigation position estimates obtained from a marine
receiver/processor with the true trajectory. The signal delay and frequency
changes resulting from Selective Availability were compared with the code and
carrier loop bandwidths and the capture windows.

The first and second derivative distributions of the SA determine the data
update rate required by a differential system to provide a given level of accuracy.
In particular, even if a differential transmission provided an exact correction at
one instant, the variations in the Selective Availability signals would render that
correction useless in a minute or so. Therefore, the corrections must be updated
often enough to maintain the desired accuracy. The update requirements are
treated here using pseudorange corrections.

Design considerations of a differential station for local area marine use are

discussed, and some of the problems associated with a network of differential
stations are cited, in Section 3.
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- 7.3 NAVIGATION ACCURACY UNDER SELECTIVE AVAILABILITY
GPS navigation accuracy under S5A depénds on several factors:
l The level of SA employed.
2. The user mask angle.
3, The user s'atellite selection s;cratégy.
b, The user navigational algorithm.
3. The user receiver accuracy.
6. The "coasting" characteristics of the user processor.

Of these, factors [ through 4 are the most important: SA errors dominate,
but are multiplied by the dilution-of-precision factor HDOP, which depends on
factors 2 through 4. The user receiver accuracy, factor 5, is so good that it does
not figure into the analysis, because SA factors predominate. Factor 6, the
"coasting" characteristics of the processor, concerns the ability of the processor to

“handle temporary high-error states, i.e., to "coast" through them. For example, an
unfavorable satellite geometry could cause a high HDOP for a few minutes. This
~ factor is best treated by simulation, and is not addressed here.

Figure 7-1 shows the probability density and cumulative probability curves

associated with SA deiays, which dominate the satellite pseudorange error. The

. plots were derived from unclassified samples of the SA cycling errors, expressed as

equxvalent time delays. The data base consists of 90-second samples from four

" ‘satellites, taken every hour for one week. Each 90-second segment of data is

““characterized by one value of pseudorange. Thus there are 24 x7 x4 =672

o ~'samples in the sample set. The density function is roughly Gaussian in shape, and

“has a mean-of 2.7 nanoseconds and a standard deviation of 485 nanoseconds. The 2-

sigma value is about 975 nanoseconds. The standard deviation of the resulting
pseudorange error is 145 meters.

To a first approximation the median HDOP can be used to estimate the
navigational accuracy under Selective Availability by the following equation:

E(2drms) = 2 X HDOP (median) X o (pseudorange)

where the units are meters, and o{pseudorange) is taken to be 145 meters. Table
7-1 shows the resulting accuracies in meters and in nautical miles.  This
approximation is valid to the extent that the HDOP .distribution is linear. An
examination of Figure 7-2 shows that the assumption is quite reasonable for the
two=dimensional solution. For the constellation considered here, the 3-dimensional
solution distribution becomes non-linear beyond the 95% level (see Figure 7-3).
This means that the accuracy figures of Table 7-1 are slightly understated for the
three-dimensional solution. The accuracy figures of Table 7-1 are believed to be a
good predictor of NAVSTAR GPS performance under the 500 meter level of
Selective Availability. At the newly announced 00 meter level, these numbers
would be smaller by a factor of 5.
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To demonstrate the manner in which a GPS receiver/processor responds to a
signal with Selective Availabllity, some runs were made using the MARINEGPS
computer simulation at TSC. The simulation was exercised using the following
conditions:

a. Best-set-of-four, four-parameter solution

b. Six~-state Kalman ﬁlter (horizontal position and veloc1ty, user
clock frequency and phase)

. - Selective Availability capability

d. Sequential operation

e. Nominal satellite transmitter power

1. Antenna pattern rolloff of about 0.5 db per degree below 15°

g. A straight-line trajectory of %45 seconds, followed by a 90 degree
right turn; speed is 20 knots.

A Initial conditions of pos1t10n and velocity set to actual trajectory
values.

Figures 7-4 to 7-8 show the resulting estimated and actual tracks for
different SA values characteristic of a 500 meter SA level. The processor is
initially given the true coordinates of the vessel. Subsequently the estimated
" position is determined by the measurements. The navigation solution smoothiy
tracks the signals, which vary relatively little during the 90-second run, but the
solutions are significantly offset from the true track. The effect of the initial
transient is apparent: the tracker downgrades the initial measurements, because
the tracker was told not to expect such large errors. The response is sluggish until
the errors have become small. It can be seen that over periods of minutes, the SA
errors appear as large bias-like offsets.

7.4 IMPACT OF SELECTIVE AVAILABILITY ON RECEIVER CODE AND

CARRIER LOOP PERFORMANCE

As a measure of the abruptness of the changes in the equivalent Selective
Availability time delay errors, each 90-second segment was characterized by a
slope value, measured in nanoseconds per second, which corresponds approximately
to feet per second (l foot = L.0l7 nanoseconds (ns) at the speed of light). The
distribution curve derived from these values is shown in Figure 7-9. It can be seen
that most values fall between —1.2 ns/sec (+0.37 m/sec).*. The receiver code loop
circuits are designed to handle the Doppler shifts that are encountered with rising
and setting satellites. These can result in delay rates as large as 2500 ns/sec
(+0.37 m/sec) three orders of magnitude more severe. Thus the rate of change of
Selective Availability errors is not a problem for the receiver code leop circuit.

- *The first and second derivative of the SA time delay errors are not affected by
the recent decision to reduce the SPS errors.
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A sequential recejver uses a Doppler frequency measurement to preposition
the timing of the receiver code loop for the next dwell for each satellite. A
linearly changing SA error will appear to the receiver as a Doppler shift, so the
prepositioning will appropriately compensate for it. To the extent that the SA
error variations differ from linear changes, they will not be compensated by
prepositioning. It is therefore of interest to determine the shift in Doppler
frequency between dwell periods of the same satellite.

'Figure 7-10 shows the distribution of the second derivative of SA delay errors.
It can be seen that most errors are between +0.012 ns/sec/sec (+0.0037 m/sec/sec).
The longest dwell interval likely to be encountered in a practical receiver is 10
seconds. In 10 seconds the frequency shift corresponding to 0.012 ns/sec/sec is 0.2
Hz. Most receivers have carrier loop bandwidths of several Hz or maore.
Therefore, the SA error changes can be expected to cause no receiver carrier loop
problems, either.

7.5 TRANSIENT BEHAVIOR OF NAVIGATION PROCESSOR DURING
CHANGE OF SATELLITE SET '

When Selective Availability delays are added to the satellite transmissions, a
position error is developed in the user equipment navprocessor. This error will
slowly change its magnitude and direction as the SA delays are slowly changed.
When a user switches satellite sets, however, (for example, when one of the
satellites has dropped below the mask angle and a new one must be selected), an
abrupt change in the position estimate occurs. While the error still remains within
the prescribed error limits, the abrupt change causes a transient in the measured
track. Figures 7-ll and 7-12 show such a situation, using the MARINEGPS
simulation. Fifty seconds into the run, satellite #7 is dropped, and satellite #5 is
substituted. [Each.has a large positive pseudorange error. The Kalman filter
position estimate undergoes a. transition from one SA position error to another,
each characteristic of a satellite configuration and a set- of pseudorange errors.
The solution changes from a northerly error to a westerly error. The response time
for the transition is about 30 seconds for nominal filter parameters. In contrast,
the removal of the SA delay results in transition errors that are negligible (See
Figure 7-13).

In order to prevent a vehicle with stand-alone equipment from responding to
such a rapid change in position estimate, it may be necessary to anticipate changes
of satellite sets and lag the response of the filter or reduce the resolution of the
position estimate. As long as the display resolution or control voltage threshold is
not more sensitive than the prescribed GPS error, this will not be a problem.
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3. DIFFERENTIAL OPERATION OF NAVSTAR GPS
g&.] GENERAL

Differential operation employs a fixed surveyed-in reference station which
determines the pseudorange offset to each satellite caused by atmospheric delays,
uncompensated satellite data.errors, ephemeris errors, and Selective Availability;
it then broadcasts these offsets to nearby users. By applying these corrections, a
user can significantly reduce his bias errors. It appears possible to reduce potential
bias errors to well below 10 meters, which means that the total accuracy
achievable would be limited primarily by the receiver quality, user dynamics and
short-term noise sources.

In this section the usefulness of differential operation is described, the error
sources are analyzed, system design alternatives are explored, and a system
implementation concept is introduced.

8.2 THE NEED FOR DIFFERENTIAL OPERATION

Under Selective Availability, the Standard Position Service (SPS) accuracy,
provided for civil users will not meet the requirements of certain desirable user
operations. Selective Availability is a program for controlling the accuracy of
user/satellite range measurements. The user is in essence given a false time delay
for each satellite so that the resulting pseudorange measurement is in error by a
controlled amount. The accuracy available to civil users under the SPS will be
maintained at a level consistent with U.S. national security interests. It is
presently projected that the predictable and repeatable accuracies of 500 meters
(2drms) horizontally and 820 meters (2 sigma) vertically will be made available
during the first year of full NAVSTAR GPS operanon, with possible accuracy
improvements as time passes.*

- Errors in pseudorange to each satellite translate into navigation errors via

the Geometric Dilution of Precision (GDOP). The navigation error distribution
depends on the satellite/user geometry at the time of the measurement and on the
accuracy of the pseudorange measurements. .

The accuracy requirements for the civil users for the radionavigation services
are based upon the technical and operations performance needed for transportation
safety and economic efficiency. The requirements are defined in terms of discrete
"phases of navigation" and are identified in the FRP. The following summary
tables (Tables 8-1 to 8-3) relate available SPS accuracy levels with the
requirements met in accordance with the FRP classifications.

Table 8-] shows requirements met over the contiguous United States
(CONUS) with the 500 meter SPS specified accuracy under Selective Availability
for civil users. Similar requirements are also met over localized coverage areas by
existing navigation systems: YOR, DME, VORTAC, and LORAN-C,

Table 8-2 shows the requirements that would be met by NAVSTAR-GPS if
Selective Availability were removed entirely. Table 8-3 shows the requirements
that would be met by differential operation of NAVSTAR GPS.

*The recent OSD decision on SA reduced this to 100 meters (2drms) horizontally
and 165 meters (22 sigma) vertically.
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TABLE &-i. FRP REQUIREMENTS MET UNDER SPS WITH
SELECTIVE AVAILABILITY

SPS Nominal Accuracy:

Lateral:

500 m (2 drms)

Vertical: 820 m (2 sigma)

Phase

Required Accuracy
meters {(2drms)

AIR

En Route and Terminal

- Oceanic (Route Width 6 nm)

- Domestic 1000 !

- Terminal sa0  /

- Remote 1000-4000

- Helicopter (Off-shore) 1000
{Land) 500

MARINE
Ocean Phase

- Safety of Navigation

Coastal Phase

3700-7400 min.
1800-3700 desired

- Safety of Navigation 460-3700
LAND
Transportation
- Truck (Hazardous Cargo) 3300




TABLE 8-2. FRP REQUIREMENTS MET UNDER 5PS WITH
SELECTIVE AVAILABILITY REMOVED

SPS Nominal Accuracy

Lateral: 30 m (2drms)
Vertical: 50 m (2 sigma)

Phase

Required Accuracy
Meters (2drms)

AIR
All Requirements in Table 8-1
Approach and Landing -

a Non-Precision 100 **
MARINE
All Requirements in Table 3-1
Ocean Phase (Benefits)
o Large Ships 185-460**
o Hydrography Science*  10-100+*
. a Search Operations Le0**
Coastal Phase
o Safety of Navigation of All Ships LeQ**
o Safety of Navigation of Recreational
Boats and Small Vessels 460-370Q* *
o Benefits-Commercial Fishing & Sports
Hydrography Science, Resource
Exploitation* 1-100
Search Operations, Law Enforcement 4oQ*=
Recreational Sports, Fishing 460* *
LAND ‘
All Requirements in Table 8-|
o Public Safety, Urban Police,
Emergency Medical 80**
o Rural Police, Medical 330%*
o State Police 330**
Transportation
o . Urban Buses [70*%*
o Taxi [70%*
.o Delivery Truck 330%>
Highway Safety
o Planning 30
Resource Management 30

*Meets requirements above 30 meters (2drms)

**Also met under SPS at the recently announced SA level of 100 meters.
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TABLE 8-3, FRP REQUIREMENTS MET WITH DIFFERENTIAL GPS USING
SPS ACCURACIES WITH SELECTIVE AVAILABILITY

Nominal Accuracy at 50 km Range

AIR;: 25.4 m (2drms)
MARINE: 15.0 m (2drms)

Required Accuracy

Phase Meters (2 drms)

AIR

Meets all Requirements in Controlled Airspace
Including Non-Precision Approach and Landing

Will Not Meet: Precision Approach Landings

MARINE
All Requirements in Table 8-1
Ocean Phase - Hydrography Science*
- Resource Exploitation 10-100 m
Coastal Phase - Hydrography Science*
- Resource Exploitation 100 m
Harbor Approach and Harbor Phase -
- Safety of Navigation,*
Large Ships 8-20 m

LAND
All FRP Requirements

*Meets requirements above 15 m (2 drms).



Projecting the GPS capabilities for the civil radionavigation under SPS both
with and without Selective Availability, it is clear that some FRP requirements
will not be met without additional improvements. In particular, requirements for
safe navigation of aircraft in precision approach and landing will net be 'met in the
foreseeable future. Similarly, general requirements for Harbor/Harbor Entrance
(HHE) (8-20 meters, 2drms) and navigation in narrow waterways (approximately 8
meters, 2drms), are not met, although some wider channels may be navigated using
GPS. ‘ »

There are other areas where precise navigation services could be useful,
namely the remote areas, characterized by their low traffic and difficult terrain. .
Systems in operation today are LORAN-C, VOR, VORTAC, Omega and
Nondirectional Beacon, but it has been difficult using these navigation aids to cost-
effectively implement accurate, comprehensive navigation service. The reasons
are either poor performance (reliability of the navigation grid is not reliable for all
seasons) or high cost (multiple ground station installation requirements raise the
costs). The FRP identifies these remote areas to be mountainous terrain, offshore
areas and large portions of Alaska. :

One of the techniques that could enable GP3 service improvements is the
differential mode of GPS. This approach could possibly provide navigation.
coverage for the civil users in the CONUS and in remote areas in a cost-effective
manner. Table 8-3 summarizes the additional services that might be provided by
the differential technique.

Table 8-4 shows the current and projected requiremen‘BB?f an important
national industry, the oil exploration and production companies. While SPS will
meet many of the current requirements if Selective Availability is removed,
.. differential operation can meet most of the future requirements. The relative

accuracy of one meter or better required for field development and production may -
.. be met by using sophisticated differential techniques.

8.3 DIFFERENTIAL GPS IMPLEMENTATION CONCEPT

The idea of a differential mode operation is an old one. Crosschecking of
one's measurements with a known reference is familiar and used in many
measurement systems, but the manner of its implementation in GPS is unique.

Differential operation of GPS is achieved by reception of the satellite
clear/acquisition (C/A) code signals on a single frequency at a fixed reference site.
By processing these signals from all satellites in view, a pseudorange correction is
determined - the difference in range between the derived satellite position (using
decoded ephemeris data) and the directly measured data (corrected for the
satellite clock delay). The measurement correction is broadcast at selected
intervals to GPS users in the vicinity to allow users to correct their position
estimates. It is assumed that errors are common to all users and are valid for
specified range and time intervals. Data collection, processing and distribution are
achieved in real time. Figure 8-l illustrates a differential GPS concept consisting
of three elements: reference site, data link and user.
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TABLE 8-4. NAVIGATION AND POSITIONING REQUIREMENTS BY INDUSTRY SEGMENT

- SEGMENT ACTIVITY . : CURRENT 1988 1992 2000

EXPLORATION SEARCH FOR PROMISING| 20-40 M | 10-15M 5-10 M I M

STRUCTURES
.APPRAISAL DRILL'STRUCTURE AND - 0M 20 M 20 M 10 M
DRILLING DETERMINE [F

ECONOMICALLY FEASIBLE

FIELD DEV, DEVELQP FIELD AND [ M* 0.5 M* 0.5 M* 0.5 M*
PRODUCTION PROVIDE COLLECTION
- AND DISTRIBUTION

TRANSPORTATION TO REFINERY 200 M 100 M 50M 50 M

*DESIGNATES RELATIVE ACCURACY WITHIN FIELD
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3.3.1 Alternative Techniques

The manner in which the data is collected and where the data is processed
distinguishes three basic differential techniques. The basic elements in all three
are the cancellation of link bias errors and a priori knowledge of the reference site
position location. All three techniques are shown in Figure 8-2 and can be
described briefly as follows: ’

L Baseline Differential GPS is a noncooperative system transmitting only
the correction information derived at the ground reference site for a
specified service area. -

2. Centralized GPS is a cooperative system and derives its correction
information by receiving the same signal from two different paths:
directly and via aircraft data link. Correction information is then
returned to the aircraft by an independent narrowband data link. This
technique accommodates surveillance of aircraft.

3. Translator GPS is a cooperative system very similar to the centralized
technique, except that the aircraft "reflects” satellite signals over a
wide band data link to the ground based processor.

The baseline techniques will be discussed in greater detail as a viable candidate for
implementing differential GPS operations. The centralized technique exhibits
navigation performance similar to that of the baseline technique, but adds system
reliability and provides surveillance. The translator technique has been analyzed,
but appears to require too much bandwidth and offer too small a performance
increment to justify its implementation.

8.3.2 Form of the Differential Correction Terms

The most straightforward method of implementing correction terms is to
broadcast latitude and longitude (Lat/Lon) differences from the differential
station. That is, the differential processor would determine the estimated position
from the measurements, subtract the known Lat/Lon coordinates, and transmit the
differences. The user would then subtract the same differences from his estimated
coordinates. However, this is not a practical approach for the following reasons:

a. The user may employ a different navigation solution, e.g., a 2-~
dimensional solution rather than a 3-dimensional solution.

b. The user may employ a different mask angle or different satellite
selection strategy, e.g., "3]l-in-view" rather than "best-set".

C. Even if the algorithms are the same, distant users may process
different satellites.

Any of these conditions would result in large errors compared to the desired
performance. Since there is no current restriction on the design of a civil receiver,
different manufacturers may design their sets in different ways. It also turns out
that Lat/Lon corrections allow no flexibility in the use of ionospheric and
tropospheric models. Therefore the transmission of Lat/Lon corrections only is not
a viable approach for breadcasting differential corrections.
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The approach which a differential design must use is that of transmitting the
pseudorange corrections for each satellite. The user processor must then subtract
the correction from the measured pseudorange prior to determining the navigation
sclution. The data message will thus contain the station identification, plus
satellite identification and pseudorange correction for each satellite in view of the
station. Of course, the format must be standardized at least on a national basis, a
not insignificant undertaking.

A recent workshop was held at the DOT Transportation Systems Center to
begin this process. The workshop was able to partially develop a proposed signal
format that appears to be quite satisfactory to a wide number of users. The
proposed format is flexible and allows for considerable adaptation to particular
user groups. To the extent to which the format was developed, it will be used here
in this report. The format is described in Section 8.4.2.

8.3.3 Data Update Rate

Data update rate is a key parameter of a differential system. If a
differential station issues pseudorange corrections periodically, users Iin the area
can achieve momentary high-accuracy positioning by Incorporating these
corrections. After a period of time, however, the Selective Availability errors will
change, and the users' navigation solutions will eventually deteriorate back to the
‘normal -SPS accuracy. To determine this period of time, and thus to determine the
required differential correction update time, it is necessary to examine the rate of
change of the Selective Availability pseudorange errors, and the system design
accuracy that is desired. .

