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SUMMARY

This report documents the work performed by ARINC Research under
contract to the Federal Aviation Administration (FAA) to evaluate various
navigation concepts. The purpose of this study is to compile and illumi-
nate those technical and operaticnal parameters that have the greatest
impact on the compatibility of navigation systems operating in common air-
space. The validity of analyses previously performed by recognized author-
ities in the field of navigation was assessed, and no need was found to
conduct new analyses or to duplicate past analyses. The conclusions gen-
erated in this study are therefore based on existing reference material.

The navigation systems evaluated in this report, separately and in
various combinations, are Loran~C, Omega, VHF Omnidirectional Range/Distance
Measuring Equipment (VOR/DME}, Global Positioning System (GPS), Doppler, and
inertial navigation system (INS).

Although the primary focus of this study is on the technical and
operational characteristics of navigation systems, economic and institu-
tional issues are also discussed briefly. The technical performance capa-
bility of each navigation system is compared with existing accuracy require-
ments. Systems that are capable of satisfying the accuracy requirements
are then evaluated to determine what limitations are imposed by signal
coverage considerations. This analysis shows that, in terms of the cur-
rently used systems evaluated in this study -- Loran-C, Omega, VOR/DME,
Doppler, and INS -- there is no unnecessary proliferation of navigation
systems. This particular combination of navigation systems appears to
satisfy current domestic, oceanic, and offshore navigation user require-
ments. No single system existing today as a fully operaticnal system can
meet all of these requirements.

Each system is also evaluated, separately and in various combinations, !
in an operational sense through the application of realistic flight proce- . :
dure scenarios. These case studies identify a number of sources of con-
flict that could affect the integrity of position detarmination, pilot
workload, Air Traffic Control (ATC) controller workload, and air safety.
Although loran-C, Omega, VOR/DME, and GPS navigation systems independently
meet existing performance requirements as they apply to established VOR~ i
referenced airways, the errors associated with their use in an area
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navigation application can combine in a way that causes lateral deviations
about a geographic centerline axceeding current specifications for route
width. The results of this study indicate that unrestricted use of area
navigation systems in the current structure of the airspace is not advisable
until some form of standardigation is established in a number of areas,
including the following:

* Path definition (e.g., great circle or rhumb line)
"» PBarth model (a.g9., spherical, Clarke 1866, or WGS=72)
* Propagation models (i.e., sky waves and ground waves)
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CHAPTER ONE

INTRODUCTION

1.1 BACKGROUND

The continuing growth of aviation traffic, in both general aviation
and commercial airlines, places increasing demands on the national navi-
gation system. Higher densities of commercial and general aviation aircraft
will demand more accurate positioning en route than is now required. To
ensure a satisfactory integrated national navigation system capable of
meeting anticipated requirements, the Federal Aviation Administration (FAA)
is conducting strategic studies and planning with regard to possible
navigation concept scenarios to be adopted between now and 1995. The stra-
tegic studies of the FAA require an accurate, detailed assessment of these
concepts and of the capabilities, costs, and interdependencies of the posai-
ble navigation systems that may be applied to meet anticipated navigation
requirements.

Consequently, the FAA contracted ARINC Research to study critical as-
pects of current and future navigation systems and practices. This report
presents the current status of work involving the evaluation of various
navigation system concepts in the context of the existing airspace
environment.

1.2 PURPOSE

The Federal Radionavigation Plan (FRP) directs the Departments of
Transportation and Defense to select a suitable mix of radionavigation
systems that can meet the diverse technical, operational, and economic
requirements imposed by users, manufacturers, and the Air Traffic Control
system. The purpose of this study is to compile and illuminate those
technical and operational parameters that have the greatest impact on the
compatibility of navigation systems operating in common airspace. The
validity of analyses previously performed by recognized authorities in the
field of navigation was assessed, and no need was found to conduct new
analyses or to duplicate past analyses. The conclusions generated in this
study are therefore based on existing reference material.

1-1
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1.3 SCOPE

This study reviews the technical and operational characteristics of
Loran-C, Omega, VHF Omnidirectional Range/Distance Measuring Equipment
(VOR/DME, Global Positioning System (GPS), Doppler, and inertial navigation
system (INS). The systems are evaluated both independently and in various
combinations. The evaluations are in the form of comparative analyses --
the systems are compared with each other as well as with existing FAA tech-
nical and operational requirements. Conclusions are presented concerning
the effectiveness of particular navigation systems in satisfying the stated
requirements, together with recommendations for improving operational per-
formance. Inadequacies in formulating accuracy are pointed out. Finally,
the study recommends a combination of navigation systems that will provide
the greatest potential for acceptance as the primary means for navigation

in the context of the current airspace environment.
. \

1.4 TECHNICAL APPROACH F

Technical and operational capabilities of each navigation system under
consideration were identified through literature searches and discussions
with manufacturers and users. Performance requirements as specified by, the
FAAR were obtained from the recently published FRP and from previously issued
FAA advisory circulars. Technical capabilities of each system were then
compared with the requirements. The results of these comparisons were used
to categorize each system with respect to which flight phases could be accom-
modated in a purely technical sense, using both statistical and measured
navigation system capabilities. The systems were then evaluated to deter-
mine their operational capability in specific case studies. The scenarios
selected for the case studies were representative of typical situations that
are encountered frequently. The operational capability of each navigation
system in each scenario was defined on the basis of selected measures of
performance. The degree of system interoperability was determined and dis-
cussed in terms of potential conflict in each scenario as a function of the
relative differences in operational capability Letween system types. It
was possible to interpret the capabilities and limitations of various sys-
tem combinations by integrating the results of each case study with the
results of the technical evaluation., This assessment led to recommendations
of which system mixes should be supported by the FAA and also provided in-
sight into the factors that tend to limit full exploitation of currently
available navigation system capability. This report suggests steps that
can be taken to overcome these limitations,

1.5 REPORT ORGANIZATION
Chapter Two dafines terms used throughout the report and briefly de-
scribes the navigation systems discussed, together with a summary of the

operational features of the airborne equipment associated with each of
thogse systems.

1-2 -




‘ Chapter Three datails the performance requirements specified by the
FAA that any navigation system must satisfy to be acceptable.

~
. Chapter Four contains detailed analyses of the technital capabilities
of each navigation system and compares these capabilities with the requirements.

Chapter Five provides insight into the operational capabilities of each
navigation system, both independently and in combination with other systems,
throuqh specific case studies.

Chapter six presents conclusions and recommendations.
Appendix A provides detailed descriptions of each navigation system.

‘ Appendix B contains the equations used in computing some of the naviga-
tion errors specified in the report, and Appendix C illustrates the application
of these equations. .

Apperndix D 1ista the references cited in this report, together with other
source material.
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CHAPTER TWO

NAVIGATION SYSTEMS OF INTEREST

2.1 DEFINITIONS

The following sections define navigation terms that are used through-
out this report. The document, American Practical Navigator (Reference 1),
was used as the preferred source of definitions. Modifications ware some-
times necessary, however, to reflect the specific context in which navigation
terms are applied in this report.

2,1.1 Navigation

Navigation is a means by which an aircraft is given guidance to travel
from one known position to another known position. This process involves
referencing the actual aircraft position to a desired course. The desired
course is a path, between the two known locations, defined by a course
generation method (e.g., great-circle, rhumb-line).

2.1,2 Radionavigation

Navigation systems characterized by their use of radio waves gener-
ated externally from the aircraft to determine position are known as radio-
navigation systems. They include Loran-C, Omega, VOR/DME, Tactical Air
Navigation (TACAN), and GPS navigation systems; these will be discussed
in detail in this report. Other navigation systems that utilize the radio
wave spectrum but are not included in this report are Loran-A, instrument
landing system (ILS), microwave landing system (MLS), the Navy Navigation
Satellite System (TRANSIT), radio beacons, Decca, and radar.

The Loran-A navigation system has been replaced by Loran-C; ILS and
LS are landing systems; and TRANSIT navigation does not provide contin-
uous coverage and is therefore not suitable as a primary means of naviga-
tion. Although radio beacons may be an slement of a navigation asystem
mix, their lack of sufficient navigational accuracy precludee their use as
a primary system. The Decca navigation system has coverage limitations
that make it less suitable for general use than Loran-C, and radar is pri-
marily used for ground surveillance, not navigation. Radar vectors are
issued by air traffic controllers and accepted by pilots as a means of navi-
gation. However, because they do not constitute a primary form of naviga-
tion, they are not discussed as such in this report.




A number of navigation systems are derivatives of a primary syatem.
For example, basic VOR has led to the development of wide-aperture
(digital) VOR, Doppler VOR, and precision VOR. The atudy of system
derivatives is outside the scope of this report.

2.1.3 Self-Contained Navigation

Navigation systems that do not require the use of externally generated
radionavigation signals on a continuous basis for determining position are
known as self-contained navigation systems. They include Doppler naviga-
tion systems and inertial navigation systoma (INSs); these systems will
be discussed in detail in this report.

The accuracy of self-contained navigation systems is specified dif-
ferently than for the radionavigation systems discussed in this report.
Whereas the accuracy or¥ the radionavigation systems is defined as a
position~detarmination discrepancy, the accuracy of self-contained naviga-
tion systems is defined as a rate of position-accuracy degradation, which
is a function of elapsed operational time for INS accuracy and a function
of distance traveled from the flight origin for Doppler accuracy. INS
accuracy 1is specified in nautical miles per hour (nm/hr), and Doppler
accuracy is specified as percentage of distance traveled from £light

origin.

2,1.4 Area Navigation

Area navigation is an application of the navigation process providing
the capability to establish and maintain a flight path on any arbitrarily
chosen course that remains within the coverage area of the type of naviga-
tion signals being used. This random navigation capability is generally
referred to as RNAV. Loran-C, Omega, GPS, Doppler, and INS are inherently
RNAV navigation systems. VOR/DME in its basic form is station-referenced
and therefore is not an RNAV system. However, more sophisticated airborne
VOR/DME processors provide RNAV capability.

2.1.5 Hyperbollic Navigation

lHyperbolic radionavigation systems determine position through differ-
ence measurements of signals from three transmitting stations. These
measurements can be either time differences (the elapsed time between the
arrival of signals from two stations) or phase differences measured between

two signals.

A transmitter that emanates signals in all directions creates a circu-
lar wavefront, with the transmitter at the center of the circle, A series
of circles is generated, each at a successively larger distance (wave-
length=A) from the transmitter. If signals are transmitted from two sta-
tions at the same time, they will meet along a line equidistant from the
two stations. This line, called the centerline, is the perpendicular
bisector of a line drawn between the two stations, called the baseline.
Figure 2~-1 illustrates this pattern.
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Sourcae: American Practical Navigator, Reference 1.