Referring to Section 7, most rates of change fall beween +.85, the standard
deviation being 0.43 ns/sec. These rate values and the corresponding update rate
are not affected by the recent OSD decision.  This translates to a 2drms value of
positional change of about 0.4 m/sec, which suggests that in 30 seconds positional
error would typically grow to 12 meters. To this 12 meters must be added (in root-
sum-square fashion} the differential receiver error and user receiver noise error
contributions to obtain the total system error after a period of time.

It would be desirable to meet the Harbor/Harbor Entrance requirements of &
to 20 meters (2drms), which would require pseudorange measurement accuracies of
3 to 7 meters (Il sigma), assuming an HDOP of L5. By requiring that the
differential station use a separate channel for each satellite In view and use heavy
smoothing, it should be possible to achieve better than 3 meters accuracy in the
pseudorange measurements. By further requiring Doppler processing of the signal
carrier, pseudorange rate corrections can be generated which extend the length of
time the corrections are valid.

In Section 8.5.] it will be shown that a differential station can be expected to
achieve an accuracy of 1.9 meters (one sigma) in pseudorange. Using an update
period of |2 seconds from the recently proposed format, and taking advantage of
the capability of a stationary receiver to do highly accurate Doppler processing on
the carrier, the pseudorange corrections can be accurate to within 2.2 meters {one
sigma). This can be seen in Figure 8-3, which shows the dependence of pseudorange
accuracy on update rate (exclusive of receiver noise).
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Thus ignoring user receiver noise limitations, the recommended update period
of 12 seconds enables reference station pseudorange accuracies of 2.2 meters,
which translates to about & meters of positional error. A stationary receiver
employing heavy filtering could achieve accuracies approaching 6.6 meters (2drms).
A marine user would not be able to smooth his solution as much, and an air user -
even less so. Therefore, for receivers in motion the accuracy is determined
primarily by the receiver measurement fluctuations. This is discussed further in
Section 8.5. :

8.3.4 Sources of Errors

The key element in differential operation of GPS is a high-quality reference
receiver at a surveyed fixed location. The reference receiver computes a true
range estimate from each sateilite in view by using decoded ephemeris and
satellite clock correction data and the surveyed coordinates of the reference site
position. Corrections derived from the differences between the estimated range
and the true range can then be used by nearby GPS receivers to remove most of the
bias errors. The three major bias error contributing sources are: ionospheric and
tropospheric delays, user clock error, and {(most significant of all) the intentional
delay generated by Selective Availability.

A GPS receiver always deals with two types of errors: "bias," a slowly varying
error, which can be cancelled out by subtraction of differential corrections and
"noise," rapidly varying random noise errors, which can be reduced only by
filtering. Figure 8-% shows a diagram of measurements and their relation to true
range between the receiver and each satellite.

The common GPS user error sources are following:

<] Ephemeris Errors - differences between the actual satellite position and
the position indicated by the ephemerides provided in the satellite data
message. ,

o Space Vehicle Clock Errors - differences between GPS system time and

the satellite times indicated by the satellite data message.

o Unmodelled lonospheric Errors.

o Selective Availability - intentional delay errors.

o User Clock Drift - most severe for sequential receivers.
o} Receiver Bias Errors - due to acceleration of the vehicie
o Receiver Noise Errors. |

Differential operation promises to remove most of the bias errors, but
‘receiver noise is not affected. Also, not all bias errors are cancelled by use of-a
differential correction. Two unique classes of bias error enter into consideration,
not present in normal operation, when the differential system error budget for the
user is estimated: first, errors sensitive to the distance between the reference site
and a user, often referred to as "spatial decorrelation errors"; second, errors
related to the elapsed time during the establishment of a measurement correction
value at a reference site and the delivery of the correction to the user, often
referred to as "temporal decorrelation errors.” They are described below.
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a. Errors Sensitive 1o User/Reference Site Separation

o Ionosphere: - Irregularities.

- . Diurnal (due to different penetration .

points through lonospheric shell).
- Flare inhomogeneities {caused by solar
flares).

- Earth  Curvature (two  separated.

receivers do not acquire a source at the
same elevation angle; path length is
different).

- Altitude (error in estimating the height
of the ionosphere—350 km is nominal)

- Obliquity (layer thickness changes from

: zenith to horizon).
o Troposphere: - Geometric Effects (thickness changes

with increased path length and sharp
variations in atmospheric densities).

o Selective Availability: - Intentional delay.
o Satellite Position Error: - Error in predicting satellite true
) position, which translates into a

pseudorange error.

b. Time-Sensitive Errors

o Age of Ephemeris Update: error added during update; if not compensated.
o Age of Space Vehicle Clock Update: satellite clock error, if not compensated.
o lonosphere: Irregularities (ionospheric drifts).

- Diumal - (TEC changes with solar changes).
-  Flare (TEC changes with time).

0 Time delay in measurement correction: error caused by elapsed time between
measurement and application of correction data.
o Selective Availability: rate of change and delay.

Distance and time sensitive errors will add directly to the user's receiver
error budget. In general, the user's range measurements are less accurate than the
reference site's for the following reasons: (1) the user's clock is of lesser stability,
(2) reference site data smoothing is more effective in reducing noise since the site
is fixed, and (3) the reference site pseudorange error can be determined directly
from the satellite ephemeris and fixed coordinate data on a singie satellite without
resorting to a full navigation solution. The range errors, spatial and temporal
errors, geometry, and receiver noise are the major contributors to the user's error
budget. Interference also adds a noise-like error. Typical interference sources are
multipath and multiple-access noise of satellite signals.

.User receivers generally operate under much more severe operating
environment than the receivers at fixed reference sites. For example, aircraft
“maneuvers and wind buffeting require bandwidths large enough to accommodate
the deviations in position from unaccelerated straight-line motion. In addition, the

tracking filter parameters must be chosen to accommodate these deviations. As a

result, the signal-to-noise ratios are smaller, and less smoothing is possible for
users.’ N
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3.4 BASELINE DIFFERENTIAL GPS DESIGN
8.4.1 General

In the baseline design, the differential station performs pseudorange
measurements on each satellite, determines appropriate corrections and broadcasts
them to nearby users. WNo surveillance is involved. The station receiver is not
radically different from a user's receiver, except that parallel-channel operation is
highly desirable, and Doppler processing should be performed to get pseudorange
rate’” corrections as well as pseudorange corrections. These capabilities are
necessary to get the greatest accuracy. The reference station navigation processor
is quite different from a user's receiver, on the other hand, because the
computation of position is not the primary aim of the unit. Another unique
requirement of the reference station is that it must continuously receive data from
each of the satellites so that it can immediately operate with the latest satellite
data following a data change. These data changes occur about once per hour. With
this capability the reference station data message can adjust for the fact that
some users will be operating with old data. This is explained further in Section
8.4.2. A block diagram of the differential station is shown in Figure 8-5.

The differential station should be equipped with a high—quality clock, such as
a double-oven—controlled quartz oscillator, which has very little drift over the
period of a few seconds. The long-term stability appears to be less critical, so a
rubidium or cesium standard is not necessary. The steps in the process of
determining a pseudorange correction are the following:

1. Select a measurement reference time as close as possible to the next
GPS subframe start time.

2. Compute the positions of all satellites at that time, and determine their
actual ranges. :

3 Sample the satellite pseudorange measurements and the carrier
Doppler-derived pseudorange rates at the reference time and store.

4. Adjust each satellite pseudorange for ephemeris and satellite clock as
determined by the satellite data messages.

5. Compute station position (as a performance check) and' station time
offset from GPS time.

6. Subtract actual range and station time offset from satellite
pseudorange measurements to get corrections.

7. Broadcast the pseudorange and range rate corrections for the six
satellites included in the subframe message.

The reference station processor should compute the error in its own position
as a measure of system quality. If the error falls out of acceptable limits, the
station health bits should be adjusted to warn users that the error may be higher
than normal. For example, if a bad geometry existed in combination with four or
five visiole satellites, the station could detect this condition. :
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In addition, each pseudorange correction should be examined to see if the
individua! satellite corrections are reasonable. If not, the satellite health bits
should reflect this condition and warn users not to incorporate particular satellites
in thelr navigation solutions. "

At least one monitor should be located near the differential station to
compute position in exactly the same manner that a user would. The computed
position .should be communicated to the differential station to verify that the
position is within bounds related to the station health bits. For example, with 2
bits there are &4 levels which can be employed, and a "level 1" indication could be
used to indicate positional errors within 10 meters, "level 2" within 15 meters,
"level 3" within 20 meters, and "level 4" greater than 20 meters. Unfortunately,
the design of the monitor requires a single choice of satellite selection algorithm
and mask angle. Probably the best way of handling this is to be conservative and
choose a mask angle of 10 degrees and a best-set satellite selection strategy.

8.4.3 Differential Uplink Format

The proposed data format to be used for the communication of corrections
from a differential reference station to nearby users is patterned after the
NAVSTAR GPS data format. Subframes consisting of 300 bits are employed, each
headed by a preamble and time indication, similar to the GPS TLM and HOW words.
The proposed header identifies the start of the message, the differential station
identification, station health indication, timing with respect to GPS time, and
_ subframe identification. Figure 8-6 shows the subframes that were defined at the
workshop. Up to 8 different message types are accommodated with the 3-bit
subframe ID data element. The details are given in Table 8-5.

Pseudorange corrections are broadcast for each satellite, rather than
latitude/longitude corrections. The pseudorange corrections use ephemeris and
_.satellite clock data, but do not use either ionospheric or tropospheric models.

The differential corrections need to be sent out most frequently, while:
auxiliary data need be broadcast only every minute or so. Accordingly, the Type |
message contains the corrections data, and consists of two subframes. Each
subframe contains the pseudorange and pseudorange rate corrections, identities and
health indications of up to six different satellites. This enables up to (2 satellites
to be handled by a differential station. The pseudorange corrections have a
resolution of 0.l meters, and the pseudorange rate corrections have a resolution of
0.004 meters per second.

The Type 2 Message is similar to the Type | Message, in that #0 bits are sent
for each satellite. However, instead of pseudorange and range-rate corrections,
Age of Data {(AOD) and "delta corrections" are broadcast. A delta correction for a
satellite is equal to the difference between pseudorange corrections utilizing old
and new satellite ephemeris and satellite clock data. The AQOD data enables a
recejver to determine whether the station is using the same satellite data as the
reference station or not. If not, the receiver can further correct for the difference
between the old and new satellite data by subtracting the delta correction. The
Type 2 Message is broadcast approximately once for every five Type | Messages. It
should be pointed out that the message type mix can be tailored to a particular
differential station and does not have to be fixed by the format.



TABLE 8-5. DIFFERENTIAL GPS DATA

SCALE
MESSAGE . NUMBER FACTOR '
TYPE PARAMETER OF BITS & UUNITS 'RANGE
ALL Preamble 8 (Same as GPS)
(First word) Station ID 12 1 1-4096
Station Health Z - 4 states
Spare/Parity 2/6 - -
ALL Z-Count 7 6 sec Q - 100,794
{Second word) Subframe type 3 - 1-3
Spare 4 - -
Spare/Parity 2/6 - -
TYPE | Pseudorange Correction | 16 0.Im +3276.8 m
{(correctiohs) Range-rate correction 8 X6 0.004 m/sec +.512 m/s
Each satellite Satellite 1D 5 1 1-32.
) Satellite Health 3 - 3 states
(6 satellites/
subframe) Spare/Parity 48 - -
TYPE 2 Delta Correction 16 Q.0 m - +3276.8 m
- {Auxiliary Age of Data 8 See ICD-GPS-200
corrections) Satellite ID 53 X6 I 1-32
Each satellite Satellite Health 3 - g states
{6 satellites/
subframe) Parity (Total) 43 - -
TYPE 3 ECEF X-Coordinate 12 Ol 'm + 2.15x107 km
(Station ECEF Y-Coordinate 32 Ol m. *+ 2.15x105 km
Location) ECEF Z-Coordinate 32 Olm + 2.15x10° km
Parity 32 - -
Spares 96 - -
TYPE 4 Whole Doppler Count 3 | 0-255
(Surveying) Fractional Doppler Ct. 4 1/256 wavelength 0-255
Each Satellite Satellite ID 5 I 1-32
(8 satellites/ Satellite Health 3 - 3 states
subframe) Parity 6 - -
TYPES 5-8 Optional
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The Type 3 Message ‘contains the earth-centered, earth-fixed (ECEF)
coordinates of the differential station. The data is contained in one subframe.
This message type need only be broadcast every two or three minutes.

A Type 4 Message was developed to accommodate the extreme precision
required by some surveying applications. This message consists of satellite
identity, .whole Doppler cycle counts, and fractional Doppler counts, timed from
the previous subframe transmission. Use of these counts enables relative location
accuracies in the centimeter range.

. The format can accommodate four more message types, which can te added
at a later date. A message for aircraft could contain weather, runway condition
data, runway threshold coordinates, tropospheric refractivity measurements, or
Instructions to individual aircraft, for example.

If the reference station is a pseudosatellite, the receiver passes along the
data to the processor just as it passes data from the NAVSTAR GPS satellites. The
processor requires no hardware changes to handle the differential data.
Furthermore, the bit phase transitions are or can be synchronized to GPS time, so
the range to the station can be determined. In this configuration the reference
station acts as an extra satellite, and can be used to improve the accuracy of the
position estimate.

- . [
The data format also accommodates an external data link. The data link
‘itself can be at any of a number of frequencies that might be available or

convenient to a particular user group. For example, Mode-5 is a planned L-band
data link for air-to-ground and ground-to-air communications for civil air users. It
may be possible in the future to use some of the Mode-S data slots for differential
corrections. Other possible aircraft bands include VOR broadcasts (108-118 MHz)
and VHF communications (1I18-136 MHz). For marine users, the Radiobeacons (285-
325 mHz) may be able to be modulated to provide the differential corrections.
These signals can be received over the horizon. VHF frequencies (150-174 MHz)
may be employed where line-of-sight communications are feasible. It may be
possible for vehicles to use unused portions of the FM band to receive differential
corrections in the future.

The only requirements placed on the data link are that the data rate be at
least 50 bits per second, that it interface with a serial, asynchronous, standard RS-
422 port, and that it preferably send the format data to the receiver as ASCII
characters. Otherwise, the data can be transmitted as a fast data burst or a
continuous stream and employ any convenient modulation scheme.

8.4.4 Data Link - Pseudosatellite

The pseudosatellite technique has been proposed as a means of broadcasting
corrections to NAVSTAR GPS users at a low cost. With this approach, the ground
station uplink operates at the L1 frequency, 1575.42 MHz, and uses the same
biphase modulation, chipping rate, and data rate as the GPS satellite signals. The
receiver can then receive the signal, demodulate it, and process the data just as if
the station were a satellite. The modifications in the receiver design necessary to
accommodate the differential format would be software changes -- no hardware
changes or separate antenna would be involved, From the system design
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perspective this approach would make differential NAVSTAR GPSa self-contained .
operation. No interfaces with existing facilities would be required, and no non-GPS
frequencies would be involved.

There is another significant advantage to pseudosatellite operation as well.
By tying the ground station into GPS system time, the signals can provide ranging
from the station. In effect, the ground station can serve as another 'satellite",
thus improving the PDOP (and hence the positional accuracy) and reducing the
susceptibility of the NAVSTAR GPS to satellite faults or service outages.

8 differential workshop held at the Transportation Systems Center this
year established that a 50 bps data rate would be adequate for accurate
differential operation. Thus, the pseudosatellite technique, which is constrained to
50 bps, has a high enough data rate to support differential operation.

However, the major problem with the pseudosatellite technique is that it may
cause interference with other GP5 receivers in the area, and could even jam
differential receivers. In the GPS design the satellite antenna patterns are tailored
to provide a fairly constant signal to receivers on the earth. Since the signal power
received by a user falls off as the square of the distance from the receiver, large
variations of signal will occur with a differential transmitter. Users close to the

- station would experience a large signal, which could cause interference with the
satellite signals and could even cause false lock, or saturate the RF amplifier. .
-Several techniques have been proposed to alleviate the situation, but none appear

. to be entirely satisfactory. Time multiplexing looks to be quite promising, wherein
the ground station transmits only | millisecond out of 20. However, if those
transmissions coincided with satellite data bit phase transitions, data could be lost

. which might not be reacquired for up to 30 minutes. Frequency multiplexing does

£.not appear 1o substantially reduce interference, while the use of a separate
s+ frequency in the GPS band would require a separate IF section, which would be
~~eXpensive.

-, There are other problems as well. For aircraft usage, a bottom mounted
antenna might be required for satisfactory signal reliability; this would add -
considerable expense for an airborne user. For applications where users might be
blocked by terrain from line-cf-sight reception of the ground station transmissions,
there is no method of relaying the signal or of using multiple transmitters. Such
users would just lose the signal. This consideration makes the pseudosatellite look
less feasible for marine applications in harbors and inland waterways, where
experience with VHF communications has established the considerable difficulties
with providing coverage in such areas.

If the difficulties can be surmounted, pseudosatellite operation appears to be
very attractive for a large number of users. The station clock should then be a
high-quality clock with good long-term stability as well as short-term stability. A
rubidium or cesium standard should be employed. The transmitter antenna should
be designed to give good low angle coverage down to about 3 degrees to cover
aircraft approaches to airports. The antenna design should exhibit a rapid falloff in
antenna pattern below 3 degrees to reduce multipath. Multipath would reduce the
effectiveness of the station by increasing the error in range to the station. The
contradictory requirements of low-angle coverage and low multipath make it
difficult for surface users to be accommodated by the pseudosatellite.
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8.4.5 Data Link - External Communications

For applications where a pseudosatellite is not applicable, it will be necessary
to broadcast the corrections on a separate data link. This link could be devoted to
differential corrections, or could be shared with other services. There are several
types of communications that could be employed.

l.  Line-of-sight (e.g., VHF, L-band, microwave), wherein the transmitter
tower must be strategically. located and tall enough to be visible to the
users in the coverage area. - '

2. Ground-wave (e.g., radiobeacons), wherein the frequency is low enough
to reach targets beyond the horizon.

3. Satellite relay, whereby signals are transmitted to a satellite relay
station, and retransmitted to earth.

Satellite relay communications do not appear to be attractive because of the
expense of the user equipment and the leasing of time on the satellite. Line-of-
sight and ground-wave communications appear to be the most likely candidates, but
each has its limitations. Earth curvature limits line-of-sight communications
between station and surface users to 15 to 20 miles. Thus, several transmitting
stations would be required to cover an area such as Delaware Bay. In principle,
ground-wave propagation using low frequency (LF) and medium frequency (MF)
bands could be used to increase the range, since such signals can be received by
users beyond the horizon. However, competition for radio spectrum allocation is
severe. One possibility is to use marine radiobeacons in the 275-335 kHz band.

Some of the advantages and disadvantages of different communications bands
and existing broadcast facilities are discussed below: '

L. LORAN-C - The 100 kHz band is ideal for. broadcasting over-the-
horizon signals. Three or four stations could serve the entire eastern
coast of the U.S., for example. LORAN-C transmitters can and have
been modified to transmit data, but it does not appear that this
approach is feasible. If a non-LORAN modulation is used, it will
interfere with LORAN-C. Using LORAN-C modulation requires a
costly data receiver, which is not desirable. : ‘

2, VHF Communications - YHF is a likely communication medium for line-
of-sight applications. Both air and marine users have assigned bands
that could conceivably be used for differential broadcasts. The
accessibility of these frequency bands for navigation use is considered
to be more problematic- than other techniques, so that this should be
explored further only if other means are not available.