Figure 2-1. HYPERBOLIC NAVIGATION GEOMETRY
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Reception of the two signala from a point not on the canterline will
result in a measured difference in time or phase. The locus of points at
which the same difference can be measured defines a hyperbola. The time
or phase difference measured corresponds to a distance difference. Each
hyperbola in Figure 2-1 is a line of position (LOP), representing a con-
stant. range differance from the two transmitters. When a usex is along
the line connecting the two stations but is not between those two stations,

.the user is on a baseline axtension. The farther a user is from the base-

line along a given 1.QP, the larger the spacing, or gradient, hetween con-
secutive LOPs per unit measurement difference. The width of this spacing
is referred to as a lane. In regions of a large gradient, a relatively
small time~ or phase-difference error will cause a relatively large posi-
tion error. The gradient is so large along the baseline extensions that
navigation accuracy is severely degraded in those areas.

Although :a user can determine which LOP corresponds to his difference
measurement, he is unakle to locate his point of position along the LOP.
A second LOP can be defined through the use of a third station, with a
second baseline being drawn between the third station and either of the
first two stations. The intersection of the two LOPs defines a position

fix, illustrated in Figure 2-2,
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Source: An Introduction

to Omega, Reference 15
(reprinted by permission).

Figure 2-2. HYPERBOLIC POSITION PFIX

2.1.6 Rho~Rho Navigation

In hyperbolic navigation, time or phase differences are measured to
determine aircraft position in relation to the distance between stations. The
distance between the aircraft and a ground station is commonly referred to
as range, or rho. Rho-rho navigation invulves directly measuring the total
time it takes for each of two signals to travel from separate transmitters
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to the airborne receiver. Each time measurement corresponds directly to

a range measurement and defines a circular LOP. This form of operation is o
referred to as the ranging mode. The intersection of two circular lLOPs

providas two possible position fixes; the ambiquity is easily resclved by

knowledge of approximate position.

The gradient between LOPs in the hyperbolic mode increases in accord-
ance with the divergence of the hyperbolas. 1In the ranging mode, however,
the gradient between the circular LOPs is constant, as shown in Figure 2-l.
Therefore, navigation at extended ranges from the baseline is possible
with use of the ranging modes; the coverage area of the stations is thereby
effectively increased. In addition, whereas hyperbolic navigation requires
three stations, rho-rho navigation requires only two stations. Greater
freedom in selecting stations allows for consideration of station-to-user
geometry to improve accuracy. The fact that the user need be within range
of only two stations rather than three is another factor in providing
extended coverage beyond that possible for hyperbolic navigation.

A disadvantage of rho-rho navigation is the user requirement for a
highly stable, and therefore costly, time source (local oscillator or
clock) against which the time measurements are made. Any clock drift will
directly affect the range measurement. Clock bias is not a factor in the
hyperbolic mode, since time differences between signals are measured.

2,1.7 Rho-Rho-Rho Navigation

When a third station is used to complement the two range measurements
of the rho-rho mode, three circular LOPs are generated. The three LOPsS
will intersect at a common point only if there are no clock errors. If
the range measurements are adjusted until common intersection is achieved,
clock drift can be estimated and applied to subsequent range measurements.
This technique allows the use of a less expensive clock, but necessitates
the use of three stations.

2,1.8 Navigation Accuracy

Navigation accuracy is usually expressed in terms of a probability
that deviation will be less than some stated magnitude of error. Different
terms are used to define error, depending on the application. The terms
"gtandard deviation" and "root mean square" are equivalent when they refer
to one~dimensional zero-mean errors. Navigation errors typically have
components in at least two dimensions -- along-track and cross-track.

Terms commonly used in referring to two-dimensional navigation accuracy
include circular error probability (CEP), standard deviation, and dimen-
sioned root-mean-square error or radial error (drms).

CEP defines the radius of a circle for which there is a 50-percent
probability that all position measurements will be inside. Standard devi-
ation, or sigma (0), in a two-dimensional analysis involves a radial rather
than a linear distribution of errors. Numerically, 10 corresponds to 39.95
percent (20 = 86.47 percent) of a circular distribution, whereas it
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corrasponds to (8.27 percent (20 = 95.45 percent) of a linear distribution.
Reference to a circular standard deviation is meaningful only when the i
error figure, whose orthogonal axes are defined by one~dimensional errors

(referred to as Ox and Oy), is a circle, a result that occurs only when

Ox = Oy. S8ince Ox and Oy are generally not equal, reference to a position
accuracy of 20 can cause confusion as to whether the number describes the
86-percent two-dimensional probability circle or the 95-percent one-
dimensional probabilities for sach error axis.

The drms concept is introduced to give a single measure that will
account for variations in both Ox and Oy that generate an error ellipse .
rather than a circle. One drms is defined as the radius of a probability y
circle, with the magnitude of the radius the RSS of the one~dimensional 1o
error components along the major and minor axes (Ux and Oy) of the error
ellipse. The major drawback of this measure is that the value of proba-
bility associated with a fixed value of drms varies with the eccentricity
of the error ellipse. Use of 20 error components results in the computa~
tion of a 2-drms value. The 2-drms variation in probability is small
(0.954 to 0.982).

Navigation accuracies or error components presented in this report
are 20 (95.45 percent) values unless specified otherwise. Relative accuracy }
is defined as the accuracy with which a user can measure relative position ; s
with respect to another user of the same navigation system at the same time.
Repeatable accuracy is the accuracy with which a user can return to a posi-
tion whose coordinates have been measured previously with the same naviga- E
tion system.

2.1.9 Great-Circle Course {

The shortest path between two points on a spherical earth is a great
circle, which is created by the intersection of the earth's surface and a
plane defined by the center of the earth and the points of origin and
destination.

2.1.10 Rhumb-~Line Course

A rhumb-line path connects origin and destination along a path that
maintains constant true course (i.e., the course crosses successive lines
of longitude at a constant angle).

2.1.11 Geometric Dilution of Precision (GDOP) i

The effect that geometry between the user and the signal transmitters
has on accuracy is expressed in terms of geometric dilution of precision
(GDOP). A GDOP of 1 yields the value of accuracy associated with the best !
geometry configurations. Progressively larger values of GDOP indicate f
worsening geometry and correspondingly degrade the achievable accuracy of
the system,

For hyperbolic navigation, geometrical considerations include the
crossing angle of intersecting LOPs and the spacing between consecutive
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LOrs. The most favorable geometry occurs along baselines with the two N
intersecting LOPs being nearly orthogonal. As the crossing angle becomes

more shallow, it becomes more difficult four the system to resolve the

point of intersection accurately. Uncertainty in tima or phase measurement

translates into a position error, the magnitude of which is a function of

the distance between LOPs (the lana width). A certain percentage of

uncertainty in determining position within a lane will result in largex

aerrors for wider lanes. The lane width widens besiween hyperbolic LOPs

with increasing distance from the baseline, resuiting in degradation of

accuracy corresponding to typical GDOPs of 2 to 3.

For rho~-rho or rho~rho-rho navigation, the only geometrical consider-
ation is the cressing angle of intersecting LOPs. Since the spacing
between tha consecutive circular LOPs is congtant when ranging techniques
are used, accuracy is not degraded by varying gradient hetween LOPs. The
most favorable crossing angle geometry occurs when the two intersecting
LOPs are nearly orthogonal. Since the use of ranging technigues allows
freedom to select those stations that optimize the crossing angle of the
LOPs, the corresponding GDOP can be reduced nearly to 1 under most
conditions. ‘ : Lo

Sk

L]

2.1.12 Body-Axis Coordinate Frame .

The body-axis coordinate frame is a right~handed system that is fixed
relative to the frame of the aircraft, with its origin at the aircraft's
center of gravity. The X axis points outward through the nose of the
alrcraft. The Y and Z axes point respectively out the right wing and out
the bottom of the aircraft.

¥
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2.1.13 Locally Level Cocrdinate Frame

Pitch, roll, and yaw are measured with respect to a locally level
coordinate frame. This right-handed coordinate system has its origin at
the aircraft's center of gravity. The yaw axis is coincident with the
local vertical and points downward. The roll axis pointa in the direction
of aircraft heading, and the pitch axis points 90 degrees to the right of
aircraft heading. ‘

2.1.14 Locally Level Geographic Coordinate Frame

This coordinate frame is also locally level but is referenced to
geographic north. The axes point in ths east, north, and "up" directions,
regardless of the aircraft attitude or heading.

2.2 SYSTEM SUMMARIES ‘ ’

The fcllowing sections briefly summarize the systems evaluated in this
report. Detailed descriptions are provided in Appendix A,
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2.2.1 Loxan=C

Loran-C is a hyperbolic radionavigation system that uses ground waves
at low frequencies to obtain an operating range of 600 to 1,500 nautical
miles (nm) independent of line-of=-sight. It also uses pulse techniques to
avoid skywave contamination. Accuracy of Loran=C is heavily dependent upon
GDOP factors at the user's location within the coverage area. loran-C is
capable of achieving absolute 2-drms accuracies of 463 meters (0.25 nm) or
better. The repesatable and relative accuracies of Lorxan~C are usually
between 18 and 90 meters (0.0l and 0.05 nm). The lLoran-C system currently
consists of 16 chains operating throughout the world, comprising a total of
S1 transmitting stations. Two~thirds of the conterminous United States and
Alaska is currently within the Loran-C coverage area; there is no Loran-C
coverage in the sourthern hemisphere. Loran-C covarage is concentrated in
the coastal areas of the Atlantic and Pacific oceans and the Norwegian and
Mediterranean seas.

2.2.2 Omega

Omega is another hyperbolic navigation system, but it utilizes sky
waves rather than ground waves to give each transmitter an operating range
of about 5,000 nm. The accuracy of the Omega system is limited by the
accuracy of the propagation corrections that are applied to the received
signal; a predictable accuracy of two to four nm is the design goal of the
gystem. Statistical studies conducted in the North Atlantic show that rms
positional accuracies of one to two nm are possible.

Omega signals transmitted from eight stations provide nearly worldwide
coverage, There are also a number of United States Navy very low frequency
(VLF) communication transmitters located around the world that can be used
as supplementary signal sources for Omega navigation. Use of VLF commu-
nication stations improves the dependability and accuracy of continuous
coverage during Omega/VLF navigation. A wider choice of candidate stations
provides greater probability that GDOP can be minimized by judicious sta-
tion selection. The extent of infusion into the marketplace of the Omega/
VLF concept is making Omega/VLF the dominant form of civil Omega navigation.

Another recent development in the evaluation of Omega navigation has
been the increasing use of ranging techniques rather than the hyperbolic
technique in the airborne processor. The ranging mode requires reception
from only two stations (rather than the three required in the hyperbolic
mode) to obtain a position fix and provides capability for increased
coverage and accuracy. However, it is necessary to employ a highly accu~
rate, and therefore expensive, clock for rho-rho measurement., As explained
previously, using a third station in a rho-rho-rho mode permits use of a
less expensive clock.

2.2.3 Differential Omega

Differential Omega is a concept that supplements the standard Omega
signal received by the airborne unit with differential correction terms
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that compensate for localized variations in signal propagaticn character-
istics. A more complete description of the differential umega concept
is contained in Section 2.8 of Appendix A. Use of Aifferantial Gmega
techniques has been demonstrated in marine applications to provide a 20
accuracy capability of 0.2 to 0.4 nm, but only when within SOnm of the
ground monitor station that provides the differential corrections. The
level of accuracy diminishes with increasing distance from the monitbr
station, ~

Most data currently available on the performance capability aof dif- .
ferential Omega are associated with marine usage in coastal regions. The ' R
testing of differential Omega in airborne applications has not been suffi-
cient to provide conclusive evidence of expected performance. The lack
of data in this regard precludes evaluation of differential Omega in this
report as a currently existing means of airxborne navigation. From the ‘
data that do exist, however, there are indications that differential . ¢
Omega could be suitable as a means of providing navigational capabality -
where other navigation systems are not suitable, thereby becoming an. '
element of a mix of systems.

s oy

2.2.4 VOR/DME

tH

The international standard en-route navigation system used within the
conterminous United States is VOR/DME. VHF Omnidirectional Range provides
the azimuth relative to the VOR ground station, and Distance Measuring Equiv-~
ment (DME) furnishes a measurement of distance from the aircraft. .to the DME
ground station. VOR and DME are usually collocated as a VOR/DME facility.
TACAN is a combination of omnibearing and distance-measuring functions.
TACAN is a military system, with the azimuth portion of a TACAN facility
not widely used by nonmilitary users. The distance-measurinjy function
of TACAN, however, is the international standard DME and is therefore
accessible to anyone with a DME interrogator. So that both military and
civil aircraft can navigate using the same airway network, TACAN faci]ities
are collocated with VOR facilities. A VOR collcated with a TACAN iz called
a VORTAC. Since there is no difference in operacion or performance between
a VORTAC and a collocated VOR/DME, VORTACs will be included in the VOR/DME
system classification in this report.
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VOR and DME navigation aids (navaids) can be used in any of the -
following three configurations:

<

* VOR only
*  VOR/DME
- « DME/DME )

The VOR system is the basis for defining airways and is therefore an inte-
- gral part of air traffic control procedures. Use of VOR in the sbsence of N
DME results in navigation based solely on directional information.. This ‘ j
singular capability is the basis upon which Victor airways woare established -- ,
- VOR-to=-VOR navigation. Two VOR stations can be used to define a radial : ‘ ?
intersection reporting point. By charting the bearing information cbtained

. - |3 [
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from the two VOR stations, a position £ix can be determined. The combination
of VOR and DME at a single site provides the capability for position fixing

by means of a single facility. Thin configuration forms the standard Inter-

national Civil Aviation Organization (ICAO) short-range navigation sysatem.

The use of dual DME offers a significant improvement in position-determination

accuracy in sreas that have suitable dual-DME signal coverage.

The accuracy of VOR is the basis of the design specification for
United States air traffic control standards and procedures. The magni-
tudes of both accuracy and signal coverage of VOR and DME are a function
of aircraft altitude and distance from the station. Line-of-sight limi-
tations restrict coverags to 30 mm or leas at ground level, a distance
. that progressively increases with altitude to an upper limit approaching
200 nm, v

VOR signal coverage is a function of the class of VOR station: ter-
minal, low altitude, or high altitude. A terminal VOR provides coverage
for an altitude range of 1,000 to 12,000 teet at radial distances out to
25 nm. A low-altitude VOR provides coverage from 1,000 to 18,000 feet at
radial distances out to 40 nm. The coverage provided by a high-altitude
VOR is a function of aircraft altitude, as shown below:

Covarage of radial distances of: is provided at altitudes of:
S 40 nm 1,000 feet to 14,500 feet
100 nm 14,500 feet to 18,000 feet

130 nm 18,000 feet to 45,000 feet

100 mm 45,000 feet to 60,000 feet

These operational coverage arcas can be expanded under special circum-
gtances by extending the noninterfering coverage radius to no more than
110 nm at altitudes below 18,000 feet, or 185 nm above 18,000 feet.

-2.2.5 GPS

The NAVSTAR Global Positioning System (GPS) is a proposed space-based
radionavigation system that is intended to provide accurate navigation
and position information to all properly equipped users. The fully opera-
tional system will enable continuous worldwide navigation, regardless of
weather conditions. Current concepts are based on an l8-satellite con-
stellation -~ a reduction from the 24 in the original specification.
Using signala from four satellites, a user can obtain three position

dimensions (latitude, longitude, and altitude), determine time, and derive

“valocity.

Although GPS is a military system, its potential use for civil navi-
getion is a major topic of discussion and study. Current plans call for
exclusive military use of the precision code (P-code), which, in the
context of an l8-satellite consteliation, enables predictable positioning
accuracy of 25 meters (0.013 nm) horizontally and 30 meters vertically (95
percent probability), depending on the capability of user equipment and
the user-to-satellite geometries. The navigational accuracy to be made
- available by the military to civilian users of the coarse acquisition
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(C/A code is uncertain; speculation ranges from 50 to 500 meters (0.016 to
0.268 nm) .

Three-dimensional navigation coverage requires four GPS satellites to
be in view of the user. The accuracy obtained depends on the geometry
involved. A substantial increase in GDOP is predicted because of the
reduction in the specified number of satellites from 24 to 18, The effect
of increased GDOP on civilian use of GPS is somewhat dependent on which
areas of the world are most adversely affected.

2.2.6 Doppler

A Doppler navigation system provides self-contained navigation capa-
bility for use in over-water and remote environments, by using inputs from
a Doppler radar and a heading reference. The Doppler radar measures
groundspeed, and the heading reference determines the aircraft's head-
ing. These inputs are then used by the Doppler navigation system to
continuously compute and display current aircraft position relative to
the flight path origin,

The Doppler radar transmitter directs radar signals toward the ground;
the signals are scattered by the ground surface and are then detected by
the Doppler radar receiver. The frequency is shifted in the scattered
radar signals by an amount related to aircraft velocity. The Doppler
radar then determines the groundspeed of the aircraft by measuring this
frequency shift in the detected signals. The heading reference typically
used in a civil Doppler navigation system measures aircraft heading with a
magnetic compass.

The cross-track accuracy of Doppler navigation is highly dependent on
the heading reference accuracy. Doppler navigation accuracy degrades as a
function of distance traveled from the flight path origin. Cross-track
accuracy for current civil Doppler navigation systems is typically three
percent of flight path distance, and along-~track accuracy is one percent.

An operational problem that occurs over calm water is an occasional
loss of signal due to insufficient scattering of the radar signals in the

direction of the aircraft. ),

2.2.7 Conventional INS

Conventional INS also provides self-contained navigation capability,
using measured aircraft acceleration to determine aircraft position. For
computational convenience, the accelerometers used to measure aircraft
acceleration are mounted on a gimbaled platform mechanized to maintain
continuous alignment with the locally level geographic coordinate frame,
regardlass of aircraft orientation. Current position is determined by
integrating the measured aircraft acceleration to obtain velocity and
integrating a second time to obtain position displacement. Gyros are used
to measure the deviations of the platform orientation. These measurements
are then applied to the platform to correct its orientation. The accuracy
of conventional INSs is highly dependent on the characteristics of these
gyros. Since the error associated with the gyro measurements tends to
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increase as a function of time elapsed during operation, the position deter-
mination of conventional INSs used in civil applications has typical rates
of accuracy degradation of one to two nm per hour of use; conventional INSs
being developed for use in military applications have demonstrated rates of
accuracy degradation as low as 0.08 nm per hour, using electrostatically
suspended gyros.

2.2.8 Strapdown INS

Strapdown INS will also provide self-contained navigation capability
when commercially available. It is similar in concept to conventional INS;
it differs in the manner in which the gyros and accelerometers are mounted.
In strapdown INS, the accelerometers and gyros are mounted in fixed refer-
ence to the aircraft frame, and as a result measure acceleration and angular
components in body~-axis coordinates. These components must be transformed
into the local coordinate frame before velocity and position are computed.
Angular data provided by gyros are used in the transformation. Several
types of gyros have been considered for this application, including ring
laser gyros, tuned rotor gyros, and electrostatically suspended gyros,
which are each described in Section 8.3 of Appendix A.

Strapdown INS has fewer moving parts and is therefore more reliable
than conventional INS. Because of the coordinate transformations, however,
strapdown INS has more computational requirements. These computations
have recently become relatively easy to perform with the development of
minicomputer technology.

The strapdown INS now being developed for use in civil applications
combines a strapdown inertial reference system (IRS) using ring laser
gyros, and a flight management computer (FMC). The strapdown IRS provides
the FMC with current aircraft position, The FMC performs waypoint storage,
flight path generation, and steering command computations, The term
"gtrapdown INS" as used subsequently in this report refers to this IRS/FMC
combination.

Accuracy of current civil strapdown INSs is primarily dependent on the
characteristics of the ring laser gyros used. Currently achieved rates
of position accuracy degradation are typically one to two nm per hour of
use for these systems., Military strapdown INSs being developed have demon-
strated rates of accuracy degradation as low as 1,1 nm per hour.

2.3 SYSTEM FEATURES

Airborne navigation units have evolved and continue to avolve in
accordance with the needs of the various user communities., Consequently,
the man-machine interfaces of airborne equipment differ from each other as
manufacturers provide special features desired by particular users.
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2.3.1 Loran-C

Use of Loran-C for airborne navigation evolved as a supplement to con-
ventional VOR/DME in areas of poor VOR/DME signal coverage. The inability
of VOR/DME to provide offshore signal coverage made Loran-C particularly
appropriate for offshore helicopter operations. The Coast Guard uses
Loran-C for over-water search and rescue missions, and offshore oil well
operators use it for navigating between land and offshore drilling plat-
forms. Since these users require the capability of precise position
location, manufacturers have emphasized special features such as stored
programmable sezrch patterns and highly accurate ground position and
track determination. Until Loran-C is more widely accepted for use along
conventional domestic airways, there will be little incentive for manu-
facturers to include a data base of VOR/DME navaids to enable the con-
struction of navaid-oriented area navigation routes.

2.3.2 Omega

Airborne Omega navigation is used primarily to serve the needs of
international air carriers. Neither VOR/DME nor Loran-C can provide
coverage over mid-ocean. Transoceanic navigation is typically performed
by either inertial navigation systems (INSs) or Omega. The inertial
systems, however, are limited in accuracy by the accumulation of gyro-
drift errors. Omega is frequently used, therefore, to provide periodic
updates to the INS and to serve as a back~up navigation system. Howaver,
Omega is also certified for use as a primary means of oceanic navigation.
The ability of Omega to serve as a worldwide navigation system has prompted
some manufacturers to provide capabilities that make it operationally effi-
cient in almost any environment. Omega navigation systems may (1) include
a data base of airports and navaids for use in flight planning (2) pro-
vide the capability for an extensive waypoint list that is useful for long
transoceanic or transcontinental flights, and (3) allow selection of track-
hold autopilot coupling.

2.3.3 VOR/DME

VOR/DME was developed in response to the basic need for an extensive
network of omnidirectional navigation aids. As a result, the VOR/DME
navigation system provided the means of successful navigation within the
United States.