3. Radiobeacons - The LF and MF bands used by air and marine
radiobeacons appear ideal for providing over-the-horizon coverage. The
technical problems involved with modulating the radiobeacon
transmitters appear to be quite tractable, and the resulting
communications receivers would be quite inexpensive. Differential
OMEGA corrections are currently being broadcast by radiobeacon units
in Southern Europe, and these unit?ﬁe under evaluation by the U.S.
Coast Guard for use in Puerto Rico. Ranges of 100 km are possible
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in principle, but most radiobeacons are more limited in range as they
are currently employed.

4, Satellite Communications - Satellite broadcast of differential GPS
corrections is considered to be unlikely for many users due to the weak
signal and directional antenna requirements. It was noted that oil
_exploration companies might implement such a system through
-INMARSAT for some applications. It was also noted that it might be
possible for a country or continent to provide a special satellite to
augment GPS coverage. while providing differential GPS signals.

5. Mode-5 - The Mode-S transponder system for airborne air traffic
control use incorporates a data link. The specifications for this data
link are now being developed. It is expected that most aircraft will
have these transponders in the early 1990'. It would be convenient to
have the data link message from the ground include differential GPS
corrections. '

In summary, the external data link can be implemented in a variety of ways
using any of several different frequencies. The problems lie in selecting the best
implementation techniques and obtaining the necessary institutional acceptance.

The discussion so far has been confined to one station and one user.
Coverage of a large region would require a number of differential stations with
‘overlapping areas of influence. In such an.environment a user would frequently be
closer to one station than ancther, but a useful satellite visible to the user could be
hidden from the nearer station while being visible to the one further away.
Enabling the user to get this. information requires that differential stations
communicate with each other; or, if differential stations and communication sites
“are separated, the communications sites would have to talk to more than one

. differential station. In either case, the differential system designer faces the
~problem of integrating the multiple differential station inputs. :

PR

3.4.6 Receiver Design Implications

Civil usage of differential NAVSTAR GPS service will include commercial,
research, search-and-rescue, and pleasure modes of operation. Receiver designs
may differ significantly, so the differential service provided must allow for these
differences. Mask angles, the number of satellites used in the navigation solution,
and the algorithms used can differ. Some receivers may be single-channel, others
dual-channel, and still others may have multiple-channel parallel operations. The
dual-channel design, for example, offers some significant performance advantages
for aircraft: redundancy, all-in-view satellite capability, quick startup, and
smoother navigation during satellite transitions. A dual-channel experimental
receiver has recently (?S?n developed and demonstrated by M.LT. Linceln
Laboratory for the FAA .

Since the user makes use of corrections determined at the differential site, a
data link receiver is required as well as a navigation receiver. If the system
incorperates a pseudosatellite, this receiver is realized by channel management
software--no separate communications interface is needed. The software
generates the appropriate "satellite" code for the receiver, directs the data
management software to interpret the data differently than usual, and instructs
the navigation processor how to treat the data. If the system requires a separate
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data link, however, a communications interface and communications receivers
must be added to the user equiment. The channel management software must alsc
be modified to handle this differential data. ‘

8.5 PERFORMANCE ESTIMATES
8.5.1 General

Performance estimates derived in this section are intended to predict
performances and to present a comparison of the navigation accuracies of a variety
of users. Numerical values are based on computed or predicted performance
estimates. Field tests conducted on the pseudorange measurements by others are
compatible with our predictions. While the performance predictions are made in
absolute terms, emphasis should be placed upon the relative accuracy of one
system as compared to that of another. Both systems are compared under a
common set of assumptions wherever possible.

Several noise and bias components enter into the positional error
determination of a user's receiver. Although noise components are assumed to be
stationary random processes some discretion is used in estimating bias and noise
errors during the short intervals when measurements are being taken. The
following are the typical sources of errors in the measurements.

RECEIVER NOISE - code tracking loop error due to thermal receiver noise.

UNCERTAINTY IN THE REFERENCE SITE MEASUREMENTS - the noise
error component associated with the reference receiver; it is seen by the user
as a bias in the measurements. :

EPHEMERIS - residual error in the ephemeris correction; it increases linearly
with separation of user and reference site. In the absence of Selective
Availability, this term is negligible.

USER CLOCK NOISE - Phase noise in the user clock, appears as receiver
noise.

RANGE QUANTIZATION - noise error in pseudorange due to limited code
tracking resolution of a particular receiver design. A unit designed for
differential use would use enough resolution to reduce  this to negligible
levels.

IONOSPHERIC BIAS - bias error due to different paths being traversed by a
satellite signal to the user and the reference site. By proper use of models,
this can be limited to the differences caused by ioncspheric inhomogeneities,
which are usually less than a meter.

[ONOSPHERIC NOISE - Noise error due to short term ionospheric
fluctuations. This is small and is considered negligible.

TROPOSPHERIC BIAS - Bias errors in the correction estimates for receivers
at different altitudes and distances from the reference site. This error is
zero near the reference site, and can be estimated fairly well with models.
Fluctuations in temperature and humidity leave a residual error.
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TRCOPOSPHERIC NOISE - Noise error in the measurement due to
tropospheric fluctuations. '

MULTIPATH - Noise error caused by reflections of the satellite signals from
terrain and buildings. .

VIULTIPLE ACCESS INTERFERENCE - Interference from other satellites; up
to | db interference noise in the receiver.

These noise sources and their magnitudes are discussed in Appendix K.
In addition to the performance of the differential station, the performance of

three classes of user receivers was analyzed based on their unique service
requirements. The three classifications are:

L. Marine navigation receiver.
2. Ajrborne receiver.
3.  Marine/Land navigation receiver.

The performance estimates for these different users are given in Sections 8.5.2 -
8.5.4. The performance of the baseline differential station is estimated below.

In a differential system, it is somewhat arbitrary whether errors are ascribed,
to the user or to the reference station. In this report, all errors will be ascribed to
the user except for the uncertainty attributed to the differential station
measurement. The differential station uncertainty is caused by receiver noise,
multipath, range quantization, and surveying error. The last two are assumed to be
_ negligible.

Multipath is site-dependent, varies with satellite elevation angle and differs
-1N azimuth.  With proper siting, large multipath errors can be avoided, leaving
_‘ _’effects of surface reflections, which are significant only at low angles, i.e., below
10 to 15 degrees elevation. A value of one meter (one sigma) uncertainty is
budgeted for multipath.

Receiver noise depends on the code loop band width, any navigation program
smoothing, and a number of design options such as tracking technique, employment
of "prompt"” correlation, and code loop detection technique. Assuming a parallel-
channel receiver with coherent detection, and a code loop bandwidth of 0.1 Hz,
errors due to receiver noise can be limited to 1.6 meters (one sigma). The variation
of the delay caused by Selective Availability limits the amount of smoothing that is
effective. That is, further resolving of the code loop bandwidth would result in loss
of lock, and smoothing by a navigation filter would not be effective.

Therefore, the uncertainty of the reference station is estimated from the
multipath (I meter) and receiver noise (l.6 meters) to be 1.9 meters (one sigma).
This ungertainty is passed along as a bias error to the users, whose correction
estimate for each satellite obtained from the differential station has this error in
it. '
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8.5.2 Marine Receiver Performance

The sources of error for a marine receiver are those cited in 8.5.l. The total
potential error is dominated by the receiver noise, and the amount of smoothing
that is allowed by dynamics of the vessel. A vessel on the open ocean would
experience considerable pitch; roll and heave variations. A Kalman filter designed
for such an environment would look quite different from one designed for
navigation in harbor or inland waters, where wave and wind actions would be less
severe, Since there is no need to obtain the accuracies enabled by differential
operation for ocean or cocastal phases of navigation, differential operation should
be employed with a Kalman filter designed around the more benign harbor
environment vessel dynamics. It will be assumed here that noise variations can be
smoothed during differential operations. A code loop bandwidth of 0.3 Hz is
assumed. Other parameters are given in Table 3-5.

The error sources and their effects are estimated as follows for a marine
receiver 50 km from the reference station (one-sigma values are used):

Receiver noise error - 5.2 meters
Multipath error - 1.0 meters
Total noise error - 5.3 meters

Differential Station Uncertainty - 1.9 meters
Zphemeris bias due to SA - .2 meters
SA error growth after 12 seconds < LI meters
lonosphere, troposphere - 0.5 meters

Total bias Error - 2.6 meters

The noise error for a sequential receiver can be reduced further by smoothing
by a factor of 2, to 2.65 meters. This gives a total pseudorange error of 3.7 meters
{one sigma). With a median HDOP of L3, this corresponds to a positional error of
.l meters {2drms).

The performance can be improved by using more expensive receivers. If a
parallel-channel receiver is used, the smoothing can reduce the noise by a factor of
3, which would give pseudorange errors of 3.1 meters, equivalent to a positional
error of 9.4 meters (2drms).

Therefore, it appears that GPS s a promising candidate navigation system for
providing Harbor/Harbor Entrance guidance. These estimated performance figures
compare well with the 8 to 20 meters cited as a requirement in Table 2-4.

8.5.3 Airborne Receiver Parformance

An airborme receiver must operate in a much more dynamic environment than
one for marine usage. A sequential, dual-channe] receiver is assumed, having the
design characteristics shown in Table 3-3. By virtue of the 6 Hz code-loop
bandwidth, the noise error is considerably higher than for a marine receiver. The
wide bandwidth is needed to accommodate the short satellite dwell time of the
receiver (220 milliseconds).
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The error sources and their estimates are given below:

" Receiver noise error - 19.3 meters (one sigma)
Multipath error - 1.0 meters
Total noise error-19.4 meters
Total bias error o - 2.6 meters (from 8.5.2)

.Smoothing by the navigation filter can reduce the noise error considerably. A
factor of 2.5 is assumed here, based on experience with simulations. This gives a
noise error, after smoothing, of 7.7 meters (one sigma). Combined with the bias
errors of 2.6 meters, gives an estimate of 8.1 meters for the total one sigma error.
Wwith an HDOP of L3 (median value for an all-in-view receiver), the horizontal
position estimate is thus 21.I meters (2drms). The altitude computed using GPS
would have about a 32 meter error (2 sigma), assuming a VDOP of 2.0.

Parallel-channel operation would provide considerable improvement, enabling
|l Hz code-loop bandwidths to be employed in the receiver, although further
smoothing would not be as effective.

While the accuracy is far better than that provided by existing FAA
navigation facilities, it does not provide Category | guidance, which calls for 9
meters lateral and 3 meter vertical accuracies. It is close enough, however, that
improved techniques may eventually provide at least the lateral precision required.

8.5.4 Land Receiver Performance

A land receiver would employ a design similar to a marine receiver. It would
probably be of an inexpensive, sequential design. Table 3-7 shows a set of typical
parameters for a land receiver. With a code-loop bandwidth of | Hz, the error
‘sources and their effects for a land user 50 km from the reference station are
estimated as follows:

5N

Receiver noise error - 9.5 meters
Multipath error - 1.0 meters

‘ Total noise error - 9.5 meters
Total bias error (from 8.5.2) - 2.6 meters

Smoothing by a navigation filter would provide some smoothing, but not as much as
for a marine user. A factor of L5 is assumed. This gives a total pseudorange error
of 6.8. For an HDOP of l.6, based on a I0-degree mask angle and a best-set-of-four
satellite selection algorithm (Table 7-1), this implies a 2drms error of 2.9 meters.

With this accuracy, land vehicles could in principle identify the block in a
city or town in which they are located. Most homes and buildings could be uniquely
identified by GPS location. The possible uses of this precise positioning accuracy
have yet to be explored. '

b |
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9. RECEIVER COSTS
9.1 GENERAL

This section draws on existing cost models to project costs of NAVSTAR GPS
receivers, primarily at the lower—ost end of the spectrum. Two existing cost
models were exercised and found to give similar results, in spite of the difference
in the approaches used. One model can be used to project trends and thus provide
predictions on. future costs of receivers, subject to the condition that the receiver
architecture does not change. Of course, in practice receiver architectures will
change to take advantage of rapidly improving thgltal technology. These changes
are addressed qualitatively.

Both single and dual channel receiver designs are considered here. A
sensitivity analysis is performed on the single channel receiver cost trends that
show that fairly large trend projection errors do not greatly change the predicted
receiver Costs. -

9.2 COST ESTIMATES FOR SINGLE-CHANNEL RECEIVERS

The cost models described in Appendix E are based on the use of analog
components for many ("'fzceéﬁ?r functions that in today's designs would be performed
with digital circuitry Both models give similar results, and show general
agreement on the functional breakdown. Figure 9-1 shows the block diagram on
which the model is based. Figure 9-2 shows the comparative costs obtained by the
two models, where 1982 dollars are used. The shaded region in the right-hand bar
graph is the expected decrease in cost of the digital circuits during the time that
elapsed between the studies. The most noticeable dissimilarity is in the costs of
the enclosure/chassis. Of course, the SCI model was aimed at a marine user, while
the ARINC model was geared to avionics. Some differences would be expected,
but we have no explanation for these differences. All in all, the similarities are
more impressive than the differences.

These costs can be trended to provide predictions of future costs using the
SCI model, which groups subcomponents into. trendable units, i.e., subcomponents
which are similar enough that they could be expected to follow similar cost
patterns. These subcomponents are:

Antenna

Microwave Circuits - preamp, local osculator, RF mixers
Precision Oscillator {Clock)

Analog Signal Processing - filters, IF amplifiers, mixers
A/D Converters - analog to digital

Random Logic - gates, buffers, shift registers
Memories, Program and Data - includes ROM and RAM
Software - cost of programming

Microprocessor

Power Supply Regulators and Converters

Enclosure and Chassis

P. C. Boards

Display and Controls
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Each function of Figure 9-2 uses a definable number of these subcomponents.
By using SCI's costs for the base year, and the predicted trending equations,
receiver costs can be estimated for any desired future time. The trending
equations involve ejther one or two exponentials; if one, they have the form
exp ((t-t )/T), where t is the future time, t, is the base time, and T is the trend
parametér. After T years, the price is prediCted to reduce to l/e = .37 of its base
year price. This is explained further in Section 9.3.

Using the subcomponent costs and trend parameters of SCI's model, the
predicted prices of single-channel GPS receivers are the following (using 1982
dollars):

1980 - $4969
1990 - $2850
2000 - 32160

Appendix E shows a similar chart, but using 1980 dollars. The method used to
obtain 1982 prices from 1980 pr;cas separates the labor and material costs. In
Section E-2 of the Appendix it is noted that material costs of equ1pment appear to
track variations of the Producer Price Index (PPI), which has not risen as rapidly as
the Consumer Price Index (CPI}. The reason is that the CPI is affected strongly by
housing and food prices, which have risen sharply. For example, between 1980 and
mid-1982, the CPI rose by 17.4% while, the PPl rose by only 1.4%. The 34969
receiver price of 1980 is comprised of $2276 that is material-related, and 52693
labor-related. The 1990 and 2000 prices used the same labor-materials split.

The 1990 and 2000 projections are open to question for several reasons:

a. The receiver architectures will use more digital and fewer analog
components, which will tend to reduce the prices.

b.” Labor costs will rise faster than material costs, a factor not completely
accounted for in the prices. This will tend to raise the price figures
(see Reference 24).

C. The higher labor costs will probably raise the manufacturing burden and
the distribution percentages. As a result, the ratio of list price to
manufacturing cost will probably increase.

With these caveats, the numbers give a rough idea of future receiver prices.
The factors mentioned are offsetting to some extent, and difficult to predict, in
any case.,

9.3 SENSITIVITY ANALYSIS

The trending equations used to derive the receiver cost figures for 1990 and
2000 are exponential in nature. Most subcomponent trends are single exponential
equations, mentioned above in Section 9.2. Some are expressed as the sum of two
exponentials, one sharply dropping with time, the othér slowly decreasing. To a
first approximation, each trend can be characterized by a period of time whereby
the subcomponent price is cut in half, called the "cost-halving" time.

The sensitivity analysis performed here considered the effect of doubling this
cost-halving -time for each subcomponent, and observing the effect on the total
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receiver price in 1990 and 2000. Since doubling the cost-halving period implies a
slower rate of price decrease, the effect is to increase the price. The process is
then repeated by assuming a cost-halving period of half the original and observe
the resulting cost decrease. Figure 9-3 shows the results for 1990, and 2-4 shows
the similar results for the year 2000.

For example, the figures show that the big-leverage items are.the analog
signal processing, the random logic, and the enclosure subcomponents. Inaccurate
predictions of costs for these items have a more serious impact on the error in
predicted receiver price than do the other subcomponents. It is apparent from the
figures that the impact of erroneous predictions for any of the subcomponents will
change the price by less than 8%. In fact, if all subcomponent trend predictions
were simultaneously optimistic (or pessimistic), the price difference would be 25%
(-20%) torr 1390, and 30% (-26%) for 2000.

These figures can serve as a measure of uncertainty of the predictions. By
bracketing the expected error in trends by assuming the cost-halving periods are
accurate within a factor of two, the price of a low—cost receiver should be $2290 to
$3585 in 1990, and $1628 to $2830 in the year 2000,

9.4 DUAL CHANNEL RECEIVER

To estimate the dual channel receiver costs, the same basic receiver
architecture is used as for the single-channel receiver of Figure 9-l1. Adding a
second channel, shown in Figure 9-3, involves adding a base-band receiver with its
code and carrier channels, plus a process controller for the second channel. The
system computer is considerably more complex, especially if a single-channel
backup mode is required, whereby the healthy channel takes over both navigation

.and data functions in case of a channel failure. Thus, the number of

ssubcomponents associated with the receiver function is doubled, and more memory
and processing capability is required, increasing both digital and software
Msubcomponents" by about a factor of two. Enclosure and power supply costs are
also increased- The result is shown in Figure 9-6.

The increase in cost over a single-channel receiver is about 45%. A large
part of this increase is in analog components, which will be replaced by digital
circuits in future designs. The effect of digital circuits will be not only to reduce
the costs for both single and dual channel designs, but also to reduce the cost ratio.
As a rough estimate, dual channel receivers wil probably cost about 25% to 30%
more than single-channel receivers.

9.5 IMPACT OF POSSIBLE CHANGES ‘

9.5.1 Differential Operation - Since one satellite clock drives both the precise
P-code and the coarse acquisition C/A-code signals, and since both traverse the
same iononspheric/tropospheric path, the inherent precision of the C/A signal is
the same as the P-code, namely in the 5 to 10 meter range. If bias errors could be
removed, the C/A code could provide accuracies adequate for Harbor/Harbor
Entrance marine requirements, non-precision aircraft approach requirements, and
even ' lateral/longitudinal requirements for precision approaches. Differential
operation can remove most of the bias errors by having a fixed, known station
broadcast correction terms.
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Antenna -10% Q 10%°
I v T

Microwave Circuits

Precision Oscillator

Analog Signal Processing

A/D Converter

Random Logic

Memories- Program

Memories- Data

Software

Microprocessor

Power Supply Regulators 7
Power Supply Converters 1

Enclosure

P,C. Boards

Simple Displays

Controls- Rotary & Push

Controls Toggle

Prediction too Prediction. too

pessimistic optimistic

TIGURE 9-4. SENSITIVITY OF RECEIVER COSTS TO PREDICTION ERRORS IN TRENDS - 2000

9-7



AIAITDTN TANNVHD TVNA Y04 WYIDVIA ¥D0Td TITOW ONILSOD *¢-6 TANDIL

AVIdSIa

43A13D3H

«

431NdWOD
W31SAS

e
H3IT1041NOD
$S3304d

eH

- TINNYHD

3000

4

- TINNVHI

43144v)

$ 4

Ly
4377041N0D
$$3204d

L#

. TINNVHD

3000

X,

<

wii9ia

L4
TINNVHI
$314¥YD

34NSOTIN3
A14dns
daans 2019
YIZISIHINAS
—\{/
\ 43131 1dWY 3ud
11/3 HLIN
YNNILNY

9-8



$?23‘2

e ENCLOSURE o $1042
PONER v 223
— SUPPLY . T 170
84969
——  DISPLAY - $1893
= =
$ 894
o 120 ‘—J
$ 175 ‘—J ‘
DIG] TAL e
$1084y ‘_[-_—

| —]-—- $2338
RECEIVER
$1169 J_

$ 554 e SYNTHESTZ2ER g $ 554
$ 362 —————— CLOCK ————pnd $ 362
¢ 285 ra—— ANTENNA/PREAMP —~——8m1 ¢ 285

SINGLE CHANNEL : DUAL CHANNEL

FIGURE 9-6. GPS RECEIVER COST ESTIMATE, DUAL CHANNEL RECEIVER

9-9



In order to receive correction terms, the navigation processor must interface
with some kind of communications channel. One candidate is a VHF data link
which might be a separate VHF radio receiver, a link to an existing radio, or a link
to an existing data link. The channel could also be to another data link such as
Mode S, which is planned for that time period by the Federal Aviation
Administration. A third candidate is a pseudosatellite, a ground station
transmitting a GPS5-like code, which would provide correction terms in its data
message.{it could also serve as an additional satellite).