Some airborne VOR/DME navigation units can provide RNAV capability,
but others cannot. A VOR-only unit is limited to a non-RNAYV application,
but single and multiple VOR/DME units are available for either non-RNAV
or RNAV applications. The RNAV capability adde to the cost.

A multiple VOR/DME RNAV unit that utilizes two VOR/DME navaids (pri-
mary and secondary) offers increased automation as well as a substantial
improvement in accuracy as a result of dual-DME processing capability.
Since RNAV systems can be geographically oriented (e.g., referenced to
latitude and lengitude), VOR/DME RNAV units can generally maintain
position in terms of latitude and longitude displacement in relation to
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the coordinates of the reference VORTAC. To provide this capability, a
navaid data base can typically be pravided, containing the latitude :and
longitude coordinates of all relevant VORTAC navaids. The navaid infor-
mation is entered into the data base through either preprogrammed memory
elements provided by the manufacturer or manual input by the pilot.
Access to this data base enables the use of automatic station-selection
algorithms, which eliminate the need for both pilot selection of appro-
priate navaids and input of corresponding navaid frequencies,

2.3.4 GPS

The satellite-based GPS is still in the development stage. Develop~-
ment of GPS for civil aviation applications is motivated by a desire to
replace currently existing navigation systems with a single system that
can meet the requirements of all users throughout the world. Although no
production units are commercially available yet, studies have been per-
formed, based primarily on cost considerations, on the likely configura-
tions and capabilities of airborne GPS receivers. The need to offset the
initial high cost of new and complex technology will result in minimizing
optional capabilities. Consequently, the "low cost" GPS receiver is
projected to have functional capabilities comparable to the lesa expensive

RNAV VOR/DME systems. 3

2.3.5 Doppler |

Doppler navigation systems were developed in response to the need for
navigation capability in areas with inadequate or nonexistent VOR/DME
coverage. They were first used in transoceanic navigation before airborne
INS or Omega units were available. These early Doppler navigation systems
do not use great-circle course generation and do not compute current
latitude and longitude. Doppler navigation systems now being developed
will include more convenient man-machine interfaces.

2.3.6 Conventional INS

Conventional INS was developed to provide an accurate and convenient
transoceanic navigation capability. INS has the additional capability of
providing circraft attitude information for use by the autopilot and other
aircraft ‘nstruments. Becauna of accumulated error in an INS due to gyro
drift, an independent INS cannot currently provide the level of accuracy
required for many over-land applications. However, by providing the INS
with periodic updates from a VOR/DME or other radionavigation system, INS
can be used for over-land navigation. This feature has prompted manufac-
turers to include a data base of airports and navaids and an extensive way-
point list capability in recent INSs.

2.3.7 Strapdown INS

S8trapdown INS was developed in response to the high maintenance cost
of conventional INS. Strapdown INS is capable of providing the same capa-
bilities as conventional INS with the same level of accuracy, but with
lower maintenance costs. The current configuration of strapdown INS is an
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inertial reference system (IRS) used in conjunction with a flight management
system (FMS) to provide navigation capability.

2.4 SUMMARY

Table 2-1 summarizes the functions and features generally available
in typical 1980-model airborne navigation units. The table should not bhe
interpreted to suggest that a particular navigation unit always provides
the features indicated or that features not included could not be accom-
modated. The differences batween the man-machine interfaces of various
RNAV units primarily reflect marketing decisions on the part of the
manufacturers. There is no technical impediment to providing all navi-
gation units with the same level of capability in terms of the man-machine
interface. 1In fact, as the market potential for the various types of
navigation system units becomes more obvious, units are being offered
with more features in common.
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able e, SUNEARY OF TYPROAL PEATUARS OF AVAILABLE AZNSONEE WAVISATION UNITS
How=MUV NV
Unit Pensure
Gonventional | swrepdowm
Vor/Dim taran~C o ars
oae 98 Dogpler m 1oy
hpuss
F1ighe Planaing
By lakitude/lengitude ® [ ) 4 x x ] X
“w
u“ 173 [ ] ] x ® v X [} .
ANe Yaypeinea
8y naveid alpha [ ] ] x L3 [ ] [ ] ® )
dosignasers
By dsoifed magnetic To VORTAC enly X 3 ] ® ] [ ] [ ]
By inefiight updasing % X X x x X X x
Plight nformation
Cuxrent pesition [ ] [ ] [ x 2 2 X X
Tl (anr) ® ¢ ® x x ® X ®
Dave [ ] [ ] ® ] % [ [ ] [ ]
Negoetic varistion
Nanuad ® [ 3 2 % ® X [}
Autonstic prestorsd ] L] X X ® [ [ x
Actual heading
Nenval [ [ ] X x [ [ ] ® 'y
Mitonatic sensor ® x x X [ ] x ® X
True alrapeed
Nanual ® [} x X ® [} x [ ]
Automatic esnsor [ ] ® [ ] % [ ) ® X x
Seation Selection and
Daselection
Auromatic [ ) X x x X WA WA WA
Nenual x 2 x X H (7 WA L 72
Oporating Nodea
Navigation
Direet to
Grest cirole X X X X X X X
sk Line ® X L] [ ] ® x [ ] [}
lag change
Manual x X x H 3 X X X
Autosatic L] x X H X x X %
Parallel offset [ J LS 3 X [ ] ] X .
Desd reckening
With sensor updates L] [} [ ] x L] [ ] [] [ ]
(e.q., TAS, HDG)
Without sensor [ ] ® x X ® [ ] [ ] [
updatas
Autopilot Coupling
Track hold Along radial X [ ] [ 2 2 ] 2
TuEn anticipation (] x L] ] X ° ® ¢
Display Parameters
Curredt vosition
tatisuds/longitude [ ] [ ] 2 x x X X x
Bearing/dissaane to [ ] x 2 x X X X .
or frem stored
waypoint
Bearing/distance from X X ® [ ] [ ] wa WA L7
signal seurce
time to waypoint ® ] X [ ] *
Current Neading
Hagmetic [ ] [ ] ® X : [ ] x x
e [ ] [ J ® ® [ ] ] 4
beife angle [ ] [ ] & ] [ ] X X
(continued)
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Toble 2«1, (continued)
Hon=RNAV NAV
Unit Peatures "
von/os vonvous | tavanse | omeya are Dopprex | COnvipLional | Strapdom
. Diaplay Parameters (continued)
Curzent Track
Desired engle To/From VORTAC enly X X X ] ] 3 X
Mtual angle To/Foom VORTAC only A 2 X S x X X
Angle exaor To/Prem VORPAC only 3 3 1 ] [ 3 X
Crose~seack daviation H x X X X ¥ ] X
Grourdapesd x X X x x H » x
Atacephario Conditions
wind apeed L4 [ ] x X [ ] [ x X
Wind dizection » [ ] X H [ ) ] x x
Waxnings and Indications
Operxator erroer [ ) [ b x . ® x
Malfunceion 4 x % X X x  § 4
Approaching or miesed X X X X . X ]
waypoint
Input and Output (I/0) Interfaces
Directional Gyro [ ] X X [ x [ J [ ]
Course Deviation X X X 3 . X *
Indicator
Autopilot [ X 3 H * 3 x .
Data Bus, Data Link [ ] X X X . [ ] X 4
Plight Managesant e X X X x [ ] [ ] X
Computer
Machanical Characteristics
Receiver/Processor Unit VOR | DNB
(V)
Weight (pounds) 3 $ 11.0 11.0 26,0 12.0 11.0 .0 44.0
Volume (cubic feet) 0.1 | 0.1 0.3 0.4 0.7 0.3 0.6 1.0 0.7
Control/Display Unit
teou)
Weight (pounds) Integrated 0.4 8,0 4.0 Integrated 4.0 $.0 .
Volume (cubic feet) in ROV 0.1 0.1 0.1 in RPU 0.1 0.1 .
Cost Mange (# thoucands) lto 7 I It lo 2 t0 60 |10 to 30 | 20 to 40 ‘ S to )$ 48 100 75 to 90
*Insufficient data. Legand:
This table is based on the following units: X = Available
Hon=KNAV VOR/DME ars ® - Not available
Collins VIR=381 Design Geudies
Nazco  DNE-890 Doppler
RNAV VOR/DME Sendix ORA-12
Collina ANB=31, ANS-)S1 Maxconi ADS&O
Bondix MP-2041A Conventicnal INS

Ring KNR-GGSA, XNS-00
Fostar AirData VNAV-S41, AD-611
J.E.T. DAC-2000

Lozan=C
Teledyns TOL~71L, TDL-424
Ooffshore Navigation ONI-7000

.
titton LTW-211
Norden Omegs ONS-~V1I
Glcbal Hav (N8-500A Series 2
Collins LAN~80, LRN-85
Canadian Marconi CMA~771

Litton LTN-S1, LTN-72, LTN-72R

Deloco Carousel IV, Carousel IV=A
Strapdown INS

Litton LTN-90

flonsywall NG IRS
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CHAPTBR THREE

PERFORMANCE REQUIREMENTS OF NAVIGATION SYSTEMS

3.1 OVERVIEW

The process of selecting a navigation system or a particular mix of

- navigation systems for adoption as the United States standard involves a
series of ccmparisons. The essential question to be answered is: Which

7 candidate system(s) can provide a level of navigation capability that sur-

E‘ passes all others? The comparison cannct be based on a singular issue such
as gystem accuracy, however. The criteria that must be used are the

. following:

* Technical ¢ Institutional

¢ (QOperational * Bconomic

Wi
' «

Technical considerations are primarily concerned with integrity, relia-
. bility, coverage, and accuracy; the means of achieving accuracy is an opera-
tional issue. The intent of this report is to evaluate only those elements
of the technical and operational considerations which contribute to naviga-
tion system accuracy. Both technical and operational considerations are
related to the envircnment in which the navigation system will be used.

. The airspace environment has been divided into two basic phases of air
navigation:

o §
£

[ a—e
7

f Sl 3
¥

* Approach/landing

T

¢ En route/terminal

The approach/landing phase includes flight operations generally con-
ducted within 10 nm of the runway in preparstion for touchdown. 7Two cate-
gories of apprcach are defined within this phase: nonprecision and precision.

" & . The en route/terminal phase of flight is divided into categories defined
' by the following particular geographic areas and operating environments:

£/
8 fﬁ * Oceanic en route * Remote areas

* Domestic en route * Helicopter operations
1 j ¢ fTerminal

3~1
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Inatitutional considerations are concerned primarily with the effects
and resolution of political issues such as intexnational atandardization;
distribution of costs); and system ownership, control, operation, and main-
tenance. Economic considerations, for both ground and airxborne facilities
and equipment, include the initial investment; operating, maintenance, and
replacement costs; and amortization of the capital investment.

3.2 TECHNICAL CONSIDERATIONS

The system-use accuracy necessary to meet current route requirements
is summarized in Table 3~1, which is taken directly from Volume II of the
July 1980 rederal Radionavigation Plan (FRP). "System-use acocuracy" is
defined by ICAO to be the square root of the sum of the squares (root sum
square [RS8]) of the following error contributions:

* Ground station error

¢ Airborne receiver error
* Display system arror

* Plight technical error

System-use accuracy is a measure of the ability of a navigation sys-
tem user to remain within a specified distance (route width) from a desired
int (track). Navigation accuracy is generally expressed in terms such as
’ fyllowing:

+ oradictable accuracy (also called absolute accuracy): the accu~
» * associated with predicting position with respect to geograph-
¢ wordinates

LI ‘ve accvracy: the accuracy with which a user can neasure

ra2iav. 2 position with respect to another user of the same naviga-
tiv~ . r's.2m &L e same time

* Repvate' o t* y: the accuracy with which a user can return to
a posit. . ... ™ ~eqra ‘ates have been measured praviously with
the same nav. ~uio. 3Iys“em

Accuracy defines the a ““<:se.n: by °ven a1 measurement value and a reference
value; precision defines the Ae'wsa f refinement to which the value can be

expressed.

System~uge accuracy correspona. .~ preai~table, or absolute, accuracy
in a statistical sense. The intery. “au. . '~ 2-4rms accuracy values
(shown in Table 3-1) is that the along~track and crosa-track error compo-
nents cannot combine to yield a result eavesd:~g the .alue given for 95
pesrcent of the measurements taken.
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distance from the VORTAC as radial distance, Figure 3-1 resolves the dis-
tance into two orthogonal uomponents (illustrated at the bottom of the
figure). The radial distance is the hypotenuse of the right triangle thus
formed.

As an example of how Figure 3-1 is used, consider an aircraft flying
along a flight path that is offset from the VORTAC by 30 nm. This offset
distance, sometimes referred to as the abeam distance, is defined as the
perpendicular diatance from the VOITAC to the flight path. At the time of
interest, assume that the aircraft is 50 nm from the abeam point, from which
the abeam distance to the VORTAC is measured. The block drawn in Figure 3-1
indicates the allowable error associated with an abeam distance of 30 nm and
an along-track distance of 50 nm from the abeam peint: 3.3 nm cross-track
and 2.5 nm along~track. The allowable error for any distance can be found
in thig manner.

Table 3-2 summarizes the requirements specified for non-VOR/DME-~based
two-dimensional (2-D) RNAV systems. All error values correspond to 95-
percent confidence levels.

Table 3-2. ALLOWABLE ERROR BUDGETS FOR NON-VOR/DME-BASED
RNAV SYSTEMS (NAUTICAL MILES)

Flight Phase Allowable Error Budgets
Nonprecision
Type of Error En Route Terminal Approach
Cross~ Along- Cross- | Along- Cross~ Along-
Track Track Track Track Track Track
Equipment 1.50 1.50 l.12 1.10 0.33 0.30
Flight technical 2.00 - 1.00 - 0.50 -
Total system 2.50 1.50 1.50 1.10 0.60 0.30
error (RSS)

3.3 OPERATIONAL CONSIDERATIONS

Operational requirements for navigation systems have been publisghed
in the FRP, Volume II, Section 2.1.1, titled "Aviation Requirements."

These requirements are quoted below:

"A. The system must be suitable for use in all air-

craft types which may require the service without

unduly limiting the performance characteristics
of those aircraft types, e.g., maneuverability
and fuel economy.




"C.

"D,

.El

"F,

"G.

"H.

III.

"J.

"K.

l'L.

IV\

The system must be safe, reliable, available and
capable of providing serxrvice over all the used
airspace of the world, regardless of time, weather,
terrain, and propagation anomalies.

The overall integrity of the system, including the
presentation of information in the cockpit, shall
be as near 100 percent as is achievable and to
the extent feasible should provide flight deck
warnings in the event of failure, malfunction, or
interruption.

The system must have a capability of recovering
from a temporary loss of signal in such a manner
that the correct current position will be indicated
without the need for complete resetting.

The system must automatically present to the pilot
adequate warning in the case of malfunctioning of
either the airborne or source portions of the sys-
tem, and assure ready identification of erroneous
information which may result from a malfunctioning
of the whole system or incorrect setting.

The system must provide in itself maximum practi-
cable protection against the possibility of input
blunder or misinterpretation of output data.

The system must provide adeguate means for the
pilot to check the accuracy of airborne equipment.

The system must employ navigational information
source equipment which automatically and radically
changes the character of its indication in case

a divergence from accuracy occurs outside safe
tolerance.

The system must employ navigational information
source equipment which provides immediate and posi-~
tive indication of malfunction,

The navigational information provided by the system
must be free from unresolved ambiguities of opera-
tional significance.

Any source-referenced component of the total navi-
gation system shall be capable of providing navi-
gational information simultaneously and instanta-
neously to all aircraft which require it within
the area of coverage.

The navigation system must be capablepin conjunc-
tion with other flight instruments, of providing
to the pilot in convenient, natural, and rapidly
ausimilable form in all circumstances, and the
appropriate phases of flight, information directly

3-6

—

[T




applicable to the handling of the aircraft, for
thae purpose of:

1. COﬁtinuoua\track guidance.
b v

%. Continuous determination of distance along
tcack. ‘

[

[ . [ ‘
. 3. Continuous determination of position of air-
. oraft, as resnlved by the navigation system.

4. Position repdrting.
5. Manual or automatic flight.

The system shall also provide for input and utili-

" zation of the above in conveniently operable form;
and must permit design of indicators and controls
which can be directly interpreted or operated by
‘the pilot at his normal station aboard the aircraft.

A,
,\ t

"M. The system must be capable of being integrated
into the overall ATC, communications, and naviga-
tion system.

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

"O0. The system must permit the pilot to determine
the position of the aircraft with an accuracy
and frequency such as to ensure that the separa-
tion minima used can be maintained at all times,
execute accurately the required holding and
approach patterns, and to maintain the aircraft
within the area allotted to the procedures.

“p, The system must permit the establishment and the
servicing of any practical, defined, route struc-
ture for the appropriate phases of flight as

" required.

"9, The system must have sufficient flexibility to
permit changes to be made to the air-route struc-
ture and siting of holding patterns without impos-
ing unreasonable inconvenience or coat to the
providers and the users of the system.

"R. The system must be capable of providing the infor-
mation necessary to permit maximum utilization of
airports and airspace.

"S. The system must be cost-effective to both govern-
ment and users.
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o

¢ e

b i




BB S T i AR

Bl il b b e b ks i an T

"T. The system must employ equipment such as to
minimige susceptibility to interference from
adjacent radio-elactronic equipment and shall not
cause objectionable interferance to any associ-
ated or adjacent radio-electronic equipment instal-
lation in aircraft or on the ground.

"U. The system must be free from signal fades or signal-
to-signal plus noise ratios below which the system
cannot oparate in the operating area.

"W. The system avionics must be comprised of the mini-
mum number of elements which are simple enough to
meet, economically and practically, the most ele-
mentary requirements, yet be capable of meeting,
by the addition of suitable elements, the most com-
pPlex requirements.

"W. The system must be capable ¢f furnishing reduced
gervice to aircraft with limited or partially in-
operative equipment.

*X. The system must be capable of integration with the
flight control system of the aircraft to provide
automatic tracking.

"No one set of aviation navigation operational re-
quirements, even though they meet the basic requirement
for safety, can adequately reflect the many different
combinations of operating conditions encountered in var-
ious parts of the world, in that the requirements appli-
cable to the most exacting region may be extravagant
when applied to others."

-

3.4 INSTITUTIONAL CONSIDERATIONS

In addition to the technical and operational considerations, a num-
ber of institutional issues will play a major role in determining which
mix of navigation systems will be used in the future. Although it is not
within the scope of this study to evaluate in detail the influence that
institutional issues will have on the selection process, some factors are
considered to be significant enough to be discussed briefly.

3.4.1 International Standardization

The United States (and consequently the FAA) is an active participant
in the international aviation community as represented by ICAO and other
organigations. One function of ICAO is to facilitate international aero-
nautical activity and cooperation through coordination and recommendation
of standardized equipment and procedures. In 1959, ICAO approved VOR/DME
as the international standard for aeronautical navigation through 1984. Of
the 2,609 VOR/DME facilities that currently exist worldwide, 1,152 are
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registered in the ICAO Air Navigation Plans as international navigation aids.
An additional 466 international facilities are scheduled for installation
according to these plans. Consequently, there is strong international senti-
ment for maintaining VOR/DME as the international standard at least through
1995 -~ a proposal that ICAO has recently adopted. Past experience has
demonstrated that a particular type of navigation aid (e.g., Loran-A) con-
tinues to be used for 15 years or more after its official protection ceases.
This being the case, it could be assumed that VOR/DME will continue to be
used worldwide into the year 2010.

ICAO has no plans, formal or informal, to endorse either Loran-C,
Omega, or GPS as an alternate or replacement international standard aero-
nautical navigation aid. Loran-C coverage areas are unlikely to extend
beyond what is currently planned, which still excludes the southern
hemisphere. Omega already provides essentially worldwide coverage, and
the necessary international agreements for maintenance and operation of the
transmitting stations have been negotiated and accepted. GPS is currently
a United States military-sponsored satellite navigation system; its imple-
mentation does not require international cooperation other than for fre-
quency allocation.

L4
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One of the central issues concerning international, and frequently
domestic, endorsement of a particular navigation system standard involves
the responsibility of contrel. The organization that controls the system
can theoretically limit access to the system. Because VOR/DME, Loran-~C,
and, to some extent, Omega are systems where the control responsibility is
distributed among many nations and organizations, they will likely remain
available to all users of all nations. GPS, however, is a system that inher-
ently requires centralized control. This control will have to be vested in
either a single country or an international organization. If the former
occurs, international support is likely to be djifficult to obtain. If the
latter occurs, the system may become unappealing to its most prominent
supporters in the United States, and its acceptance may be delayed while
institutional arrangements are prepared for international GPS management.

Intertwined closely with the issue of system control is allocation of
operation and maintenance responsibility and cost. The distributed regional
systems such as VOR/DME and Loran-C are well suited for the international
environment, since the using, controlling, operating, and maintenance func-
tions are typically the responsibilities of the country in which the facil-
ities are located. Omega also presents no difficulties in this context,
because the operational and maintenance considerations have already bheen
agreed to by treaty. GPS, however, is likely to encounter significant
institutional difficulties in allocation of operation and maintenance re-~
sponsibility and cost.

3.4.2 Transitional Impact

National governments as well as the various user communities have
significant capital investments in the existing VOR/DME-based navigation
system. These investments must be protected over an extended period of
time while any new system is being phased in, to allow for full amortization
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of the old system. The institutional difficulties of effectively maintain-
ing standards for two navigation systems over a period of possibly 15 to

20 years may be so cumbersome and uneconomical as to force retention of the
VOR/DME system until the successor system can have a guaranteed useful life
of at least 30 to 50 yearsa.