The hardware implications fall into three categories:

L Data link receiver, plus interface.
2. Interface to existing data link.
3. Software medifications to accommodate a pseudo-satellite message

The first would be required by a user who did not already have a data link
capability. ' It would entail the expense of a data link receiver, installation of a
separate antenna, the communications interface in the GPS unit, and software to
accommodate the correction terms. These would be added to the basic cost of the
GPS receiver. The implementation would require a data link frequency allocation
by the provider of the service.

The second would be required by a user who already owned a data link
receiver. It might have to be modified to output the differential corrections to the
receiver. It would entail a communications interface and software over and above
the GPS receiver. The provider of the service would have to negotiate the use of
the data link for this purpose.

The third is associated with the pseudosatellite approach. It is the least
expensive option for the user, since changes are necessary only in the channel
management and navigation software. Interference to GPS users near the
transmitting station may preclude this opticn, however.

These alternatives are currently under evaluation from both the performance
and cost standpoints.

9.5.2 Selective Availability - The Department of Defense currently plans to
provide a nominal 500-meter accuracy service to civil users, called Standard
Positioning Service (SPS). While the accuracy possible using the C/A code is closer
to 30 to 50 meters (2drms), national security considerations have led the DOD to
implement a program called Selective Availability (SA). Under SA there may be
several years during which the signal will be degraded to 500 meters accuracy, or’
be subject to periods of this degraded accuracy. This is, while the signal might be
more accurate, users of SPS could not depend on it.

Since any signal degradation imposed will be undetectable by the user, no
direct impact on receiver costs is anticipated. Indirectly, however, there could be
some impact for the low-cost user. Some vendors could offer a cheaper version of
the system that would be geared towards the 500-meter accuracy fxgure Specific
cost-reducing design techniques could include:



IR Cheaper clocks cquld be used, having 10'7 sec/sec stability behavior,
rather than the 107 sec/sec required to achieve higher accuracies.

2. Receiver loop bandwidths could be broadened to minimize reacquisition
time at the expense of noisy tracking performance.

3. Little or no smoothing of the data by the navigation procassor would be
-involved. :

4. An 8-bit microprocessor might be able to perform all receiver,
navigation, and channel management functions.

For higher performance aircraft and ships, and for receivers compatible with
differential operation, such designs would not be adequate. Therefore, the
imposition of Selective Availability can be expected to have no effect on their
receiver costs. :

9.5.3 Cost Recovery Policy - Currently under consideration is a policy to assess
user charges to pay for the maintenance and operation of the NAVSTAR GPS
system. The probable implementation of such a policy would involve the
encryption of the satellite C/A codes, whereby only users with licensed "keys"
could unscramble the satellite codes and use the signal. The encryption codes
would change annually, and new keys would be distributed to paying users.

: This would add some cost to the CPS receiver unit, since the keys would
probably take the form of ROM cartridges, which would plug into the units. A
ROM connection and seal would be added to the unit, and software would be
required to combine the keyed and nominal codes to drive the receiver encoders.

;»,9 5.4 Improved Technology - There are a number of areas of technology where
:developments are occurring frequently, and which have applications to GPS
~receiver/processors. It is well known that computer-related components are
rapidly increasing in speed, memory size, and capability; they are also decreasing
in power requirements, physical size, and cost. While such developments have the
direct effect of lowering the cost of imlementation of a given design, at some
point they enable a qualitatively different design approach to be used. Some of
these technological areas are now discussed, approximately in order of their
expected realization times.

A. Digital Baseband Receiver - There appear to be no compelling reasons
for performing code-tracking, carrier-tracking and carrier-tracking with analog
components any longer. The Experimental Dual & imnel Receiver (EDCR)}, which
recently was tested by Lincoln Laboratory for the Federal Aviation
Administration, met design goals and works quxte nicely. The baseband signal is
sampled at 2kHz, and all the code- trackmg, carrier trackmg, data demodulation,
AGC and lock detection are performed in software. The carrier error variable
drives a numerically controlled oscillator (NCO) to achieve frequency tracking, but
code tracking is performed digitally. Thus, this technology is available today.




B. 16/32-bit Microprocessor - New experimental receivers are beginning to
incorporate 16-bit microprocessors. The EDCR has a separate 16-bit Zilog 3000
microprocessor for each channel. Another 16-bit processor (LSI-ll) is used for the
navigation and channel management functions. There are several advantages in the
new generation of 16-bit microprocessors:” (1) they can be run at higher clock rates
(5 to 15 MHz), (2) they are more efficient in addressing and arithmetic operations,
and (3) some, at least, obviate the need for auxiliary floating point processors. It
appears to be possible for one l6-bit microprocessor to perform all the channel
management and navigation tasks, as well as the data demodulation and
carrier/code tracking requirements of a single~channel digital baseband receiver.

C. High-Speed Digital Circuitry - The next generation of GPS receivers Is
expected to replace analog correlation with digital correlation techniques. Thus,
for example, 20 MHz sampling of the signal at IF allows the C/A code to be
matched against ten different codes, while maiaialning the full information in the
C/A signal for each code. Lincoln Laboratory terms this the "virtual channel”
approach. Such a scheme obviates the need for sequential operation and the
associated channe! management bookkeeping function. Each satellite in view can
be continuously tracked on a separate virtual channel. Theoretical ana&s"s
indicates that a one-bit correlator may be adequate. Interstate Electronics ’
has built a similar "ali-digital" receiver using two-bit correlation for use with the
P-code as well as the C/A code, but the faster P-code requirements necessitate the
multiplexing of the satellites. Thus for C/A-code-only operation, the all digital
approach is now technically feasible, but probably nqt yet cost-effective. High
speed sampling will eventually allow single stage downconversion of the L-band
signal.

D. Charge-Coupled Devices - Charge-coupled devices offer a means of
achieving high-speed correlation of the C/A signal with several satellites
simultaneously. They have the advantage of providing high-resolution analog
correlation at high speeds. It is not clear whether they will compete with digital
correlation techniques in cost in the next few years.

9.5.5 Large Volume Sale of Receivers-If an extensive consumer market develops
for NAVSTAR GPS receivers, the price of inexpensiveé?seivers could drop to the
$500 level by the year 2000, if not well before then . Such receivers would
make use of custom LSI technology: for example, each receiver channel might be a
separate chip, and the navigation processor and channel management functions
might be on a single chip. Such custom devices might find use in commercial
equipment. If not, at least many of the basic masks would be usable for the
development of integrated circuits. The effect would certainly be to significantly
reduce the cost of commercial recejvers.




10. CONCLUSIONS
10.1  ABILITY OF NAVSTAR GPS TO MEET AIR APPLICATION REQUIREMENTS

The chief considerations in determining whether NAVSTAR GPS is a useful
system for air navigation are (a) coverage, (b) accuracy, (c) short-term availability,
and (d) reliability. The stringency of each consideration depends on whether the
system is primary (used to determine ATC procedures) or secondary
(supplementary; used to enhance ATC operations and.aircraft safety). The effects

_of selective availability must be considered as well.

a. Coverage - NAVSTAR GPS shines in this category. Coverage is world-
wide, almost continuous, and is maintained down to. the earth's surface. By
contrast the current navigation system, VOR/DME, provides service limited to
most of the CONUS, and drops out at low altitudes. There are numerous holes in
the coverage within the U.S. and contiguous countries, and no off-shore coverage
or oceanic coverage. The ATC radars also have coverage gaps, and lose targets at
low altitudes.

b. Accuracy - With Selective Availability imposed on the Standard

_ Positioning Service (SPS), NAVSTAR GPS will provide nominally 500 meters*

(2drms) accuracy, approximately 1/4 nm. Under the recently announced policy of -
100 meters (2drms) accuracy for SPS, non-precision approach requirements will be

. met. This makes the system attractive for oceanic en route and terminal

navigation. Helicopter operations will be greatly enhanced by GPS because of the
remote-area, offshore, and low altitude coverage. Non-precision approach
requirements would not be met near the airports. The current VOR/DME system

., provides 100~meter accuracy at the missed-approach-point at airports where a YOR

cn

R

facility is installed. With differential operation, non-precision approach guidance
.accuracy is readily achieved.

L1

If and when SPS is restored to the full accuracy possible, 20 to 50 meters,
non-precision approach accuracy requirements could also be met. With differential
operation, the accuracies approach the precision approach requirements.

c. Availability - The seriousness of this problem area for NAVSTAR GPS,
is not yet clear, and may not be until the system is operational. With the new
satellite spare-location strategy, outages caused by satellite alignment have been
eliminated for receivers with mask angles of five degrees. However, the FAA
believes that a ten-degree mask angle is necessary to guarantee accuracy for low-
lying satellites. At low elevation angles, multipath can be more of a problem,
since the antenna pattern discrimination against reflections is not as strong, and
since the reflection coefficients of land and water are maximum there for vertical
polarization (the antenna polarization is essentially linear near the horizon). When
an airplane banks, the antenna discrimination against multipath decreases and
antenna polarization has an increased horizontal component. In addition to
multipath, low-lying satellite signals have a higher noise content. How serious
these problems are in practice has not yet been determined. The technique of
"clock coasting" appears to be promising, but the studies are not conclusive.
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d. Reliability - [t is this category where primary and secondary usage have
different requirements. A primary system must have high reliability, while for a
secondary system the requirement is not as stringent. As a secondary system
which provides good guidance when the service is available, GPS has more than
adequate reliability. The satellites are designed to have an MTBF of about 7 years.

. As a primary system, the reliability must be extremely high, or incorporate a
universally-employed backup that requires no significant procedural changes- For-
example, a backup system that required a sudden change from great-circle to
point-to-point flight paths would not be acgeptable. The VOR/DME system is
highly redundant, in that loss of a station is not serious. Loss of a satellite,
however, can cause outages of 20 to 60 minutes at some [ocations in the U.S.

NAVSTAR GPS may in fact prove adequately reliable in practice, but this
will have to be dermonstrated. However, serious consideration should be given to
augmenting the 2l-satellite GPS in order to provide backup in case of satellite
outage.

10.2 ABILITY OF NAVSTAR GPS TO MEET MARINE
APPLICATIONS REQUIREMENTS

The chief considerations for the acceptability of NAVSTAR GPS as a civil
marine navigation system are the same as for the air system. However, there are
different requirements in each category. Selective Availability is more of a
problem for marine applications than for air applications.l

a.  Coverage - Coverage of NAVSTAR GPS is global, which makes it highly
_attractive for marine use.

b.  Accuracy -~ The accuracy of NAVSTAR GPS is more than adeguate to
meet the safety requirements for the Ocean and Coastal Phases of Navigation.
Commercial fisherman, however will find that under Selective Availability, the
system Is inferior to LORAN-C, because the repeatable accuracy is not as good.
The repeatable accuracy of LORAN-C is better than 30 meters in popular coastal
fishing waters, and enables fishermen to return to favorable fishing spots. The SPS
provides nominally 500 meters (100 meters under the new policy). Repeatable and
predictable accuracies are not very different. If and when SA is removed, the SPS
will provide 30-meter repeatable accuracies. The considerations are similar for
search-and-rescue operations. '

For Harbor/Harbor Entrance (HHE) and Inland Phases of navigation, until
Selective Availability degradation is turned off, these requirements can only be
met with differential &Beration. A figure of 8 to 10 meters (2drms) is cited as a
requirement for HHE 7, and even with SA turned off, the expected accuracy of
GPS is 20 to 40 meters, which would be adequate for navigation in less stringent
harbor areas. With differential operation, 10 to |5 meters appears to be achievable.
Since this is the middle of the 8 to 20 meter estimated requirement, it appears that
the usefulness of differential GPS will have to be established by field tests.

The Federal Radionavigation Plan (17) attributes a relative accuracy of 10
meters to NAVSTAR GPS., That is, 2 receivers at the same point and the same
time should differ by less than [0 meters. However, this is premised on the
unstated assumption that the mask angle, satellite selection algorithm, and
navigation selution algorithm are the same. 1f they are not, the solutions could

differ by up to 500 meters (100 meters under the new policy) under Selective
Availability. .
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o Availability - Qutages that occur for airborne receivers can be avoided
for marine receivers by proper choice of receivers, i.e., those that require only
taree satellites to obtain a navigation solution. Such receivers do not experience
the same geometric outages, and are less vulnerable to the loss of a satellite.
Operationally the availability requirement is much less severe for most marine
applications. Oceanic and coastal navigation require only periodic fixes. Inland
waterway and harbor area navigation during periods of low v151b1hty do require
continuous operation. .

The availability of NAVSTAR GPS appears to meet these requirements and
the ones formally stated in Section 2.3. .

d. Reliability - Reliability requirements are not as stringent for ships as
for aircraft. Only for HHE and Inland Phases of navigation is continuous service
required. Even these brief outages could be dealt with if they were predictable,
since the master could avoid navigating narrow channels at those times. The
likelihood ¢f a satellite going out during a maneuver is miniscule. Furthermore,
the absence of one satellite rarely causes a problem. The likelihood of a
problemmatic outage occuring during a low-visibility situation is rare indeed.
Notices to Mariners would incorporate any long-term satellite faults and describe
.the area and time of day where any outages might occur.

It appears that NAVSTAR GPS reliability is adequafe for marine users.
10.3 ABILITY OF NAVSTAR GPS TO MEET LAND APPLICA TIONS REQUIREMENTS

The land-based usage of NAVSTAR GPS could well prove to be the most
extensive in the long run, especially if receiver costs could be reduced enough to be
within reach of the consumer market. However, it is difficult to define formal
“-'jrequxrements for land uses, because there is no federal mandate to set safety
"‘freqmrements in this area, and because there is very little experience with land
‘navigation at all.

a. Coverage - Coverage is universal for land users, except where blockage
limits satellite visibility.

b.  Accuracy - The accuracy figures of Section 2.4 are educated guesses,
and range from 30 meters to 300 meters. These can not be met at the planned
“level of Selective Availability degradation, but could be met when it is removed.
For surveying applications, differential techniques could ameliorate the effects of
Selective Avallability, because reference receivers could be placed at nearby
surveyed points, and the readings compared with time, using similar receiver
algorithms. Vehicles could not identify which street and block they were on with
500 meter service, but could do this quite nicely at 30 meter service. For rural
nolice and medical service applications, the 500 meter (100 meters under the new
policy) service might be adequate to guide vehicles within sight of accidents or
other targets.

c. Availability - There is a considerable uncertainty in this area, because

of the unassessed impact of blockage on land receivers. Certainly navization
guidance would be lost during transit through a tunnel, but of course there is then
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little uncertainty on the user's part as to his location. Unlike aircraft and ships,
land applications are frequently in valleys, near buildings, and other areas where
low-lying satzllites may be blocked by natural and man-made objects.

A moving vehicle could easily lose two or more satellites temporarily for a
period of time, during which errors could build up. There is also the real possibility
that a satellite could be blocked from view, but its signal could be received via a
reflection from a nearby building. Such a signal would appear to the receiver as a
valid satellite signal. Large errors could result if this situation remained for
several minutes. This is an area that needs both analysis and field tests.

d. Reliability - Not enough is known about applications to determine.
whether - GPS reliability will be adequate. It certainly meets the availability
figures of Section 2.4.

10.4 RESOLUTION OF THE ISSUES

The ten issues identified in Section .4 were addressed in this report, but not
in the order listed there. In order to provide a concise account of the relation of
the work to the issues, the following sections summarize the conclusions by issue.

10.4.1 ISSUE I: Sa"telllte Qutages

At the time the project began, it was planned to provide I8 satellites in the
NAVSTAR GPS constellation. In this constellation, outage periods of 5 to 25
minutes would occur twice a day in several regions of the country. Since then the
Joint Program Office announced the intention of providing three active spares, and
locating them in such a way as to remove these outages over the CONUS.

In this report it was shown that the outages would indeed be removed for
receivers utilizing a mask angle of 5 degrees, but outages still would occur for
receivers with i0-degree mask angles. Further study showed that the outages
disappear with 8-degree mask angles. Based on this, it is recommended that 8
degree mask angles be employed for civil users requiring 3-dimensional navigation
data. '

For users requiring only 2-dimensional navigation or positioning data, only 3
satellites are required for establishing a solution. For these usars the outages do
not exist even for the 18 satellite constellation, so there is no outage problem.

10.4.2 ISSUE 2: Satellite Failures

In general, once satellites have been launched and satisfactorily aperated for
a time, failures are usually not catastrophic. More typical are performance
reductions, such as reduced power and reduced clock stability. However, it is
difficult to develop a figure of merit to describe such a situation. Furthermore,
there is a threshold of performance which renders the satellite signal unusable for
some applications. The approach used here thus assumes the loss of a satellite and
involves a computation of the resulting dilution of precision measures over the
CONUS.
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In the analysis, one satellite at a time is removed and the resulting locations,
times, and durations of outages over the CONUS are determined. Assuming an
equal likelihood that any particular satellite might fail, some locations are more
likely than others to be affected by a satellite fault. Resulting outage times vary
from 10 to 60 minutes per day. While some satellites faults cause more seriocus and
extensive outage periods than others, the faulting of any satellite will cause
outages somewhere in the CONUS during the day. :

10.4.3 ISSUE 3: Temporary Loss of Satellite Signal

Simulations run using the AIRGPS receiver model indicate that -temporary
loss of a satellite signal does not significantly degrade the accuracy of the
navigational solution if a medium-gquality clock (one with a short-term stability of
one part in 100,000,000) is incorporated in the receiver. The effect of a poor-
quality clock (short-term stability of one part in 10,000,000 or more) is evidenced
by larger errors. Medium-quality clocks can be obtained in small numbers for less
than 5i00. For any application requiring continuous high accuracy, such as
terminal-area aircraft guidance, receivers should be equipped with such clocks.

[t should be noted that it is necessary to have enough satellites in view when
a set is turned on in order to establish a good time estimate. Subsequent brief
. periods where only three satellites are in view can thén be accommodated.

"~ 10.4.4 ISSUE &4: Selective Availability

If the current plan of the Department of Defense is carried out, namely to
provide 500 meter (2drms) service {100 meters under the new policy) for Standard
~- Positioning Service (SPS) when the system becomes operational, there are a number
of navigation functions which NAVSTAR GPS cannot provide. Non-precision
‘approach guidance service, for example, calls for 100-meter (2drms) accuracy.
"Search and rescue marine operations and harbor navigation guidance would be
“compromised. Repeatable accuracy needed by commercial fishermen would not be
“"provided, even though it is currently available from LORAN-C. _
The Office of the Secretary of Defense recently announced (37) that the level
of service to be provided by SPS will meet that of any other federally managed
navigation system. While not definitive, it strongly suggests that an accuracy level
closer to 100 meters (2drms) may be offered when the system becomes operational.
If this occurs, GPS will support non-precision approaches, search and rescue
operations and navigational guidance in a number of harbor areas. This is now
official policy. '

10.4.5 ISSUE 5: Differential GPS, Without Selective Availability

Ignoring Selective Availability, differential corrections would remove errors
caused by inadequacies in the ionospheric and tropospheric models used by a
receiver. In the absence of SA, these are the dominant error sources. A receiver
near the differential reference station could achieve accuracies limited only by his
receiver noise, i.e., 10 meters or less. Receivers further away from the reference
station would incur errors due to inhomogeneities in the ionosphere and
troposphere, typically on the order of a meter or less. Errors due to altitude
separation between user and station, due to elevation angle differences, or due to
‘ionospheric shell spatial variations, can be modelled out by the user receiver who -
desires the additional accuracy.
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By employing carrier Doppler measurements, it may prove possible to make
sub-meter measurements for stationary receivers, which could have significance
for surveying, geodesy, and charting applications. : Special differential messages
would need to be broadcast for these applications.

10.4.6 Differential GPS, With Selective Availability

The imposition of Selective Availability adds relatively large errors in the
position determination of conventional receivers. The time variations of Selective
Availability also dominate the-time variations of the satellite ranging signals.
However, with differential opération these deliberate errors can be counteracted in
a local area. The broadcast of these corrections poses no security problem.

The corrections virtually cancel the effects of SA (as well as those of the
ionosphere and troposphere) for users near the reference station, immediately after
the corrections are applied. After a few seconds the positional accuracy begins to
degrade. For marine applications, it appears that 10 to 15 meter accuracy can be
attained with correction updates every half minute.

In a recent workshop at TSC, a strawman format was developed for the
broadcast of differential corrections, which enables updates every |2 seconds. In
addition to broadcasting pseudorange corrections, the format calls for broadcasting
range rate corrections as well, which further improves the accuracy between
updates. [t thus appears that the accuracy achievable with differential operation is
limited by the noise limitations of the user's receiver. This in turn depends on the
dynamics of the user platform. The more benign the accelerations involved, the
more precisely the user can determine his location. ‘

.10.4.7 1SSUE 7:‘Receiver Cost vs. Level of Service Provided

Using the technology of 1979, the cost of a general aviation or small
commercial marine receiver is estimated to cost about 35000 in 19382 dollars. Such
a receiver would employ a sequential design and have one channel. [t would lose
accuracy during aircraft maneuvers. To achieve- the next increment of
performance for an aircraft receiver, a dual channel design would probably be
employed, which would increase the cost by about 40 to 5%, or 57000 to $7300.
By the year 2000, the price of a similar design would be expected to drop to about
40%, or about $3000.

However, receiver technology is changing rapidly to take advantage of the
dramatically reduced costs of digital circuitry, which is paced by military and
consumer markets. This could bring the receiver costs down further by a factor of
two or rore.

10.4.8 ISSUE 8: "All-In-View" Position Computation

Use of an "all-in-view" satellite selection algorithm can increase accuracy by
about 25 to 30%. It is expected to improve the accuracy of position fixes during
maneuvers as well, although simulations have not yet been run on this project to
verify this. The cost implications for a receiver in the next few years are that the
more expensive dual channel receiver design must be employed. However, the use
of monolithic integrated circuit techniques is expected to bring the cost of
additional channels down significantly, so that the cost increment can be -expected
to drop by the early 1990's.
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10.4.9 ISSUE 9: Kalman Filter vs. Alpha-Beta Tracker

Kalman filters show improved performance over alpha-beta trackers,
especially during maneuvers, although alpha-beta trackers can be improved by
using adaptive techniques. In addition, alpha-beta trackers are much less complex
computationally. The issue is whether a Kalman filter design can be employed in a
low-cost receiver without adding significantly to the cost.

While previous processor microprocessor technology has required multiple
processors to accommodate Kalman filter algorithms, it now. appears that current
microprocessors using high clock rates can enable sizable increases in program
sizes and computational complexity without requiring multiple processors. Thus,
for future receiver designs the computational complexity added by a Kalman f{filter
is not expected to be a significant cost item.

10.4.10 ISSUE 10: Aiding

Aircraft GPS receivers can be aided by encoded altimeter inputs, which
reduce the number of satellites necessary for a position determination by one. This
would eliminate the problem caused by a single satellite fault. However, altimeter
errors result in horizontal! positional errors. If the errors in the Standard
Positioning Service are 100 meters or more, the aiding will improve the solution. In

“differential operation, on the other hand, an altimeter input will actually reduce
" the accuracy of the system, and shou!ld thus be avoided.

10.5 RECOMMENDATIONS

In summary,.the NAVSTAR Global Positioning System will provide navigation
.service to air, marine, and land users over the CONUS with an accuracy available
“only in limited areas by other navigation systems. Differential operation will
..provide even higher accuracies using SPS regardless of the level of Selective
Availability employed. While outages of 20 to 30 minutes could occur for certain
dir users, these can be deait with by proper receiver design. Satellite failures
could cause outage periods that could not be avoided.by these users, and could
cause outages for other users as well. Thus, the system is susceptible to the failure
of a single satellite.

Therefore, it is recommended that further work be performed to ascertain
" whether the addition of a few more satellites to the GPS constellanon could
alleviate this susceptibility.

Other recommendations are the following:

L. Tests shall be run with aircraft receivers employing mask angles of 8
degrees or less to establish whether civil aircraft can obtain adequate
accuracy using the low lying satellite below [0 degree elevation. If so,
there is no outage problem with a full constellation.

2. DOT should explore the means of monitoring the GPS satellite signals
and estimate the associated costs. The means and timeliness required
for the monitors to alert users of any problems should also be
considered.
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The various multipath, blockage, and signal attenuation mechanisms
that can reduce GPS accuracy should be enumerated and assessed, with
special emphasis on land user scenarios.

DOT should support further efforts to develop a standard for the
breadcast of differential corrections.
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APPENDIX A. "AIRGPS", AIRCRAFT RECEIVER SIMULATION MODEL

AIRGPS js a Monte Carlo simulation of a generalized receiver architecture
operating in a 3-D environment. A simulated aircraft trajectory can be specified
in terms of a number of waypoint-defined constant-velocity or constant-
acceleration segments. A nominally hemispherical coverage antenna pattern
model, which includes lever-arm eiffects, permits simulation of signal attenuation
and blockage associated with aircraft roll during maneuvers. Receiver operation is
simulated through the use of one of two available receiver demodulator models
driving a navigation processor. One to four parallel "hardware" channels can be
modeied. Channel assignment is flexible, permitting a given channel to be
sequenced over a number of satellites in an arbitrary manner. Antenna motion
effects are also included. A nine-state Kalman {filter provides position, velocity
and turn rate estimates as well as estimates of the user clock phase and frequency
states.

The nonlinear receiver model in AIRGPS provides for detailed receiver
simulation, including operation in the nonlinear region where thresholds and break-
lock effects can be observed. It is primarily intended to provide data on receiver
performance over relatively short flight segments in which the receiver is highly
stressed.

A simplified receiver model is also contained in AIRGPS for use in providing
input data to the navigation processor over longer duration flight trajectories. The
simplified model provides noise—corrupted pseudorange sarwé?s to the navigation
filter. The variance is determined from Hartmann's equation for the
noncoherent tau-dither loop, using signal-to-noise ratios based upon satellite
location and user antenna pattern orientation.  The simplified receiver model will
be used in locating specific flight segments which require more careful evaluation
using the nonlinear receiver model. The simplified model is cheaper to run by
about a factor of 10.

Nonlinear Receiver Model

The nonlinear receiver is a generalized receiver model capable of simulating
a variety of receiver architectures. Code tracking is simulated through the
modeling of a noncoherent tau-dither loop. Either Costas or AFC carrier tracking
can be simulated. Code and carrier tracking loop orders up to third-order can be
selected. Loop and noise filter bandwidths are operator selectable.

Simplified Receiver Model

The function of the simplified receiver model is to provide noise statistics
representative of the tau-dither code loop. In essence, the medel is represented by
an algebraic equation for the var](ajgse of the tracking error of a noncoherent tau-
dither loop. Hartmann's analysis is based upon a linear code loop maodel and
assumes square-law envelope detection. Hartmann's analysis deals only with output
tracking error variance due to noise. Consequently, the simplified receiver model
does not simulate bias-like effects such as dynamic tracking errors due to vehicle
acceleration. The simplified receiver model serves only to replace the nonlinear
code and carrier loop demodulators in AIRGPS.
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APPENDIX B. "MARINEGPS", MARINE RECEIVER SIMULATION MODEL

MARINEGPS is a Monte Carlo simulation of a generalized receiver
architecture operating in a 2-D marine environment. It also employs both a
simplified code loop model and the simulated hardware portion of the receiver
(AGC and tracking loops, lock indicators, user clock, and channel management)
that is identical to the one contained in AIRGPS. The environment, user trajectory
generator, antenna model and navigation processor are different, being
representative of a marine simulation.

Unlike AIRGPS, the MARINEGPS environment module contains both a direct
~path and a multipath propagation model. The multipath model is a simple specular
model in which scattering loss at the surface is specified by the operator.
Polarization effects are neglected. MARINEGPS contains a relatively simple
antenna model which is generally hemispherical in coverage but does include gain
falloff at the horizon and a simple backlobe structure. Antenna lever arm effects
are simulated in order that both translational and rotational effects be modeled.

The user vehicle trajectory is modeled by a series of waypoint-specified
constant velocity or constant acceleration segments. Roll, pitch and heave are
modeled by simple harmonic motion with amplitudes, periods and phases specified
by the operator. The MARINEGPS navigation processor contains a six-state
Kalman filter which provides estimates of user position, velocity, and clock states.
Pseudorange inputs to the Kalman filter are provided by the code loop. Doppler
information derived from the carrier loop is not used by the navigation processor.
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APPENDIX C. "TSCERR", ERROR BOUND MODEL

TSCERR is a software tool used to calculate a lower bound on the rms
position error achievable by a GPS receiver/processor. The bound is calculated
under constraints on the number of correlators (hardware channels), user clock
quality and external aiding (if any) available to the receiver. TSCERR is
distinguished from Monte Carlo simulations such as AIRGPS in that it does not
involve a deterministic aircraft trajectory defined in terms of heading, speed,
altitude, etc. The bound is calculated for a particular location in space as a
function of time and is averaged over an ensemble of aircraft with random
headings and accelerations. The bound is typically calculated over a twenty-four
hour period at time increments chosen to allow significant changes in GDOP to -
occur between sequential runs. This provides a measure of potential receiver
performance for conditions of varying GDOP. The bound serves to evaluate system
performance over relatively long time intervals (through sampling) as well as
conditions of highly varying GDOP, such as those associated with particular
geographic locations. TSCERR will also permit a comparison of the relative
performance of a particular receiver/processor architecture as simulated with
AIRGPS to the system's performance potential.






APPENDIX D. SUMMARY OF OSCILLATOR PROPERTIES
Available clocks for user equipment can be divided into 2 classes:

L. Atomic clocks - These consist of quartz-controlled oscillators having
their average frequency (averaged over one second periods) stabilized
by hyperfine structure transitions in one of three atoms: cesium,
rubidium, or hydrogen. These are all fairly expensive oscillators.

2. Crystal-controlled clocks - These are oscillators which are referenced
only to a quartz crystal so that mechanical and thermal stability of the
crystal determine the oscillator performance. We can further divide .
these oscillators into two subclasses: low cost and expensive.

l. Low cost - Conventional simple mechanical supported crystals,
temperature thermostatically controlled.

2. Expensive - advanced resonar&&)design for mechanical isolation,
minimal aging characteristics.

Atomic Clocks

The atomic clocks basically develop an aggregation of atoms in a non-
equilibrium population of energy states. The aggregation can absorb microwave
radiation over a very narrow frequency range thus serving as a reference frequency
for an external oscillator.

The center frequency and spectral width of the absorption line are
determined by the internal magnetic moments and magnetic fields within the atom
.and have been chosen from long-lived atomic states so as to have narrow line
widths and to be relatively non-interacting with outside systems.

The center frequency and line widths are perturbed, however, by collisions of
the atomns with each other or other gases, and with container walls and by.external
man-made magnetic fields. The ultimate stability of the clock is determined by
the amount of isolation the atomic aggregation can be afforded. Thus, low |
densities of gas and low temperatures and suitable container wall coatings serve to
minimize collisions, and proper routing of electric currents and suitable magnetic
shielding further isolate the system.

*

The atomic clock is limited to the same short-term frequency errors as the
crystal-controlled clock since they both have the same oscillator sources. The
atomic clock has the advantage that for periods larger than about 100 seconds,
thermal and mechanical perturbations do not contribute to clock errors.

For the most part, the frequency stability and absolute accuracy of an atomic
clock suitable for use in user equipment are determined by the degree to which the
clock can be isolated from thermal changes, mechanical shock, and strong
magnetic fields.
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The least expensive atomic clock (at preﬁent) is the rubidium clock, which
can produce a frequency stability of | part in 10" for long periods {greater than 100
seconds) for normal operating temperature variations and the l/2 g accelerations
characteristic of the envirom?nt for a civil aircraft. These can be purchased in
quantities for under $5,000. ‘

Crystal-Controlled Clocks

The frequency-determining element in this type oscillator is a piezoelectric
quartz crystal whose resonant frequency is dependent on temperature, oscillator
drive level, pressure of the surrounding gas, and variations in external coupling
through physical support structures.

Many ingenious methods have been devised to make the quartz crystal
oscillator stable, but the fact remains that the cost of such an oscillator employing
elaborate ovens, mechanical isolation and reactance compensation, rivals that of
the atomic oscillator. Recently, advances in crystal resonator design have made 1—&1
possible to construct crystal pscillators with 20-minute frequency accuracies to 10
and there is reason to believe the c0f§§)for this type of oscillator would be much
reduced from that of an atomic clock . : :

The least expensive crystal .oscillator will, however, be more segsitive to
temperature and acceleration so that a frequency stability of I10°° may be
achieved. It will be shown that this is sufficient to provide accurate satellite
ranging in a sequential receiver but not suificient to remember satellite
synchronization time in the event of less than minimum satellite coverage.

Present estimated costs of user clocks are listed below and in Table D-l.

Rubidium Clock - $5000
High Accuracy Crystal Clock - $2500

TABLE D-I. TYPICAL QUARTZ CRYSTAL OSCILLATORS

FREQUENCY STABILITY
30-10G0 EST,

TYPE I 5EC AV, | SEC AV. COST
Clock Oscillator 1x 1078 3x 108 $ 45.00
Temperature-Compensated 9 7
Crystal Oscillator 1X 107 +1 X 107 150.00
Single Oven-Controlled N 9
Crystal Oscillator 3 X107 +5 X 107 350.00
Double Oven-Controlled 2 10
Crystal Oscillator 5X 100 +5X 107 900.00
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APPENDIX E. RECEIVER COST MODELS

This appendix compares two applicable cost models and describes a method
for treating cost-trends.

E.] COMPARISON OF EXISTING COST MODELS OF LOW-COST RECEIVERS

ARINC Study: "Avic@'ﬁs Cost Development for Civil Application of Global
'Positioning System™

This study freats two classes of GPS avionics receivers: {l) a high-
performance set, suitable for air-carrier and corporate users, and (2) a low-
performance set, suitable for general aviation users. The Magnavox Z-set was used
as a point of refesrence, but MIL-spec components were replaced by commercial
quality components, and control/display and packaging were chosen appropriate to
aircraft installation. The author used two methods in his approach: () an
Accounting Method, which counts parts down to the IC's and printed circuit boards,
and (2) a Block Diagram Method, using the RCA Price Model. Some uncertainties
in the Block Diagram method were removed by cross—correlation with the
Accounting Method. The Accounting Method can only be used when the design is
known and frozen, while the Block Diagram method is useful for estimating the
cost of equipment whose detailed. design is not known down to its parts. This work
is a carefully-executed study, and much care went into the . justification of the
numbers used. Figure E-I shows the functional breakout of costs for each method
for the low-performance receiver.

Trends in component prices and labor costs were not addressed. Therefore
.. the results represent a well-founded checkpoint in time, but provide no information.
on future costs of GPS receivers.

Some relevant features of the study are the following:

L. The receiver is comprised of components quite similar to those in
Figure E-L

2. Labor and parts for each component are derived separately.
3. A production base of 3000 units is assumed.
4. A [35% labor overhead ("burden") is assumed.

5. The cost-to-manufacture (labor + materials) is adjusted by G&A of 20%
and a profit of 15% to get the factory selling price.

6. Distribution is set at 100%; thus, the list price is double the factory
selling price. The ratio of list-price to cost-to-manufacture is 276%.

7. The list-price to materials-cost ratio, a rule-of-thumb measure often
invoked by avionics vendors, is about 4.3:L

3. The study is based on 1977 prices.
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SCI* Study: "Ej:onomlc Analysis of Civil Navigation Alternatives," Systems
Control Inc.

This study attempts to cover a lot more ground than the ARINC study in
three respects: () cost trends are estimated through 2020; (2) several other
navigation receivers besides those for NAVSTAR GPS are considered, and (3)
several equipment options are considered. For the GPS navigation system, three
classes of marine receiver performance are used: high, low, and medium. In order
to perform trending analysis, each receiver design is disaggregated by
subcomponents, where the subcomponents chosen represent a middle ground
between parts and functional components. An example is "Printed Circuit Boards":
they are used in several functional components, and can be expected to trend
differently from "Digital Memory," for example, since the technology improvement
potential and- the labor involved in manufacturing them are quite different. More
subject to question are subcomponents such as "Analog 3ignal Processing" units
where filters, mixers, and amplifiers are grouped together. Whether they can be
expected to follow the same price units is not obvious. Within these assumptions
the method does provide a reasonable way of comparing the costs of different
navigation system user equipments, both now and in the future. The method is alsc
traceable, and new trend data can be readily incorporated. The Z-set was one of
several sets used to derive the data; the Texas Instruments and Rockwell
[nternational receivers were also used.

By groupmg the' subcomponents according to function, the costs can be
disaggregated in a manner similar to Figure E-l. Figure E-2 shows this breakout
for the SCI costing. It cannot be directly compared with the ARINC study values
of Figure E-l because the SCI study uses 1980 dollars.

Some relevant features of the study are the following:

L The model allows grouping of subcomponents by function.

2. A "production base adjustment" factor is used to ‘distinguish materials
costs for the various classes of user equipment.

3. A "unit cost" and "unit count" for each subcomponent is employed to
give the cost-to-manufacture for each subcomponent.

4. A production base of 3000 is assumed.
5. The cost-to-manufacture is multiplied by a "grade-level multiplier"
(less than 1), a volume discount factor (about 1) and a dealer margin/cost

factor (3 to #) to.obtain a list price.

6. The ratio of list-price to cost-to-manufacture for the low-performance
unit is about 295%.

7. The list-price to materials-cost ratio is about 5.4:].

3. The trend curves lump labor and materials together.

*Now called Systems Control Technology, Inc. (5CT)
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Comparison of the Two Studies: The studies are aimed at addressing
somewhat different issues, and this is reflected in the methodologies employed.
The ARINC study aimed to develop a well-justified method for costing current GPS
avionics equiment. At any time it is applied, it should provide credible results.
The SCI study attempted to predict the cost of current and future receivers of a
variety of navigation systems, so that comparative costs between systems could be
estimated. The large number of estimating factors that are used, and the lack of
justification given for the particular estimates selected, reduce overall confidence
in the model. However, the results using' this method are very similar to the
results of the ARINC approach

Figure E-2 shows a cornparison of the two methods, where the ARINC
numbers were adjusted to reflect higher labor and material costs. Not included are
price decreases that have, in fact, occurred due to improved technology and
volume purchases of the subcomponents. The shaded portion of the ARINC chart
shows how much digital parts have come down in price between 1977 and [930.
With these adjustments, the prices are remarkably similar. Especially notable are
the similarities in the relative costs of the functional components. Of course, the
ARINC model treats avionics, while the SCI model treats marine equipment, so one
would expect some differences to show up (for example, in the enclosure costs).