3.4.3 Special Interest Groups

The acceptability and desirability of any single navigation system or
combination of systems will ultimately be determined by the user community,
either directly or indirectly. For aexample, the airlines provide the impetus
for the application of Omega to en-route navigation in the continental United
States, offshore oil prospectors generate the market for Loran-C, and private
pilots continue to provide demand for VOR/DME. User preferences are evi-
denced through public statements of trade associations and, more important,

through equipment purchases.

3.5 ECONOMIC CONSIDERATIONS

Both the Government, as the provider of navigation capability, and the
user, as the purchaser of equipment for aircraft, are concerned about the
life-cycle cost of the navigation system or combination of systems selected
for future use. Consequently, numercus cost analyses have been performed
for alternative navigation scenarios. The following two reports have quan-
tified the total Government and user life-cycle costs of various navigation
system combinations:

* Economic Requirements Analysis of Civil Air Navigation Alternatives,
Reference 29

* Economic Analysis of Future Civil Air Navigation Systems, Reference
30

In broad terms, these studies have concluded that neither Loran-C, GPS,
nor Omega can compete in cost with the single VOR receiver for low-budget
aviation. However, if area navigation becomes the standard of the air traf-
fic control system, the specific combination of systems used will have
relatively little cost impact as long as the existing user capital invest-
ment in VOR/DME is utilized concurrently with any newly introduced system
(e.g., VOR/DME with Loran~C or VOR/DME with GPS). If the existing VOR/DME
network is discarded in favor of a totally new navigation concept such as
GPS, the cost to retrofit all existing aircraft with the new navigation
equipment will exact a significant cost penalty from the users, as compared
with the other approaches. The quantitative conclusions of these two
reports are summarized in Table 3-3.
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Table 3-3. LIFE-CYCLE-COST COMPARISONS OF NAVIGATION SYSTEMS

Total Life-Cycle Coat to U.S5.
Government and Users Normalized
Navigation System(s) Used to Baselina

SCIw MITRE Coxrp.**

VOR/DME (RNAV not required) in U.S.; | 1.00 (baseline) 1.00 (baseline)
Omega for global navigation

VOR/DME with Loran=C (RNAYV Not Studied 1.13
required) in U.S.; Omega for global
navigation

VOR without DME (RNAV not required) .. 1.20 1.08
in U.8.; GPS for RNAV and global .
navigation .

RNAV Loran-C in U.S.; Omega for 1.20 1.24
global navigation

RNAV GPS ~~ both in U.S. and for 1.40 1.40
global navigation

*Systems Control, Inc., Economic Requirements Analysis of Civil Air
Navigation Alternatives, Reference 29,

**MITRE Corp., Economic Analysis of Future Civil Air Navigation Systems,
Reference 30.
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CHAPTER FOUR

TECHNICAL EVALUATION OF NAVIGATION SYSTEMS

4.1 OVERVIEW

The technical performance of a navigation gystem is strongly influ-
enced by the properties of the received signal as well as the techniques
used by the airborne receiver in processing the signals. Significant
signal properties include stability, coverage, and availability. Signal
acquisition and tracking continuity depend on both signal and receiver
characterisgtics.

Accuracy of hyperbolic radionavigation systems such as lLoran-C and
Omega is primarily dependent on the accuracy and precision with which time
or phase differences can be measured. When ranging techniques are used for
Loran~-C and Omega navigation, achievable accuracy is a function of the time
synchronization of the transmitters, user clock biases, accuracy of propa-
gation modeling, and the geometry of the user's position in relation to the
transmitting stations.

Accuracy of VOR/DME is primarily influenced by the inaccuracies of
VOR. The dominant VOR errors are caused by multipath effects. Multipath
signals are caused by reflecting objects near the transmitter that scatter
the original signal. These multipath signals create distortions in the
desired signal resulting from different paths being simultaneously traveled
by the signal between transmitter and receiver. The result is scalloping
in the VOR bearing indications.

Accuracy of the space~based GPS radionavigation concept depends on
accurate and continuous knowledge of the spatial position of each satellite
in the system with respect to time and distar.ce from the user.

Accuracy of Doppler navigation systems degrades as a function of the
distance traveled from a known position. The accuracy capability is mainly
dependent on the accuracy of the heading reference used.

Accuracy of conventional and ltrap&own INS degrades az a function of
time. The accuracy is principally influenced by accumulated gyro drift.
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Although compliance of a navigation system with technical performance
requirements such as accuracy is necessary. it is not a sufficient condition
for acceptability. Alsc important are operational considerations relating
to the ability of the system to intoract with the pilot and ATC to mest
and maintain oparational standards of safety and accuracy. The summary of
features of typical navigation units presented in Table 2-1 provides an
indication of the operational compatibility of various navigation aystems in
terms of the system-user interface. The following sections present the tech-
nical capabilities of each system in terms ¢f an error hudgat.

4.2 ERROR BUDGET FOR LORAN-C

The error budget for Loran-C is broadly divisible into five categoriés
as followsa:

* Transmitter errors

* Signal detection arrors

s+ Receiver clock errors

+ Signal propagation variations

* position fix calculation errors

Table 4-1 presents a summary of the effect of specific errors on the
navigational accuracy of various Loran-C system use categories. As the
table shows, inaccurate prediction of signal propagation variations is the
main contributor to the total RSS system accuracy, excluding flight tech-
nical error. Although it may appear that hyperbolic navigation is more
accurate than either rho-rho or rho-rho-rho navigation, that is not the case
in an operational environment. When user distance from a Loran-C baseline
is large in relation to the length of the baseline, the user is in a high
GDOP situation. The relatively short baselines of Loran~C chains result
in typical GDOPs of two to four when hyperbolic navigation is used. Use
of rho-rho or rho-rho-rho techniques effectively eliminates GDOP considera-
tions. Each error source ig discussed in the following sections.

4.2.1 Transmitter Errors

Loran-C receivers presume that the received signal originated at a
particular instant at a specific location. Jitters in the timing of the
loran-C pulse or errors in transmitter location are interpreted by the
receiver as variations in signal propagation time. These propagation
variations in turn directly translate into position fix errors. The errors
presented are based on an assumed signal propagation velocity of 161,829

nm/sec.

4.2.1.1 Timing Error

Loran~C transmitters are synchronized with each other via extremely
accurate internal atomic clocks and information from various monitor

4-2
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Table 4-1. POSITION BRROR BUDGET SUMNARY FOR LORAN-C

Source of Error

Effect of Error (inm) on
Navigation System Use

Hyperbolic Rho=-Rho Rho-Rho=Rho
Transmitter Errors
Timing 0.03 0.03 0.03
Location 8 x 10~ 8 x 10" 8 x 10~
Signal Dataction Errors
Zero crossing detoction | 2.4 x 107" | 2.4 x 10°° | 2.4 x 107°
Phase comparison 3 x 109 3 x 10~% 3 x 10"
guantization
Cycla jump* 1.62 1.62 l.62
Recaiver Clock Erxrrorsws
Initialization Nagligible 0.06 0.06
Drift 1.3 x 107¢ | 3 x 10-3+ | 1.3 x 10-®
Signal Propagation
Variations
Prediction 0.06 0.06 0.06
Random* 0.01 0.01 0.01
Position Fix Calculation
Brrors* '
Barth model 0.2 " 0.2 0.2
Dead reckorning 5.5 x 10 5.5 x 10=* | 5.5 x 10~*
Total System Poaition
Error (R8S 2 drms)
GDOP = 1 0.07 0.09 0.09
GDOP = 4 0.28 - -

*Excluded from RSS calculation.
*#*0uartz clock unless otherwise noted.
+Rubidium clock or better.

stations.

The most critical types of timing errors include lack of proper

signal phase or envelope coherence among stations, as follows:

Master station timing errorx

Master-slave timing error

Slave-slave timing error
Chain-chain timing error

o
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The United States Coast Guard, which operates the lLoran-C gystem in the
United States, has spacified the following four operational modes for
transmitters:*

* "Optimum - achisved 95% of the time) full power -
timing precision of % 40 n seconds;

* "pracision - achieved 97% of the time; half power -
timing precision of 2 40 n secunds;

* "Enhanced ~ achievod 98.6% of the time; full power -«
timing precision of & 200 n seconds; and

* "Standard - achisved 99.7% of the time; half power -
timing precision of ¢ 200 n seconds."

For this discussion, the standard operating mode is used to determine trans-
mitter errors. Therefora, the sum of all timing errors within the trans-
mitters is assumed to be less than 1200 nancseconds (ns), corresponding

with a propagation distance error of +0.03 nm (£55.6 meters).

4.2.1.2 Station Location Exrox

Publisi.ed locations of Loran-C ptations are accurate to 0.1 arc second.
Any variation of actual signal origin from these published position coordi~
nates is reflected directly into an erroneous range measurement from the.
gtation. An accuracy of (.1 arc second is the same as an error of $0.05 arc
second, which corresponds to a position fix error of 18 x 10“% nm (£1.5
meters) when assuming 60 nm/deg.

4.2.2 Signal Detection Errors

Each Loran-C pulse contains 20 cycles of radic frequency (RF) energy
and exhibits a slowly zising and decaying amplitude envelope shaped much
like a teardrop. The energy contained in the first two cycles of the pulse
is insufficient for a good signal-to-noise ratio measurement. The fourth
cycle is likely to be contaminated by sky waves. Therefore, receivers
typically are designed to measure pulse arrival at the third cycle. The
moet accurate technique for mneasuring time of signal arrival is to detect
the third pulse zero crossing and compare that tim to a local oscillator.
The exact time is measured in terms of a phase relationship between the
local oscillator and the received signal. The following sections describe
the three sources of error that contribute to Loran-C position uncertainty.

4.2.2.1 Zero Crossing Detection Error

The zero crossing is derived by comparing the squared-off Loran RF
signal with the local oscillator clock. The squared-off Loran signal is
derived by means of such a device as a saturating amplifier. There is

*A Comparative Analysis of Area Navigation Systems in General Aviation,
Reference 28.
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approximately 1 degreea of error in identifying the precise moment of zero
crossing. This l-degree error in a 100-kHz signal oogrolpondl to 0.03 micro-
second, or a propagation distance error of 2.4 % 10™° nm (4.4 meters).

4.2.2.2 pPhase Comparison Quantization Error

The phase difference between the local oscillator and the received
Loran pulse is usually measured with a digital counter that runs several
times faster than the basic RF carrier rate of 100 kHz. Current engineexr-
ing deaigns typically provide resolution of 40 ns (20 ns error), corres-
ponding to a propagation distance error of £3 X 10=3 nm (5.6 meters).

4.2.2.3 (Cycle Jump Error

Under certain atmospheric propagation conditions, differences between
the phage and group velocities in the RF signal afifect the shape of the
Loran~C pulae so that it is distorted by thé time it reachee the receiver.
This pulse distortion may deceive the receiver into miscounting the true
cycle crossings and thus locking onto the second or fourth cycle of the
Loran pulse. This phenomenon is called cycls jump. Most Loran receivers
have special circuitry and logic tn prevent this from happeniny and to warn
the operator if it does occur. The position error introduced by cycle jump
is the equivalent propagation time of ona Loran-C cycle, or 10 microseconda,
corresponding to a propagation distance error of + 1.62 nm.