E.2 TRENDS

ARINC Study: "Impact of Technology on Avionics Cost Trends," ARINC (24)

This study; recently completed, looks at the trends in navigation avionics
costs over the last 10 to 20 years, and makes projections for the next 10 to 20 years.
There were no GPS receivers considered, of course, but some of the conclusions are
. equally applicable to them. Among the conclusions drawn, the following are
pertinent to our interests:

L. Material costs tend to follow the Producer Price Index (PP} rather than
the Consumer Price Index (CPI.

2. The CPI is increasing at a more rapid rate than the PPL This is due
primarily to the sensitivity of the CPI to costs of housing and food,
factors that do not influence the PPL

3. Labor costs will continue to increase slightly faster than the CPI, due
(hopefully) to productivity gains.

b, Components will continue to be produced by more capital-intensive
manufacturing methods. This will reduce the labor-hours, but increase
the manufacturing burden.

5. Receivers will continue to decrease in weight, volume, and power
usage.

6. Receiver prices have held more-or-less constant relative to the PPL

The new technological improvements have been reflected in higher
performance rather than reduced costs.
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7. Mechanical parts can be expected to increase in costs, while electronic
parts will decrease dramatically, especially digital circuits.

8, Mechanical displays are expected to be replaced eventually by cheaper
electronic displays.

Discussion: The ARINC trend study does provide some projected material
cost trends (e. .» TTL/MOS integrated circuits, resistors, radio hardware) but not
enough to compare with each of the trends projected in the SCI study. As one
example of comparable trends, the ARINC study predicts a cost-halving period of 5
years (relative to the PPI) for TTL/MOS integrated circuits, while the SCI study
uses a cost-halving period of about 3.5 years for program memory and
microprocessors. While . these are different, they are similar enough for our
purposes.

It would be desirable to use the cost models to estimate the effects of radical
design changes on receiver costs. For example:

L. = How does the cost of a dual<channel receiver compare to that of a
single channel receiver?

2. What is the cost of a digital receiver, compared to an analog receiver?
3. When will 16-bit microprocessors become cost—eifective?

&
4., When will high-speed digital circuits become cost-effective for
multiple-channe! "simultaneous" tracking, or for replacing the second
down-conversion stage of IF?

3. When will VL3I become cost-effective for these relatively low-
- production unjts?

6. Will the new deveiopments decrease the cost ratio between GPS and
other navigation system receivers?

7. How will costs behave in future years? .

We can certainly use the SCI trends to project costs and address some of
these questions. There are two reasons why applying them in their present form is
not completely satisfying: (l) the trends are largely based on engineering judgment;
{2) labor and materials trends are not separated. The first can be addressed by
reviewing trends projected in trade journals. The second is more troublesome.
. ARINC goes to some effort to detall the trends of materials vs. labor, and the
trends of capital-intensive vs. labor-intensive processes. It would be desirable to
incorporate these trends into projections of future subcomponent costs for various
GPS receiver designs. By grouping the labor and materials trends together, such
information is lost. The SCI position does have a certain logic, in that if highly-
leveraged components were dominated by labor costs, good business practice would
dictate searching for capital-intensive alternatives. Thus there is a compelling
reason to try to keep the ratio of labor to materials costs constant. Following this
line of reasoning, it would be expected that the labor cost trend for a given
subcomponent would qualitatively follow the trend of the materials cost.
Quantitatively, it would be desirable to establish a line of reasoning which
incorporates the labor/materials trend noted by ARINC.



APPENDIX F. AIRGPS SIMULATION OF AIRCRAFT MANEUVERS
F.I INTRODUCTION

The AIRGPS simulation was used to examine navigation filter performance
under conditions of turning flight. In this situation, the filter has to cope with both
turn-induced acceleration and the degraded signal quality which results from
antenna pattern roll-off and airframe blockage. Four different aircraft
trajectories were used. Thé trajectories involve both standard-rate turns and turns
made at twice the standard rate. Two levels of user clock quality were used in
order to observe the effect of clock stability on navigation solution accuracy. The
runs also incorporated conditions of both nominal and poor GDOP.

F.2 NAVIGATION FILTER PERFORMANCE

The turn performance of the AIRGPS navigation filter was evaluated using
four different flight trajectories. The first three trajectories involve racetrack
patterns, while the fourth begins with a descending turn followed by a descending
straight-line segment. In each case the filter is initialized at the start of the run
to approximate steady-state, unaccelerated flight conditions with a nominal GDOP.
The salient features of the four flight trajectories are listed in Table F-L.

TABLE F-l. SALIENT FEATURES OF FLIGHT TRAJECTORIES

TRAJ TURN BANK TURN RUN

NUMBER  GDOP SPEED  RATE ANGLE ACCEL. DURATION ALTITUDE
Nominal 160 Kts 2 min.  24° 0.44g  200Sec.  Constant
Nominal 160 Kts  Imin. ' 417 0.83¢ 100 Sec. Constant
Poor 160 Kts | min. 41 0.83 g 100 Sec. Constant
Nominal 160 Kts 2 min. 24° 0.44 g 90 Sec. Variable

&S a—

Tk The first trajectory serves as a baseline and is intended to simuiate filter
behavior under nominal flight conditions.. The run involves level standard rate
turns, and performance is compared to that obtained with the following two runs
which use twice the standard turn rate.

The second trajectory constitutes a rigorous run in which the filter has to
cope with a fairly harsh turning environment {(twice the standard rate turn),
accompanied by significant antenna rolloff (reaching I8 dB in two instances).

The third trajectory permits examination of the effects of poor GDOP on
filter behavior. Note that the poor geometry should be reflected in the "size" of
the state covariance matrix, which in turn determines.the Kalman gain and hence
the relative weighting of the measurement vs. the projected state estimate.

Trajectory number-four introduces two levels of descent rate (2,000 ft/min
and 848 ft/min), the more rapid of which is combined with a standard rate turn.
The descending turn is intended to simulate a portion of a procedure turn while the
straight-line segment simulates a standard 3° glideslope final approach.
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Receiver Parameter Selection

All runs were made using a simplified linear model of a single-channel sequential
receiver employing a 'best-set-of-four" satellite selection algorithm. The parameters
used for the linear receiver model are based upon the design of a civil receiver
developed for the FAA by the MIT Lincoln Laboratory. Table F-2 contains a list of the
relevant receiver parameters used in the simulation. All runs were made using a
nominal carrier-to-noise power spectral density ratio of 40 dB-Hz.

Navigation Filter Parameters

The navigation filter parameters used in the simulation were selected to give the
best overall performance on the fourth trajectory. The intent was to adjust the filter
to give its best performance during the landing phase of flight. The descending
standard rate turn followed by a three-degree glideslope {(used in trajectory number
four) is felt to be a reasonable approximation to what might be encountered during a
landing approach. The parameters were chosen with the Wper clock modeled as having a
long-term (30 minute) frequency stability of 1.OI X 107" (one sigma) while the filter
assumes a frequency uncertainty of 0.97 X 10°° (one-sigma).

Two sets of navigation filter parameters were used in making the runs described
in this appendix. The sets differ only in the values chosen for two filter parameters-
which are associated with the frequency stability of the user clock. Runs made using
the "good clock" employ the parameters described above. For those runs which use the
"poor ciock," the following changes have been made:

The frequency standard deviation was increased from 3.0 m/sec to 300.0 m/sec.
The frequency correlation time was reduced from 1800.0 sec to 10.0 sec.

These values are consistent with those used to model the "poor clock" and they
provide a good model match between the filter and the clock. -

Aircraft Characteristics

The aircraft dynamics parameters used in the simulation are {with one exception)
those of a 6-10 seat twin turboprop business aircraft, the Beechcraft C90. An exception
was made in the case of the roll time constant. The AIRGPS aircraft trajectory
generator produced an unwanted oscillation when using the 0.253 sec. roll time constant.
of the C90 and consequently the value of this parameter was increased to 1.0 seconds.

The simulation employs an antenna gain pattern which approximates the measured
pattern from a model of a Beechcraft Baron. The Baron is a 4-6 seat, twin-engined
aircraft, somewhat smaller than the Beechcraft King Air C90, but having the same
general external configuration. Figure F-1 shows the model used for the antenna
pattern measurement. The antenna location (for the AIRGPS simulation) is indicated by
the numeral 2 shown on the figure. )

Satellite Geometry

Figure F-2 depicts the satellite locations for the "nominal GDOP" situation
characteristic of trajectories number |, 2 and 4. The satellite's elevation angle is
indicated by the length of the radius vector as scaled along the vertical axis. The
various dilution-of-precision measures listed on the figure are the Initial values
appropriate to the start of each run. Since the satellite geometry is relatively good and
the run durations short, they can be assumed to be representative of an entire run.
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TABLE F-2. RECEIVER PARAMETERS
PARAMETER VALUE
CLOCK .
CLOCK STABILITY . VARIABLE
CODE LOOP
~  TYPE TAU-DITHER
ORDER IST
BANDWIDTH 6 Hz
DAMPING FACTOR N/A
DELAY PREPOSITIONING - . YES
DOPPLER PREPQSITIONING NO
SATELLITE DWELL TIME 0.220 SEC.
DITHER TIMESTEP 0.01 SEC.
DITHER CODE SHIFT +0.5 CHIP
NOISE FILTER BANDWIDTH 500 Hz
NAVIGATION FILTER
TYPE KALMAN
STATES 9
OBSERVABLES PSEUDORANGE
SATELLITES TRACKED :
SATELLITES TRACKED BEST SET OF FOUR
SATELLITE MASK ANGLE 8°
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The satellite geometry for the poor GDOP situation associated with trajectory
number 3 is depicted in Figure F-3. The notes on the figure give the initial dilution-of-
precision (DOP) measures. In this case the DOP values are changing rapidly, spanning
the following ranges during the duration of the run:

GDOCP = 21.24-15.69
HDOP = 9.76-7.23
vDOP = 13.86-13.93

User Clock Stability

For the purposes of the AIRGPS simulations described herein, user clock stability
is generally of interest over three time intervais: typically one second, ten seconds, and
10 to 30 minutes in duration. Short-term variations involving time intervals on the
order of one second are of interest, since this is comparable to the time (880 ms) it
takes the receiver to scan the four satellites. One might view the problem as that of
bringing four sequential measurements ta a common reference time in order to form a
solution. Clock stability over time intervals in the order of ten seconds is also of
interest. This is approximately the duration of the periods of low signal quality which
result from airframe blockage during turning maneuvers. The third time interval, that
of 10 to 30 minutes, is typical of the durations of periods of high GDOP. This situation
occurs when only four satellites are visible and they approach or pass through a co-
planar geometry. Clock stability over this longer interval affects the ability of the
receiver to form a navigation solution using only three satellites, while depending on
the clock's frequency stability to maintain a nearly constant clock bias.

. This appendix deals primarily with effects of relatively short-term (1 second and
10 seconds in duration) clock instabilities. Although data are presented for conditions of
poor GDOP, run durations are limited to less than two minutes. Runs arelmade at two
levels of clock quality: good (frequency stability equal to 1.0l X 107) and poor
(1.0l X 1077). The runs made with the good clock use a frequency correlation time of
1800 seconds while those made with the poor clock use a frequency correlation time of
10 seconds. The shorter correlation time places greater stress on the receiver/processor
since, for a given level of frequency uncertainty, it results in a proportionally faster
rate of frequency drift.

F.2.1 Trajectory No. | {Two Minute Turn Rate, Nominal GDOP)

This. trajectory serves as a baseline and consists of a level racetrack pattern
employing standard rate turns. Figure F-4 shows the pattern with the satellite
locations {azimuth) indicated by the arrows. The corresponding satellite elevation
angles are contained in parentheses. As noted on the figure, the aircraft's true position
is indicated by the solid line, and the estimated position by the broken line. Since the
errors are generally small in comparison to the dimensions of the plot, the error has
been overstated by a factor of two. This is indicated by "FACTOR = 2.00" in the notes
on the plot. The error scaling is implemented by computing the estimated state as the
true state plus the error state multiplied by the scaling constant FACTOR. As a
consequence, the actual errors in position are only 50% of those shown in the plot. A
similar convention holds for all other trajectory plots.
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Run |, Trajectory No. |, Good Clock

The position/error plot for Run |, used as an example of Trajectory No. 1, is shown
in Figure F-4. As can be seen from the plot, filter performance during the turns is
little different from that obtained during the straight-line segments of the run. The
position errors averaged over various portions of the run are:

HORIZONTAL ALTITUDE

POSITION ERROR ERROR : »

2DRMS (m) 2 SIGMA (m) SEGMENT

16.22 9.82 ' Ist turn (top of page)

12.60 12,00 east leg (A/C heading 130°)
14,28 12.72 2nd turn (bottom of page)
a8 2.74 | west leg (A/C heading 360°)
13.82 [1.76 total run

Run | gives an example of filter performance obtained with a high-quality user clock.
AIRGPS models the user clock frequency error as a first-order Gauss-Markov process of
the form

- _ _Zatfp N
2y e x(aE T o€ ] o & (o)1)
where:
At = measurement time step (s)
7 = correlation time {s)
o = standard deviation of frequency error {R/sec)
8 (o) " Zero-mean, unit-variance Gaussian random variable (ND).

The user clock phase error is modeled as the integral of the frequency error plus a
white noise term and may be expressed as

!/ .
A¢(§)=[1Ljﬁ3+ ZL&-I)]L‘% + [Nﬁ.ﬁtjzéﬁ(c;];)

where N , = power spéctral density of phase noise (szsec)
G 10,l) = zero-mean, unit-variance Gaussian random variable (N.D.).

For the clock model used in Run |, the corresponding values of the parameters are:

At = 0.22 sec
7T o= 1800 sec
0—; = 1.0 R/ C
Ny = 57.0 Rsf/sec



The corresponding frequency stability is L0l X 10"io which is equivalent to an rms
velocity error of 0.031 m/sec, and the random phase error component is equivalent to an
‘rms position error of 0.1l m. :

Run 2, Trajectory No. |, Poor Clock

Run 2 demonstrates the effect of poor clock stability when using the baseline
trajectory. The clock parameters are:

At = 0.22 sec

7 = 10,0 sec
U; = 10,000.0 R/sec
N# = 57.0R /SeC

The corresponding frequency stability is 1.0l X lO'6 which is equivalent to an rms
velocity error of 310.0 m/sec. Figure F-5 shows a position/error plot for Run 2. As can
be readily seen, the plot is essentially the same as that shown in Figure F-& for Run |
which uses a good clock- The position errors for Run 2 averaged over various portions
of the run are: '

HORIZONTAL ALTITUDE
POSITION ERROR ERROR

2DRMS (m) 2-SIGMA (m) SEGMENT

18.52 12.54 Ist turn (top of page)

12.70 ‘ 1576 east leg (A/C heading 130°)
16.20 : 21.06 2nd turn (bottom of page)
9.64 18.92 | west leg (A/C heading 360°)
15.36 ' 17.40 total run

A comparison with the results from Run | shows that' the rms horizontal position errors
suffer a maximum degradation of 14% while the two-sigma altitude errors increase
by a maximum of 66%.

F.2.2 Trajectory No. 2 {One Minute turn rate, nominal GDOP)

This trajectory, shown in Figure F-6, subjects the filter to a combination of heavy
tum-induced acceleration (0.88 g} and periods of poor signal quality (C/N = 22 dB-Hz).
The satellite geometry is unchanged from that of Trajectory No. L. Slgnal quality is
severely degraded at three times during the run. During the first turn, the alrcraft is
banked away from the two low-lying satellites to the north. A roll angle of 41° places
SV#7 approximately 24° below the "horizon™ of the aircraft s antenna pattern early in
the turn. Similarly, SV #16 drops to approximately 17° below the antenna "horizon"
later in the turn. The signal loss due to antenna pattern roll-off reaches peak values of
18 dB and 16 dB for SV #7 and SV #16 respectively. In a similar way, SV #8 suifers an
18 dB signal loss about one-third of the way through the second turn. The signal from
the high elevation satellite, SV #13, is relatively unaffected since it never falls below 21
degrees (above the "horizon") on the aircraft's antenna pattern.
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Run 3, Trajectory No. 2, Good Clock

The position/error plot used to illustrate the features of the second trajectory
(Figure F-6) shows the results obtained during Run 3. The error behavior shown in the
plot is generally consistent with expectations. At the onset of each turn the estimated
position tends to fall on the outside of the aircraft's true trajectory.. This behavior is to
be expected, since the filter's estimate of horizontal turn rate iis small before the turn
begins. At the start of the first turn, for example, the filter is initialized with a
horizontal turn rate of less than 0.06°/sec and an east velocity error of only 0. m/sec.
As the aircraft progresses through the turn, the estimated position tends to fall on
either side of the true trajectory, as would be expected as the filter obtains a better
estimate of the turn rate. Similarly, one would anticipate some overshoot (to the inside
of the turn} as the aircraft rolls out of the turn and follows a straight-line path: This
overshoot appears to be present at the end of the first turn and to a lesser extent at the
end of the second turn.

The magnitudes of the position errors (magnified by a factor of two in the plot)
are generaily consistent with the degradation of signal quality experienced as the
aircraft turns away from the low-lying satellites. Note the relatively large errors
which seem to be associated with SV #7, SV #16 and 5V #8 as compared to those which
occur elsewhere during the run.

The position errors for the various segments of Run 3 are:

HORIZONTAL ALTITUDE .

POSITION ERROR ERROR

2drms (m) " 2 sigma (m) : SEGMENT

32.82 17.48 Ist turn {top of page)
1590 6.68 east leg (A/C heading 130°)

30.70 . 12.02 ' 2nd turn (bottom of page)

17.18 2.82 west leg (A/C heading 360°)

27.10 1280 : total run

The user clock stability remains at 1.0l X 10-10 as in Run L.

Run %, Trajectory No. 2, Poor Clock

Figure F-7 shows the position/error plot for Run 4. The clock and navigation
fiiter parameters for this run are the same as those used in Run 2. As can be seen by
comparing Figure F-7 with Figure F-6 for Run 3, both plots are essentiaily the same.
The position errors for Run 4 averaged over various.portions of the run are given below.
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HORIZONTAL ALTITUDE
POSITION ERROR ERROR

2drms (m) 2 sigma (m) SEGMENT

32.88 20.88 Ist turn (top of page)

16.36 1L.10.  east leg (A/C heading 360°)
32.20 | - 21.86 ' 2nd turn (bottom of page)
17.86 16.80 west leg (A/C heading 360°)
27.78 19.00 ~ total run

A comparison with the corresponding values for Run 3 shows that the rms
horizontal position errors for Run 4 are larger by less than 5%. The altitude errors
for Run # are larger by from 19% to 90% as compared to those for Run 3.

F.2.3 Trajectory No. 3 (One Minute Turn Rate, Poor GDQP)

Trajectory No. 3 is the same as Trajectory No. 2, except that the GDOP is
materially worse (21.24 to 15.69 vs. 2.48). Figure F-8 shows the orientation of the
satellites with respect to the path of the aircraft. All four satellites lie to the
north; two at about 30° elevation and two at about 65° elevation. Degradation of
signal quality due to shadowing and antenna pattern roll-off reaches peak values of
Il dB and 13 dB for SV #18 and SV #| respectively. Peak signal fading is
approximately 5 dB less severe for ths trajectory as compared to that of Trajectory
No. 2.

Run 5, Trajectory No. 3, Good Clock

Figure F-8 shows the position/error plot for Run 5. In’ this situation, the
" filter must contend with large {0.88 g) turn-induced acceleration and high GDOP.
It is interesting to note that although the GDOP is considerably worse than in Run
3 (21.24 to 15.69 vs. 2.48), the signal quality is better. This results from the fact
that the lowest elevation satellite is at 30.36° in Run 5 vs. 16.75° in Run 3.

The position errors shown in Figure F-8- tend to follow expectations. The
generally east-west orientation of the satellites in pairs should provide a better
measurement of position in the east-west direction than in the north-south
direction. As can be seen in Figure F-3, the results of Run 5 seem to confirm this
expectation. The overshoot at the beginning and end of each turn is also consistent
with expectations based upon horizontal turn rate estimation. Examination of the
error components. in latitude and longitude {not shown) reveals that while the east-
west, compeonent has a relatively small mean, the north-south component has a
relatively large mean. The filter picks up a large north error component early in
the first turn. This error bias continues throughout the remainder of the turn and
persists throughout the east leg of the pattern. The error bias is pretty well
eliminated during the second turn (at the bottom of the page) and remains small
throughout the second straight-line leg of the pattern. Although the north-south
error bias along the east leg of the pattern cannot be seen in Figure F-8, its
presence is evidenced in the error statistics. The 2drms errors for the various
segments of Run 5 are:
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HORIZONTAL ALTITUDE
POSITION ERROR ERROR
2drms (m) 2 sigma (m)
54.92 95.84
56.84 - 105.80
33.74 65.58
17.82 22.50
44,40 80.16

SEGMENT

Ist turn (top of page)

east leg (A/C heading 180°)
2nd turn {bottom of pagé)
west leg (A/C heading 360°)

total run

The user clock for Run 5 is unf@anged from that of Run | and Run 3 having a

frequency stability of 1.0l X 10

Run 6, Trajectory Na. 3, Poor Clock

Run 6 combines high acceleration (a turn rate of 6 deg/sec} with poor GDOP
and poor clock stability. Figure F-2 shows the position/error plot for this run. The

relevant statistics for Run 6 are:

HORIZONTAL ALTITUDE
PQSITION ERROR ERROR

© 2drms {m) 2 sigma (m)
44,50 30.46
3812 60.20
55.18 108.26
47.56 39.94
47.56 38.62

- SEGMENT

Ist turn (top of page)

east leg (A/C heading 180°%)

.2nd turn (bottom of page)

west leg (A/C heading 360°)

total run

A comparison of the results for Run 6 (poor clock) with those obtamed previously
for Run 5 (good clock) reveals the following: '

1) Both runs develop relatively large north positior‘l error biases at the

onset af the first turn.

These north position error biases persist

~ throughout the first straight-line segment on each of the runs.

'2)  The north position error bias is largely eliminated in the second turn of
Run 5, having been reduced to only a few meters by the end of the turn.

3) The north position error bias is driven rapidly through zero and becomes

a south position error bias during the second turn of Run 6.

This error

bias is essentially reduced to zero during the second straight-line

segment of Run é.

%) Runs 5 and 6 both exhibit significantly larger north-south (and altitude)

errors than east-west errors.
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Some of the observed error characteristics seem consistent with what one
might expect. Since the satellite geometry has rough east-west symmetry, we can
expect clock-induced errors to roughly cancel in this direction. A comparison of
the straight-line {north-south) segments of Runs 5 and 6 (Figures F-8 and F-9)
shows this to be approximately the case. Note also that the satellites are
favorably situated to the making of an east-west position measurement and errors
in this direction are relatively small. Conversely, the satellites are poorly situated
to the making of north-south position measurements and errors in this direction are
relatively large and tend to persist. Clock-induced altitude errors cannot be
expected to cancel and altitude error plots {(not included here) tend to bear this
out. The plots show a significant difference between the altitude errors of Runs 3
and 6. Run 6 exhibits a large negative altitude error {exceeding 50 meters in
amplitude) during much of the second turn. No such errors are present in Run 5.

F.2.4 Trajectory No. % {Two Minute Turn Rate, Nominal GDOP)

This trajectory, shown in Figure F-l0, is intended to indicate the level of
performance that might be expected during a non-precision approach. The
trajectory begins with a descending standard rate (2 minute) turn of 180°. The
nominal descent rate- in the turn is 2,000 ft/min. As the alrcraft completes the
turn, the descent rate is reduced to 848 ft/min providing a 3° glideslope on the
straight-line segment of the pattern. Aircraft speed is maintained at 160 knots
throughout the pattern.

Run 7, Trajectory No. 4, Good Clock

Figure F-I0. shows the horizontal error performance obtained in Run 7. The
performance is very similar to that cbtained over the first portion of Run ldvhxch
uses the same turn rate (3 deg/sec) and the same clock stability (1.0 X 107) and
GDOP (2.48). Clearly the introduction of descent rates of 2,000 ft/min and 348
ft/min has little effect on horizontal error in this example. The run statistics are:

HORIZONTAL ALTITUDE

POSITION ERROR ERROR ‘

2DRMS (m} 2 SIGMA (m) _ SEGMENT

16.38 . 13.22 Ist turn (top of page)

14.48 14.28 east leg (A/C heading 180°)
15.30 13.56 : total run

A comparison of the statistics of the comparable portions of Runs ! and 7 shows
that the horizontal position errors are within 4% over the turn and 6% over the
straight-line segment. The corresponding altitude errors compare to within 32%
and 24% over the turn and straight-line segments respectively.
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Run &, Trajectory No. 4, Poor Clock

This run shows the effect of a poor clock on the trajectory used to
approximate the conditicns of a non-precision approach. As in the case of the
baseline trajectory (Runs | and 2), the poorer clock has a relatively small effect.
The position/error plot for Run 8, shown in Figure F-ll, is essentially the same as
that shown in Figure F-]0 for Run 7. The relevent error statistics for Run 8 and
given below are not too much different from those for Run 7.

HORIZONTAL ALTITUDE

POSITION ERRCR ERROR

2DRMS (m) ‘ 2 SIGMA {m) SEGMENT

19.12 20.06 Ist turn (top of page)

14.74 18.56 east leg (A/C heading 180°)
17.86 (9.60 totalrun

In particular, the 2drms horizental position errors are only increased by a maximum
of 17% over those of Run 7, while the 2 sigma altitude errors are increased by a
maximum of 52%.

F.3 SUMMARY

The AIRGPS simujation runs were intended to answer the following two

guestions: 4

D What is the likely impact of temporary satellite blockage and turn-
induced acceleration on navigation processor performance as a result of
aircraft tuming maneuvers?

2) . What is the likely impact of poor user clock frequency stability on
navigation processor performance during maneuvers which involve
satellite blockage and turn-induced acceleration?

F.3.1 Tuming Flight

The AIRGPS simulation results support the view that NAVSTAR GPS can |
provide suitable accuracy for non-precision appreoaches. Temporary satellite
blockage and turn-induced accelerations had only a modest impact on navigation
processor performance under conditions of nominal GDOP.

The performance of the receiver/processor was evaluated over four
trajectories containing turns. Standard rate (3 deg/sec) and twice standard rate
(6 deg/sec) turns were included, as were conditions of nominal and poor GDOP and
changes in altitude. Table F-3 contains a summary of the 2drms positien errors.
When averaged over the total run, the 2drms errors range from 13.82 meters
(baseline. trajectory, good clock) to a worst case of 47.56 meters (twice standard
rate turn, poor GDOP and poor clock). The maximum 2drms error occurred during
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TABLE F-3. SUMMARY OF HORIZONTAL POSITION ERRORS

2DRMS ERRORS

“TURN CLOCK IST | 2n0 TOTAL
RATE | HDOP | STABILITY | TURN| STRAIGHT TURN | STRAIGHT RUN
RUN | (DEG/S) | (N.D.) | (N.DJ (M) (M) (M) (M) (M)
! 3 129 | nox10? | 122 | 12.60 %28 | 9.8 13.82
2 3 1.29 L0 X 1076 18.52 | 12.70 16.20 9.64 15.36
3 6 1.29 .o x 10710 32.82 | 15.90 3070 | 17.18 27.10
y 6 1.29 .0 X 10°8 32.88 | 16.36 3220 | 17.86 27.78
9.76- 0
5 6 7.23 1.0 X 10° 54.92 | 56.84 33.76 | 17.82 4440
‘ 9.76- ]
6 6 7.23 1O X 10” 44.50 | 38.12 55.18 47.56 47.56
7 3 1.29 Lo x 10710 16.38 | 14.48 N/A N/A 15.80
3 3 1.29 1.0 X 1078 9.2 | s.7s N/A N/A 17.86
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the first straight-line segment of Run 5 (twice standard rate turn, pcor GDOP and
good clock). When restricted to a standard rate of turn and nominal GDOP (2.48),
all errors remained below 20.0 meters 2drms. This performance compares
favorably with the 100.0 meter, 2drms accuracy requirement given in the Federal
Radionavigation Plan for non-precision approach. Altitude errors ranged from a
low of 6,68 m 2 sigma in the first straight-line segment of Run 2 to to a high of
1087.26 m 2 51gma during the second turn of Run é.

F.3.2 User Clock Stability

Poor user clock frequency stability does not appear to impose a significant
burden on navigation processor performance during turning maneuvers under
nominal GDOP conditions. Even under poor GDOP conditions, navigation processor
performance was within that required by the Federal Radionavigation Plan for non-
precision approaches.

A comparison of the data summarized in Table F-3 indicates that user clock
stability was seldom a dominant factor. When averaged over the total run, the
maximum increase in horizontal position error due to a poor clock was only 13%
(Runs 7 and 8). When comparing the statistics for individual segments, only in the
case of poor GDOP was there much more than about a 20% increase in error. The
largest fractional increase occurs in the final straight-line segments of Runs 5 and
6. In this case, the 2drms horizontal position error increases from 17.82 meters to
47.56 meters, a factor of 2.67. We should point out, however, that although these
results are based upon a very poor clock, they involve relatively short time
intervals lasting for less than two minutes. Longer runs would be required to
determine the effects of user clock stability in trying to "coast" the clock through
periods of high GDOP for example.
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APPENDIX G. SHORT-TERM CLOCK ERROR

In the case of short-term clock error, we are concerned with the problem
of accuracy in measuring the time of arrival of signals from four satellites
with a sequential recéiver, If the time spread of measurements is 3 seconds,
and the periods of fluctuation in the clock are of a similar magnitude, we can

investigate the magnitude of the position errors based on the 3-second spread.

The navigation processor can model the clock errors and decrease their
effect, but only within the period that characterizes the accelerated motion

of the vehicle.

The long~term frequency offsets of the user clock will be .compensated for
by the Kalman filter, but the frequency shifts and phase fluctuations occcurring

~with periods less than a second will result in errors of predicted position.

The fundamental equations of the multilateration system are:

2 2 2 _ 2 .2
(xj-xA) + (yj-yA) + (zj-zA) = ¢ (tj—to)

from which we obtain:

| 2
(Xj-xA)(ij-AxA) + (yj—yA)(ijwAyA) + (zj—zA)(Azj—AzA) = c (tj—to)(Atj-Ato) (G-1)

. .th .
where x_ ,y,.,z, are coordinates of the j satellite.
37711 i

; A . th .
ij,ij,Azj are errors in position of the fj satellite.
XpsYp22Z, are coordinates of the user position.
to is the time of satellite transmission.

. . . , .th .

tj is the time of arrival of the signal from the j satellite.
: ) . . th
Atj is the error in measurement of the j TOA. .
Ato is the error in system time.
AxA,AyA,AzA are errors in user position,

c is the speed of light in vacuo.



It will be convenient to use the following vector norszion:

bx, <[ ox, ] A'—.t=-ﬁ:t1- Lx; ==L\xj -1
AyA Atz ij
AzA , | : At3 Azj

| cbe ] | ot ] 5 B

r

In the following treatment we may calculate 4x, from estimates of errors
At or ézﬂ or, in the case of fewer than four satellites, errors in measuring
z, or t  using outside instruments are additional sources of error in estimating

the remaining position coordinates,

Equation (G-1) can be written:

alexA + ajzﬂyA>+ aj3AzA + cAto = cch (G-2)
oT
[A] Ax, = cAt (G=3)

. . .th _
where ajl’ajZ’aj3 are the direction cosines of the j satellite and aj4 =1,
At is the source of error (as in the case of short-term clock errors).

Similarly,
bx, = [a71] ebe. (G-4)
We represent the elements of A-l as ZI;.
An accepted measure of the GPS errors in estimated position is the rms

value of estimated position averaged over the distribution of errors in

measuring the satellite TOA's., Thus

2 2 —_2 2 —_——
At3 +a, At + 2 2AtlAt2 (G-5)

2 2, 2, =2 2 2
4 1171

AxA = all Atl + 312 At + a

2 13

+..'I..'-.



for which, if we assume Atj's represent measurement errors randomly distributed

with zero, means:

&t bt, = 076, , (G-6)

where 0 is the mean deviation of the error in satellite range measurement.

The measures HDOP, VDOP, and'PDOP have been defined as follows:

— 5 1/2
HDOP =[AXA + AyA ] /o

172
/G

2

VDOP =[AzA ]

1/2

2 2 2
PDOP = + + )
. ,DO [Ax: ij Az, "] /

A

In the short-term clock case for the sequential receiver, the satellite
ranges are measurad at approximately one-second intervals. The TOA errors are
caused by clock frequency shifts induced by mechanical vibrations, which result

in random phase shifts of cthe user clock such that the satellite TOA errors are

:;pot correlated, and Equation (G-56) prevails.

The short-term clock errors produce errors as follows: -

As

HDOP (GC)(C)

Av

vDo? (o) ()
where As is the rms horizontal pesition error éstimate.
Av is the rms altitude error estimare.
g 1s the rms short term phase variation of the clock in seconds,

Cc™ is the Allan variance(gﬂ) of the clock for a one second sampling

interval,

6-3/G=4






APPENDIX H, LONG-TERM CLOCK ERROR

We consider a sequential receiver making a 3=D navigation fix with 3
satellites and a good clock, operating in the coasting mode. TIf the period
for which the clock must be‘used is 20 minutes or longer, the principal source
of error will be clock frequency drift. Referring to the notation of Appendix G
we let the TOA errors
At, =0
J

and the user clock error; Qto =T
where T = Aft/fo.

Af/fo is the fractional frequency offset of the clock and t is the time elapsed

since last there was a 4-satellite fix, which could be used to calculate EO;

Equation (G-1) of Appendix G becomes
. i . .
cT + alexl + ajszl + aj 3Azl aj lAXA + ajZAyA aj3AZA

A Ay., + a, Az, = v,.r.T
5273 33773 =3 =i

Now a .M, + a
il

where Y is the velocity of the j“h satellite.

Since Ivj| << ¢, the expression becomes

cT = alexA + ajZAyA + aj3AZA’
Equation {G-1) becomes ’ A3 QEA = cT
‘ cT

‘where A3 is the 3-satellite LOS matrix version of Appendix G and AEA is the

3-element user-position vector.



ééA = A3 T

cT

cT

bxy = [a)y + 2y *2y5]

2 — 2. —2 — 2

and ax, - =la)) "+ a)," A+

2 A + 23 .30 + 2a-.a.] & 12
11%12 11913 122231 ¢ :

Averaging over all possible satellite configurations of the constellation, we

arrive at:

Constellation
2 2 2 _ 2 2 2n2°
bx,” + 8y," + az,” = [HDOP® + vDOP®] c°T
Constellation 1/2
and As = [HDOP2 ] ® T = KeT = Kct(Af/f0)= Kisfe,

where t 1s the time since 4-satellite coverage was last obtained and A is the
wavelength of the clock. K is the rms value of HDOP averaged over the constel-

lation. From Figure 5-4, K = 1.5.

Example:

t = 1000 sec., f = 1.5 x 107, 2= 2/3 fr.

If f/f = 10’9,
(8]

Afe = 1500

As = 22501 = 1500 ft.

If £/ - 107t

As = 15X = 15 ft.



Navigation ervors are described in the foregoing page in terms of average
HDOP's. 1In the following, we examine the errors of a specific three-satellite

constellation in the coasting mode.

Figure H-l shows the constellation considered. In this neotation:
:Bj is the polar angle of the satellite with respect to zenith,
¢j is the projected angie iq the horiéontal plane of the LOS'vgctor.

- 90°, 8, = 0° i

L7L=9 3

z

b, =0

¢2 = 90

A= tAf/f .
o

If only clock errors are significant, Equation (H-1) becomes:

AXA + OAyA + OAzA = A
OAXA + AyA + OAzA = A
OAx, + O&yA + AzA = A

A
. bx, = L4y, = b4z, = A

As = V24 = /?ctAf/fo.

The HDOP for this configuration is V2.
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APPENDIX I. ERRORS IN POSITION RESULTING FROM ALTITUDE INACCURACIES

It is here assumed that altitude is derived from an altimeter and is used

with the signal arrival times from. three satellites to determine the user's

8
herizeontal position and system time,

Equation (G-1) becomes for this case:

(,=x,) (B # (¥ ) (By,) + (zp=2)) (@h) = < (ee dae .

ot alleA + aleyA-ﬁlw = -cosSlAh
azleA + aZZAyA-Jhw = —cos@zﬂh
a3lﬂxA + a32AyA:mﬁw = —c0583Ah
- - - -
A AxA ‘ cosﬂl
AyA = =Ah cosﬁz
I i Aw -c0583 |
AxA cosel
-1
AyA = =Ah A cose2
i) 6
i W ] bcos 3
where &w = -CACO

Ah is the altimeter error



Ax." = An® [a. 2cos@l2 + a. 2c059 z + a. 2cosB 2 +

A i1 12 2 13 3 (I-1)
— =
2a. 11 l2c05cz c0562 + _alla13cosblcose + 2a12 13c056 cosf ]
Averaging over all configurations of the constellations, the terms involving

cos eicosej average out to zero. The HDOP for a 2-D configuration averagéd

over all possible 2-D configuratioms is: (from Equation (H-5))
All Configuratiecns All Configuraticns
2 T 2 2 —2 2 2, —2
HDOP7, 31t e Ay tagt tag” tag

Compare this with the average of equation (I-1):

All Configurations ] All Configurations

= 7, —2 2 —2
A N Ah [all cos@l + a5 cose2 + a13 cosB

2
3 +

a. 2cosa 2 + E&ézcosezz + a. 2cosB

21 1 2 23
- AhZQZ [
where Q° < HDOPZ
From which we conclude:
. — 1/2
As'< oh [(HDOPS )]
From Figure 5-4 we see that
> All Configurations 1/2
[HDOPZD ] S = 1.5

so that As< 1.54h,

2
3



.Example:
Consider the configuration of Appendix H.

The equations of page I-1 become:

AXA - fw =20
Aya - Aw = 0
-Aw = =Ah.

From which we obtain:

Aw = by, = 4x, = bh

2 22
bx,° + by," = 2k

As = V2 {(rms altimeter error).

The HDOP for this configuration is v2 (see Appendix H).






APPENDIX J. DIFFERENTIAL GPS ERROR ANALYSIS

The differential technigue achieves its high accuracy in positicn estimate Dy
reducing bias errors commen to both reference site and user in the measurz2ment.
The following discussion demonstrates in some detail how the errors enter into a
measurement and to what degree they establish the overall system performance.

Noise error evaluation is based on two position fixes using two separate and
independent receivers, one at the aircraft and one at the ground reference site.
Figure J-1 shows the geometry under discussion. The positions of the user,
reference site and its satellite are denoted in 4-dimensional space by vectors x, x
and 5 respectively, where the Xy dimension represents the clock offset..