4.2.3 Receiver Clock Brrors

There are two types of clock errors. The firast type is a function of
initial synchronization, and the second is a function of stability.

4.2.3.1 Clock Initialization Error

In the hyperbolic mode, clock initialization errors have minimal
effect on rosition accuracy, because only the time difference between incom-
ing ‘signals is measured, resulting in the cancellation of initialization
errors. In the ranging mode, initialization errors are significant, because
they add a constant error to the position fix. The accuracy of the initial
clock synchronization is limited by knowledge of the exact distance fyxom the
receiver at the time of initialization, knowledge of the propagation charac-~
teristics at the time of initialization, and the receiver's signal detection
accuracy at the time of initialization. These different types of error are
presented in Table 4-2.

4.2.3.2 Clock Drift Error

If the local oscillator is unstable and drifts in relation to the
transmitter clocks, the airborne system perceives the drift as a shift in
time difference and computes an erroneous position.
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Table 4-2. RECEIVER INITIALIZATION ERRORS
Report Magnitude
Source of Error Derivation Section (4nm)
| Range from Limitation of accuracy of 4.2,1.2 | 8 x 10°"
transmitter tranamittey and receiver loca-
1 tions to 0,05 arc second
Propagation Errors in prediction 4.2.4 0.06
P[ Signal detection | Phase comparison quantization 4.2.2 3 x 10"}

In the hyperbolic mods, only short-term clock lttiility is important.
With a quartz crystal clock, drift is about 1.7 % 10™** geconds for a repre-
sentative measurement interval of 0.05 seconds. This drift corresponds to
a propagation distance error of #1.3 x 106 nm (+0.002 meters).

In *he rho-rho mode, the clock is free-running during each leg of the
flight and thus may not be resynchronized for twe to six hours. During a
six~hour flight, a quartz clock may drift 7.2 microseconds, corresponding
to a propagation distance error of $0.6 nm. A rubidium clock is more stable
and will reduce this error to 3.6 % 108 seconds, or %3 X 10-3 nm (5.6
- meters).

In the rho-rho-rho mode, a third Loran~C station is used to estimate
and compensate for the error resulting from clock drift. Therefore, the
effect of drift will be minimal for any high~quality clock used in the

. raceiver,

4.2.4 8ignal Propagation Variations

Accurate modeling of the propagation characteristics of the Loran-C
signal enhances the accuracy of the system. Differences in propagation
characteristics between the model and the received signal result from
errors in predictive modeling and the occurrence of random, non-predictable
variations in signal propagation.

4.2.4.1 Prediction Error

The propagation velocity of electromagnetic waves varies slightly as
a function of the mediuwm through which the waves are passing. For Loran-C,
the characteristics of the medium depend on surface effects and atmospheric
conditions. Surface effects are important, because Loran-C receivers
‘derive :qnge information from ground waves traveling along the surface of
the earth. Propagation models that assume that the ground waves travel
over water will introduce position errors when used over land. The uncer-
tainty in determining the correct propagation velocity from the transmitter
to the user is called prediction error. Estimates of the magnitude of
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pradiction error are typically around 0.4 microsecond, corresponding to a
propagation distance error of 10.06 nm (:lll.l meters). Those lLoran-C units
that store propagation corrections to account for the land/sea shift minimize
this error.

Many sources of error in signal propagation cannot be adequately pre-
dicted. Their effect on position accuracy is primarily a function of the
limit of signal detection possible, as a consequence of noise. The opara-
tional limit of most radionavigation systems, including Loran-C, is deter-

l 4.2.4.2 Random Error

i' mined by the signal-to-noise ratio (SNR) at which the receiver must operate.
¥ ' Analyses have shown that the unpredictable error in an excellent SNR environ-
ment (l:l) is about 0.05 microsecond, or t4 % 10=3 nm. In a typical SNR
- environment (1:3), unpredictable errors increase to a value of about 0.14

microsecond, corresponding to a propagation distance error of +0.01 nm
- (£18.52 meters).

4.2.5 Position Fix Calculation Errors

The ability of Loran-C units to determine geographical position is
dependent on the accuracy with which the unit converts transmitter-to-user
range information to earth coordinates. Inaccuracies in the interpreta~
tdon of the range measurements, due either to the effects of sudden changes
to the input or improper earth modeling, will degrade position fix accuracy.

4.2.5.1 Earth Model

Once the range from the Loran-C transmitter has been determined, the
geographical position of the user is computed on the basis of a mathematical
model of the earth. Position fix errors resulting from the lack of agree-
ment between earth models can be as great as 10.2 nm (t370.4 meters).

. 4.2.5.2 Dead Reckoning

Initiation of a maneuver or a sudden change in the wind vector intro-
- . duces an error rate of 5.5 X 103 nm per second (based on an along-track

o wind change of 20 knots), which decays to zero as the tracking loop of the
receiver compensates for the change in dynamics during successive update
cycles. Between 0.l-second measurement updates of lLoran-C, an error of
5.5 x 10~3 nm per second results in a position fix error of 5.5 x 1074 nm
(1.0 meters).

4.2.6 Total System Position Error

The individual error contributions are combined in R88 fashion tc com- :
o pute the total system position errors (2 drms) for hyperbolic, rho-rho, and ;
rho-rho-rho implementations. The RSS totals corresponding to a GDOP of 1
ot assume best geometry conditions. A typical total error corresponding to a
E GDOP of 4 is also shown in Table 4-1 for hyperbolic navigation. It is

- agsumed that a GDOP of 1 can be achieved under most conditions when rho-
rho or rho-rho-rho navigation is used with Loran-C.
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4.3 ERROR BUDGET FOR OMEGA

n:xo:llfor Omega are'divided into the same five categories as
defined for Loran-C:

* ' Transmitter urrors

* 8ignal detection errors

* Receiver clock errors

* Signal propagation variations

* Position fix calculation errors

. A summary of the effect of these errors on Omega navigation accuracy
is presented in Table 4~3. As the table shows, propagation modeling errors
overwhelmingly predominate and limit the overall accuracy of position fixing.
The baselines between Omega transmitters are much longer than those for
Loran-C; therefore, the typical GDOP associatad with Omega hyperbolic navi-
gation is 2, whereas it is 4 with Loran-C. The errors are discussed in the
following sections.

4.3.1 Transmitter Timing Errors

Since the Omega system assumes perfaectly synchronized and phase-locked
VLY radio transmissions, any jitter will result in an erroneous position
fix. The eight Omega tranamitters are phase-locked by means of monitor sta-
tions and use very accurate atomic clocks at each station for frequency
standards. Timing errors between astations are limited to 1 microsecond,
. corresponding to a propagation distance error of :+0.08 nm (+148.2 meters).

4.3.2 Signal Detection Errors

Position fixing for Omega in the hyperbolic mode requires comparison
of the phase values of the received signals from several transmitting
stations. In the ranging mode, the phase of the received signals is
measured directly and not compared. Errors in phase detection and phase
measurement quantization are described in the following sections.

4.3.2.1 2Zero Crossing Detection Error

The phase of the Omega signal is measured by hard-limiting the signal
and comparing signal zero crossing with reference clock zero crossing. The
time difference between the two is converted to phase value.

Assuming a saturation ratio of 10:1, the transition from one limit to
the other will take nearly 12 degrees (2 X sin~l [0.1] for a sinusoidal
Omega signal). With 100:1 saturation, the transition is 1 degree. A
l-degree phase detection error corresponds to a position fix error of 10.02
nm (£37.0 meters). (At an Omega frequency of 10.2 kHe, 16 nm corresponds

to 360 degrees).
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Table 4-3. POSITION ERROR BUDGET SUMMARY FOR OMEGA

Source of Error

Bffect of Error (inm) on
Navigation System Use

Hyperbolic Rho-Rho Rho=-Rho-Rho
Transmitter Timing Errors 0.08 0.08 0.08
S8ignal Detection Errors
Zero crossing detection 0.02 0.02 0.02
Phase measuxement 0.04 0.04 0.04
gquantigation
Recaiver Clock Exrrora*
Initialization Negligible 0.02 0.02
Drift 1.25% 10" 0.005%* 2.5 x 10~*
Signal Propagation
Variations ‘
Prediction 1.6 1.6 l.6
Randomt 2.5 2.5 2.5
. Position Fix Calculation
Errors?
Earth model 0.2 0.2 0.2
Dead reckoning 0.028 0.028 0.028
Total System Position
BError (RSS 2 drms)
GDOP = 1 1.6 1.6 1.6
GDOP = 2 3.2 - -

*Quartz clock unless otherwise noted.

**Rubidium clock or better.

+8xcluded from RSS calculation.

4.3.2.2 Phase Measurement Quantization Error

Omega receiver: using hyperbolic techniques typically quantize phase
in units of 1/100 of a phase-difference cycle (centicycle).
racy along the baseline at a frequency of 10.2 kHz is therefore 0.08 nm, or
20.04 nm (74,1 meters).

Resgolution accu-~
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4.3.3 Receiver Clock Rrrors

As with Loran-C, there are two types of clock errors for Cmega. The
first type is a function of initial aynchronization, and the second is a

gynotion of stability.

4.3.3.1 Clock Initialization Error

In the hyperbolic mode, clock initialization errors have minimal effect

on position accuracy, because only the phase difference between incoming
signals is measured, resulting in the cancellation of initialization errors,

In the rho-rho mode, initialization errors are significant, because
they add a constant error to the position fix. The clock is initialized by
the use of either the four Omega navigation frequencies or differences
between these frequencies. Frequency differences are used to resolve
initial lane ambiguity. Nondifferenced frequencies subsequently axe used
for final correction of clock error.

If exact position and propagation characteristics are known at the
time of initialization, and if the clock synchronization circuits provide
comparable performance to the phase detection circuits, phase ambigquity of
1 degree can be expected in clock synchronization. This ambiguity corre-
sponds to a position fix error of $£0.02 nm (£37.0 meters).

4.3.3.2 Clock Drift Error

If the local oscillator is unstable and drifts in relation to the
transmitter clocks, the system perceives this drift as a phase shift and
computes an erroneous position. Table 4-4 summarizes the effect of clock
drift on navigation accuracy for different types of clocks.

The magnitude of position error is related to the elapsed time between
independent measurements that enable timing synchronization. In a hyper-
bolic implementation, the elapsed time between phase measurements of the
same frequency, but from two signals,is constant, although the value is
dependent on which Omega station combinations are being tracked. It is
therefore possible to synchronize the clock in accordance with this elapsed
time. An elapsed time of five seconds is used in Table 4-4 to represent a
worst-case station combination. For such short time intervals between tim-
ing synchronizations, the clock need have only good short-term stability.
In fact, the effect of drift is minimal if any high-quality clock is used
in the Omega receiver.