The first three elements of these "position"” vectors correspond to a physical
position in an earth-centered, earth-fixed coordinate system while the fourth
element corresponds to the respective clock phases or times. The magnitude of the
vector difference S -X is called the pseudorange and represents the distance
between the ith satellite and the ground-based reference or user recewer, minus
the nme offset of the receiver clock:

v 5
r=lCsi-2 (s -2)]" - X4

The unit vector between a ground based receiver and a satellite is

¢ S — X )
Ll . = T .
-
[ 5 ~ =/
In the presence of pseudorange errors we have the user-equivalent range error

{UERE), ( -
S —-X ) S
£ NEErTE (s. -x) - gx"'
where the user estimated position is given by

‘ A)?J) )

The difference between true position and the estimated position is the
"geometric" or navigation error

no>

A
Ba

-

Q-Gg X —X.

The UERE or pseudorange measurement erraor can be defined similarly:

-
2y = (e g8

J-1
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The transformation matrix, which depends only on user-satellite geometry,
relates both errors as follows:

-1
Gf_.?_u

The covariance of it is

Cov(eg) = G Covren (67)7

. For the evaluation of the noise components we will use the method developed

in reference 8. The ranging errors which are common to all’ measurements or
correlated between satellites, will be lumped together with user's clock bias. The
positional error is now worked out for three cases.

Case {: Conventional Solution: - Single user, no correlation between
pseudorange measurements {(General).

In the first approximation, we ignore the correlated components of
pseudorange errors, € ,bif we are interested in the user position error only.
Therefore, in the conventional approach

Cov(_@‘u)=0:2]a
2 > -1
Cor(€g) =6, (GG ).

The mean-square navigation or "geometry" error is

2

&, = Trace [Coreg] = G:,Z(GDOP)?

Case 2: Correlation Exist Between Pseudorangg Errors (Translatdr)

The following development demonstrates how the correlation entsrs into
computed position and clock bias measurements. By separating errors into a
correlated and uncorrelated component we define the following relationship:

18

"et' = o, + G
where .

n = Uncorrelated component between satellites
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c, = Correlated component between satellites.

It is assumed that n; and c; are independent and ergodic.

- This condition leads us to the assumption that for a short time, the
measurerments are highly correlated and similar processes affect each pseudorange
measurement.

Under these assumptions the pseudorange measurement error covariance is
1 L
Covr(ew )= Coo(n) + Cor(e) = 6, I + &R
where R is a correlation matrix, described below.

Similarly, the position error is -}

1- - r -1
Cov (eG} G cw(eu &) 6 GG+ % G R )

6; s, *(GDOP)* + G"TRACE,.,_[GRG_)

In order to avoid detax]ed knowledge of G, this equation is simplified by
simplifying the structure of R and computing the bounds.

Letting R be represented by a matrix:

’,.r-,' r r r r I-r o o o
ritvrvr rrrr {9 -r c o
R=|r r r| =|r rrr o o I-ra
r r ri rr rr O o & -
Where - ‘
OOOO
~7 —_— 0 o oo
GP,(G)-OOOO
Cc o o r
and

6'R (67) - ()6 T (ev RIGEICIN
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Substituting derived values in the original equation we obtain:

2 b
+ ric

so = Lo+ ci-ryoz” J(Goor)

and

2 2 2

& < [67< (1=n)& ][ T008] * raz.

)
. From the above given equation, we may conclude

r= o means measurements {JERE) are uﬁcorrelated.
L2 T } 2 2z L
O, + O"" r)G: becomes 0: + 6, = 6 -
Since
2 2
6::0’ when r=o, S::G:

J-5



as in case |, and

for r=l:

' ‘ 2. .,>.
o - [+ ) Ilmoor] « r

Similarly 63 = , whea 1=/

and

2 2 2
o’;z=[o_+ o[ Toor] +0; = G

The correlation error of the measurement then becomes absorbed in Xu.

Case 3: Measurements at two positions. (Centralized GPS)

The user is assumed to be close to the reference site, and the same set of
satellites are being used. ‘

Errors for each user:

The relative error in measurement is given by

£ 2¢e.-2. - Ge,-Ge
Covr(e) = £(c&”).

We assume that

-7 -/ =/ YA T
CovlE) =2 2G Cow(_ea)(GT) -G [E@AQ'Z)*E@HG‘.)](G;

A 26 Corleu &) - GW(E)



where

7 T ot

;o

Positioning the UERE's into correlated and uncorrelated components as before:

where ”n

users and <; &c‘
between users.

e(_' é . +
Id

e, 4 h.'- +C'-’

’ < =142,3,

.U .

(h. ) is the component which is uncorrelated between satellites and

and ergodic properties. Moreover, we assume that n. p N i c , Cp
%) are all mutually independent except for the pairing Ck’ Cp ll

We now consider the special case for which

and

is the component that is correlated between satellites and
The components n. (n.) and ¢. (c.) are assumed to satisfy stationary

(1,;,!«: 1-1,2 3,

/ ©o B
¢, T 2
E{§§7}=E{SC}: 6. [ et0o
| o 01
o oo
“u v
) o e [ «] £/

This implies that:

n.

2)

U v v

Pseudoranges made to the same satellite by different users have
. correlation "u'\.

Pseudoranges made to different satellites by different users have
correlation "v".

For this special case, the covariance of the differential navigation error can be

written as

Couo(e) = 2 [+ (1-r)sz = (u-w) 7 ] (5

oG lR-vI(G)

.
%)

-

-7



where R, is as defined earlier and V is a matrix with elements of U;:, av for all i, s
Denotlné differential navigation errors with the subscript O, we find

2 - 1 2
Seo = 2[ o’,‘,1+_ - r -M+¢)G:Z][QDOPJ £ 26, .{r-zg)

G';D =2 [o;1+(/-. p-set ) 6:1][190049]2

. 2 B

Ovo = 2[ 05w (1=r~eese)oT J[HOOFT

kS

. 2 ,
Oyp :-2[.5; + [/-r-u-f-u-)é: ][VDOP_?l

2 ' : 2 2 2
670 = [0 +(1-r-asv) & J[TOOP] + 2 (r-0)

The following error equations illustrate the differences between the
Centralized and Translator GPS techniques:

Centralized GPS:

B

G-G-D 2[0‘; + (i— r-—u-a-cr_) 621][5009_7 + QO';IF-’-U'j

RS S P RC - RIS I e T S

Translator GPS:

‘2

Ss '[O'XL*(f-f)ﬁZz][Gbon‘*rGIJT

n

where r = the correlation between different space vehicle pseudorange errors
for a specific user '

v = different space vehicle, different users
u = same space vehicle, different users.
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For users close to the ground site, r = v and u = 1. Using the approximation
r =~ v allows simplification of the above equations to .

2 — | 1 ' 2
5op = 2[oq + (- )87 ][600OPT

Gpp = 2[0:14 (1-4&)6;1][PDOP] *

2 . 1 2
Ovp = 2[07.1"‘ (1-)6c ][ HDOP]
2 <

1

Sy

o

2lsvs (1-«) e JvoorT

2[6; s (1-22) 6 1] TOOP],

N

0(
"

" We note that the, factor (/~&«), which multiplies the variance of the correlated
~.component, . O ~,.becomes small. as u =»l. Hence, for closely spaced.users, we
expect to see the effects due to the correlated error components becom
insignificant, and the various relative navigation variances depend the factor 2 G;
weighted by the appropriate DOP. The factor of two 1szdue to the differencing of
independent measursments, each having variance O °. Note that in absolute
measurement cases, the factor of two is missing since tRe error has been defined in
and above to be the difference between two pseudoranges.






APPENDIX K. SOURCES OF ERROR IN DIFFERENTIAL OPERATION

K. MEASUREMENT ERROR COMPONENTS - Estimated positions are based on
precise measurement of the propagation time for satellite signals to reach earth-bound
receivers. This is accomplished by measuring the signal time-of-arrival (TOA). A
difference between TOA and the knowledge of the time when signal was sent provides
an information on the pseudorange between a satellite and a receiving site. This:
measurement, however, includes also atmospheric path delays, clock offsets, and
correlator error. A component breakdown. of these errors forming the pseudorange
measurement is as follows:

AR=6p 51{ T OIono+TROPO cgs\/c ' 55,4
where the terms have the' following definitions:
AR - measured pseudorange error
EE - ephemeris error

g [ONO+TROPO ~ Atmospheric delay

S‘SV - error in space vehicle clock correction sent with navigation
message

SR - recelver noise error

J‘SA - Selective Avaijlability
The following error subdivision was used in Section &.

A.  BIAS ERRORS

Ionospheric - TEC changes with distance.
Ionospheric - TEC changes with elevation angle.
Ephemeris - Error in satellite position.
Differential Station Uncertainty - error in measurement.

Tropospheric - Refractive index fluctuations.
Tropospheric - Refractive index variations with elevation angle.

Q0O 00oC0

B. _NOISE ERRORS

0 Receiver Noise - error in pseudorange measurements.
o] Tropospheric Neise - fluctuation in the atmosphere.

A discussion of these errors is addressed in Section K.4.

K.2 RECEIVER CHARACTERISTICS - A distinction between ground-based, marine
and airborne receivears is based on the tracker design, specifically on the IF, carrier loop
and delay loop bandwidth requirements. The above restrictions determine receiver
acquisition time, noise level, data update rate requirements. The following parameters
were selected for performance prediction.
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RECEIVER BANDWIDTH, B

! ]
i[ Blp, Hz ! Beacr H2 B ode 12
Reference Site | T30 | 0 0.5
‘ I !
Marine | 300 i 10 § 0.3
i o
Airborne i 500 i 10 7 5.0

All navigation message signals are fed to a low-noise preamplifier. Typical
preamplifier values used are:

Noise Figure: 4.5 db (3.0 db advertised by Hewlett-Packard)
Gain: 30 db
Antenna Temperature: 130°K

Received signal budget estimates are:

Received Signal (C/A Code) -160 dbW-Hz
Line Loss : , -l db
Effective Carrier Signal -16] dbW-Hz
Thermal Noise -228.6 dbW-Hz
Equivalent Antenna Temperature +28.7 db
Multiple Access Noise +1.0 db

Noise Spectral Density -198.9 dbW/Hz
Carrier Signal, C -161 dbW
Signal Power to Noise Spectral Density 37.9 db-Hz

Receiver design is based on the capability of acquiring all satellites in view. More
constraints are imposed on the differential station receiver than on other users to have
full data collection continuously. Users, on the other hand, can make their optimum
selection at will. From analysis, it was determined that for marine receivers the time

is divided as follows for each satellite:

-~
coor

loop time: .52 seconds/satellite

guard time: 0.04 seconds/satellite

dwell time [.52 + 0.04 = .56 sec/s

update time = ([.56) x 3 + .72 = 5.4 seconds

Residual error introduced to settling time to 95% original value in acceleration

condition is:

Ea =0.5x l‘/2g Tu

2

Typical values for 1/2g acceleration are shown in Figure K-
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FIGURE K-I.. ACCELERATION ERRORS
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K.3 RECEIVER RANGE AND RANGE RATE ERROR CALCULATIONS - Receiver
noise errors and the interference affect the range measurement and the range tracking
performance.. To compute these errors and to establish their dependence on the
receiver characteristics a step-by-step analysis is performed. The receiver range errors
are the sum of the receiver noise, quantization and instrumentation errors, and are
classified as. being random and uncorrelated errors between measurements. The bias
errors are caused by acceleration. The uncorrelated range errors are as follows:

(¢ 2 2
R={ "NOISE* "QUANTIZATION * INSTRUMENTATION)!/

For the non-coherent dither type receiver, the noise error has two error sources:
phase jitter generated in the carrier loop, and the phase jitter in the code loop.

Mathematical expressions for various noise sources are as follows:

A. Total Noise Com Jgonent Due to Phase Jitter

:2:7[6-0""—)]2

where

A

chip length, 293.2 meters

N = carrier-to-data-rate ratio, 1540

-Code Loop Phase Jitter

2 B
('g—);)j

. 2 . _
=(2n) [2—5?;3 (14 Zxreee)]

, 6" (2!7)

o, _
=@Rn)x 484.785 x70 éraa!:‘c-xnsz.

D> 2 x .022 radians

where

c

i —

N,

-4.8 db = 33.1 db.

. L
5 N



Carrier-Loop Phase Jitter:

:.P 1o

< B e OB

0. = *04925 redians

where

.C_ =§___ 2 = .
(NO/L =13 =36.Cdb

B,p = 500 Hz,

l

z
= 2’. &a7ro .

The total rms noise caused by phase jitter in both trackmg loops, assuming cross-

correlation between loops,is negligible:

5~ Alw+ (5 2 T 6 %u@]F

293 2

-G
[( j 4L S)x/o + [/5“/0)1

6; = 6.43 meters.

3, Fine Quantization Error.

- A
S = = 5

/32 METERS

Gq = 0.08266 HMETERS, QR =-1024
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C. Instrumentation Error
Fal 24322
6}‘ = N = /\{)_VG = :,C?me;ep:
Total Range Error:

N (6.45% + 0832 + .19%), Q = 1024 was used

P
1]

6.4 meters

Range bias error due to receiver acceleration causes additional jitter in the
receiver carrier loop:

615 A
A¢ Bcz . AC

AR = e oG _ 1&¥C a A _ 1&¥Tra
zn N P 7_;; KNIN 2N Be
AR = l'345—’(4'9=.L‘r1 meter
6.28 x 100
a = 4.9 meters (l/2g)

Total Range Rate Error:
2 2 & 2
= . + :
Se = Swce) X (R)

where

' 23
6-;/(!-‘5) = 1!77'[ T (! c;zcc ))7

Range rate error is a phase noxse In the carrier trackmg loop. The receiver-range

rate counter averages carrier frequency for T seconds (averaging time for Doppler
count). In particular:
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~ Rxo Ve S oe A

SNE) -:u:m 45709 7, (" ax4570.5./ _
A G;‘,éf .0103 m/sec
where
7— = .2 seconds .

Quantization Error for Fine Range Rate Quantization:

139
G-Q(R) J.nT 73 2 x 1540 x T .000089 m/sec .

Range Rate Bias Due to Acceleration:

LN qu (. 8%¥S a A !
AR = 375 Bc’- A 2 T
- L3853 x49x1_ 4798 m/sec
1006.28 x .2

Total Range Rate error:
G,z_ 2 R
&= Opcey * Oa(R)
Y 2 2
Gga,=  -0103° + .000089
65 = 0.103 m/sec
r.
- K.3 EXTERNAL ERROR SOURCES - In the total receiver error budget, there are
eight major error sources identified primarily as caused by the propagation delays or by
the satellite position and time errors. The following sections will describe these errors

and will identify major characteristics.

A.  lonospheric: TEC Chang‘es‘ with Distance

The TEC varies with horizontal position. Several factors contribute to these
variations: ionospheric irregularities, diurnal variations, solar flares and geometric
factors. Figure K-2 presents a typical electron content variation above a fixed position
during a 24-hour observation pericd. For the sample analysmlea nominal value of 70
nanoseconds was used (I nanosecond delay is equivalent to 10" electrons per square
- meter). This value is also a function of altitude and geometry expressed in terms of an
obliquity factor. The total effective electron content changes with the elevation angle
of a satellite deing observed. This effect is shown in Figure K-3. The mathematical
expression used for computing the obliquity factor Q is:

L . csee £ = R +
& = 3iE SRR -ReosEl*
H = 350Km — ALTIiTwUDE o THE LONOSFPHERE

n

£ 2 032378 king - EARTH RPADIUS
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FIGURE K-2. IONOSPHERIC VARIATIONS WITH TIME
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Ionospheric models are useful in reducing this error. lonospheric irregularities, which
can cause delay difference of 0.1 - 0.4 meters, cannot be modelled out.

B.  lonosphere: TEC Changes with Elevation Anpgle, AE.

A displacement of the user receiver from the differential station along the
baseline changes the observation angle to a satellite by amount of 4 E, where,

- N
"578"R -

-

bl

AE

’

50xm

44 5
637gx57€ | 92 LeEGREE.

where

g = distance between user and reference receivers.

A change in A E results in a corresponding change in path length as shown in
Figure K-4. This curve is extrapolated from the original ionospheric values for the
100 km separation equivalent of 0. 9% and evaluated for the whole range of possible
satellite position angles. The maximum value of this curve is at the maximum gradient,
shown in the same figure for comparison. This error can be essentially eliminated by
modelling by the receiver, using satellite-derived corrections applied at both the user
and station locations. :

C. Icnosphere: TEC Chanpges with Time

Ionospheric irregularities of various sizes exist, which means that the satellite-
receiver path delays can be somewhat different for user and reference site. These
irregularities travel horizontally so that the vertical electron content changes with
time. The rate of change of TEC is the product of the horizontal gradient and the
velocity. Measured values have been observed up to 1200 m/sec but average around 100
to 150 m/sec. Using a 800 m/sec velocity and a 10 mm/km spatial gradient the
maximum change of delay will be 8 mm/sec or .02% nsec/sec. The difference in signal
delays experienced by the user and the GPS raference site can be expressed as a
distance error in the measurement as a function of time. Typical values derived for the
maximum variability rate of the ionosphere are shown in Table K-L

TABLE K-l TYPICAL IONOSPHERIC DELAY TEMPORAL VARIATIONS

Irregularity 4.85 mm/sec
Diurnal 1.832 mm/sec
Flare 2.42 mm/sec
Total (RSS): - 5.72 mm/sec or .342 m/min

For the GPS operation without Selective Availability, the ionospheric temporal
errors will become the dominating factor in the determination of the update rates for
the transmission pseudorange corrections. A typical error in pseudorange measurement
for a 3-minute update interval is one meter.
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§ﬁil(]IM. IONOSPHERIC BELAY IN METERS
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: TOTAL 10NO DELAY = TEC s
[(R+H)? - R? COS%=E]*
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D. Ephemeris Error

An error in the satellite position may be intentionally introduced. Ephemeris
error is the position error between the true and assumed satellite position. The effect
of ephemeris error is shown in Figure K-3. Assuming that small angle approximations
are valid, which is true for the relatively small distances on the earth surface, a 1.2
meter bias error results from a 480-meter ephemeris error for an extreme case
observing a satellite along the 50-km baseline.

E. Differential Station Uncertainty in the Measurement

In addition to bias error components in the pseudorange- correction values sent to
users, there is a noise error component associated with the correction component. This
error cannot be removed by subtraction; thus a user has to absorb this error as a bias in
his measurement. The magnitude of this error is shown in Table K-2. The noise error is
assumed to be time invariant during the short interval of the measurement cycle.

F. Tropospheric Errors

The atmosphere has a small, but significant refractive index which causes
propagation delays that can reach 30 meters at low elevation angles. The refractive
index is stable with frequency, but is affected by temperature, pressure and humidity
_variations. The total delay as a function of elevation angle is quite predictable, so that
a simple cosecant model can remove all but a meter or so of the pseudorange error for
a user near sea level. An aircraft receiver at altitude will experience significantly
different delays, but again the effects are quite amenable to modelling. However,
there is less correlation with the delays of a ground based reference station. The delays
and residual errors as a function of elevation angle are shown in Figure K-6.

G. Receiver Noise in Pseudorange Measurement

A computation of the receiver noise component is derived in Section K.2. The
. resultant value is a function of the satellite evaluation angle. Factors related to the
. recejver noise characteristics are input signal-to-noise ratio, tracking filter bandwidth,
and receiving antenna pattern effects.
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TABLE K-2. DIFFERENTIAL STATION RECEIVER CHARACTERISTICS

Receiver Noise ! 1.6 meters ‘
Multipath. Noise ‘ 1.0 meters 5
Total error 4 L9 meters
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