In the rho-rho mode, in which phase comparisons that allow timing
synchronization are not utilized, the clock is free-running during each leg
of the flight and thus may possibly not be resynchronized for two to six
hours. Because of thiag extended operating period, clocks that are typically
used are not stable enough to provide accurate rho-rho navigation over
extended time periods. '
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Table 4-4. ESTIMATE OF CLOCK STABILITY EFFECTS ON
POSITION ERROR FOR OMEGA NAVIGATION

Position Error (nm)

Clack 2:2;:;::’? Hyperbolic | Rho-Rho | Rho-Rho-Rho
Type Y {5-Second (6-Hour (10-sacond
Period) Period) Period)
Quartz 3 x 10° 2.5 x 10™" 1.8 5 x 10="
Rubidium 6 x 101 1.5 x 107¢ | 1 x 1072 3 x 10”8
Cesium 5 x 102 1.5 x 1077 | 1 x 107} 3 x 10”7
Hydrogen 1 % 10" 1 x107% |7 x10°°% 2 x 1078
Maser

*Short~term stability is expressed as one part per the value
given. By dividing the time period of interest by the
short~term stability value and then multiplying the result
by the speed of light, the position error is determined.

In the rho~rho-rho mode, a third Omega station is used to estimate and
compensate for the error resulting from clock drift. This readjustment
occurs every 10 seconds. Therefore, the effect of drift will be minimal for
any high-quality clock used in the receiver.

4.3.4 Signal Propagation Variations

The accuracy of Omega is limited by the accuracy of the propagation
corrections that are applied to the received signal. The corrections are
developed on the basis of predicted signal behavior. Random, nonpredictable
variations in signal propagation introduce errors that compound those
inherent in the predictive modeling of signal propagation.

4.3.4.1 Prediction Error

Estimates of the error due to propagation modeling range from 3.2 to
8 nm. For this analysis, 3.2 nm, specified as 11,6 nm, is assumed to be a
typical propagation prediction error.

4.3.4.2 Random Error

Many influences on signal propagation that occur infrequently cannot
be predicted -- for example: sudden phase anomalies (SPAs), produced by
sudden ionospheric disturbances (SIDs); and polar cap absorption (PCA)
events, caused by the concentration of solar protons in the vicinity of the
earth's magnetic poles. These anomalies can cause position errors of 2 to
8 nm -~ an average error of 5 nm.
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4.3.5 Position Fix Calculation Errors

Geographical position is determined by converting to geographical
coordinates the position of the user relative to the Omega stations, as
determined by the receiver. This position fixing process is susceptible
to exrors in earth modeling and uncertainty in assumed position as a
function of dynamic response to sudden changes in input.

4.3.5.1 Earth Model

As in Loran-C navigation, Omega navigation requires the use of a
mathematical model of the earth. The possibility of a position fix error
of $0.2 nm is used in thia analysis.

4,3.5.2 Dead Reckoning

If an error rate of 5.5 X 10~3 nm per second is used (based on an
along-track wind change of :20 knots), a 5~second dead-reckoning pericd
before the first update will result in a position fix error of 10.028 nm.
Some Omega/VLF units use processing techniques that reduce the period of
dead reckoning. By processing the VLF signals in parallel rather than in
series with the Omega signals, a more continuous update capability can be
achieved.

4.3.6 Total System Position Error

The individual effects of the various sources of error are combined
in RSS fashion to determine the total system position error (2 drms) for
Omega. RSS totals corresponding to a GDOP of 1 are given in Table 4-~3
for hyperbolic, rho-rho, and rho-rho-rho implementations. A typical total
error corresponding to a GDOP of 2 is also shown for hyperbolic navigation.
As discussed for Loran-C, when ranging techniques are used, it is assumed
that a GDOP of 1 can also be achieved by Omega when supplemented with VLF,

4.4 ERROR BUDGET FOR VOR/DME

Errors for VOR/DME are divided into the following categories:

* Bearing error components
¢+ Ground component radial error
*+* Airborne component radial error
*+ Course selection error
* Distance measurement errors
s+ Ground component distance error
*+* Airborne component distance error
* Area navigation computation error
* Total system error

4-12
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Tuble 4-5 gummarizes the effect uf spacific errors on navigation
accuracy for the VOR/DME navigation system use categories. Each error \
_source is discussed in detail in the following sections. ‘

L

C Table 4-5. ERROR BUDGET SUMMARY FOR VOR/DME*

Effect of Erroﬁ tn

" Source of Exror

Navigat191 Systam Ure ..

Rirborne component -

‘Between 0.1 nm and

Between 0.1 nm and

. Basic VOR/DME RNAV VOR/DME
Bearing Errors
Ground component £1.4¢ : . k1. 40
Airborne component +3.0° (%1. DO *w), C 33.0° (£1.00%%)
Course selection: £2.0° (0. Sowk) $2.0° (20.5°%%)
- Distance Evrors _ q
Ground component #C.1 nm - %0.1 nm ‘

\ 1% of range. - 1% of range . ui
" Area Navigation Not upplicable’ 0.5 nm ; \

Computation Exror f ‘ ‘ Lo
Total System Error
(RSS 20)

Radial $£3.9° (tl.8°%*) +3. ge + 0.5 nm

o “ j (+1.8° +70.5 nmw+)
Distance Between 0.5 nm Between 0.5 nm

(Oc1l mm¥*j and 3%
(l%**) of ringe

(0.1 nr#**) and 3%
(ls**) of range

.

*All values reflect the proposed FAA standard for VOR, DMZT,
and TACAN, unless otherwise noted.
**Obtainable.

4.4.1 Bearing Errxor Components

Some of the errors listed ir the VOR/DME error budget can ba attrib-
uted directly either to the VOR c¢r DME element of the system. Bearing
arror reflects the error introduced specifically through use of VOR. The
three individual componants contributing to bearing error are described
in the following sections.
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4.4.1.1 Ground Component Radial Error (Eqr)

Radial signal erzror is the difference batwaen the nominal magnetic
bearing from the VOR transmitter to a point of measurement and the bearing
indicated by tha signal at the same measurement point. Ground component
radial error consists of (1) certain constant elements, such as course
displacement errors and most site and terrain effect errors, which may be
consldered fixed for long periods of time, and (2) certain random variable
errors that can he expected to vary about the essentially constant value.
The ground component radial error is associated with the VOR transmittex
and nominal signal path errors, but excludes other error factors.

Siting and propagation errors are the principal VOR signal errors.
Alignment of electronic radials with magnetic radials, and deviations of
signal because of roughness, scalloping, multipath effects, signal bending,
and refraction, are moatly uncontrollable factors that contribute signifi-
cantly to siting errors. Signal propagation variations in the atmosphere
have been demonstrated to contribute to a course error of 0.2 degree.

Extensive data collection by the FAA indicates an ng error value of
1.4 degrees (95 percent probability).

4.4.1.2 Airborne Component Radial Error (Ear)

Airborne component radial error is the error attributabie to the
inability of the airborne equipment to translate correctly the bearing

information contained in the radial signal. This element embraces all
factors in the airborne component that introduce errors in the information

presented to the pilot. (Errors resulting from the use of compass informa-
tion in some VOR and TACAN displays are not included.)

An Epy Value of $3.0 degrees (95 percent probability) was used in
defining the national aviation standard for the VORTAC system., The use of
digital signal processing has reduced this error to a range between +0.75
and +2 degreeg, according to various equipment manufacturers. A value of
tl degree is specified in Table 4-5 as obtainable.

4.4.1.3 Course Selection Error (CSE)

Course selection error (CSE) is the accuracy limitation of the omni-
bearing selector (OBS) resulting from the resolution of the device and the
error inherent in translating the pilot input to the avionic comparator.
This comparator derives the difference between the actual computed course
and the selected course entered by the pilot. This difference is usually
displayed on a course deviation indicator (CDl). Errors of the CDI are
considered to be part of Egp.

A requirement of +2.0 degrees for CSE was established on the bhasis of
accuracies achievable with analog dials. The advent of digital processing
and displays permits pilots to set a desired course to within the precision
made available, either whole degrees, tenths of a degree, or better. 1In
this analysis, $0.5 degrees will he assumed achievable.
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4.4.2 Distance Measuremsnt Errors

Distance measurement erxors reflect tha errors introduced specifically

through use of DME. The two components contxibuting to distance measure-
maent errors are described in the following sections.

4.4.2.1 Ground Component Distance Error (Bga)

According to current raguirements, ground compnnent range accuracy
must be maintained to within 0.1 nm.

4.4.2.2 Airborne Component Distance Error (Epq)

The airborne DME unit measures and displays the slant range distance
between the aircraft and the ground station. The accuracy of this informa-
tion must ke maintained to within' 3 percent of the actual distance, or
$0.5 nm, whichever is greater. The ‘digital revolution has markedly improved
the accuracy of airborne DMEs beyond standard requirements. Manufacturers
commonly quote airborne equipment accuracy of 0.1 nm to 1 percent of DME

\ distance for general aviation equipment.

'4.4.3 Area Navigation Computation Error (Eg)

When RNAV computation is used, an additional error contribution is
specified and combined with the basic VOR/DME system error. The additional
maximum RNAV equipment error allowed, per FAA AC 90-45A, is 20.5 nm,

Computation error includes error components contributed (1) by any
input, output, or signal couversion equipment used, (2) by any computing
element used, (3) by the display as it presents either aircraft position or
guidance commands (e.g., course deviation or command heading), and (4) by
any courge definition entry devices used. For systems in which charts are
incorporated as integral parts of the display, Eg necessarily includes
charting errors to the extent that these errors actually result in errors
in controlling the position of the aircraft in relation to a desired path
over the ground. To be consistent, for symbolic displays not employing
integral charts, any errors in waypoint definition directly attributable
to errors in reference charts used in determining waypoint positions should
be included as components of E,. This type of error is difficult to
quantify; in general practice, highly accurate published waypoint locations
are used to the greatest extent possible to avoid charting errors (and to
reduce workload).

4.4.4 Total System Error (Eg)

Assuning that the variable errors from various sources discussed are
normally distributed and independent, the error components are combined in
RSS fashion as follows:

2 2 2 2 2
System radial error (E’r) = \/Eqr + B, * CSE” + FTE + Ec
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4.5 ERROR BUDGET FOR GPS

GPS errors are Aivided into the following categories:

. \Satcllito errors
* 8ignal propagation variations
¢« Receiver errors

These errors directly affect the range measurements from each visible
satellite. User position is determined by the processing of independent
range measurements.

T™wo levels of accuracy are provided by NAVSTAR GPS, correaponding to
two different signal codes =-- the precision code (P-code) and the less accu-~
rate coarse/acquisition (C/A) code. The range error budget for GPS, summa-
rized in Table 4-6, reflects error magnitudes relevant to use of the C/A
coda only, since that is the only code to be made available for civil avia-
tion applications. Position error is a function of the combined affects of
the errors arising from each range measurement.

Although the results shown in Table 4-6 are of interest, they are not
necessarily indicative of the position fix accuracy that a civilian GPS
user can expect when GPS becomes fully operational. The denial of accuracy
that may be imposed by the Department of Defense will result in a degraded
capability of determining position, possibly to a 2-drms accuracy of no
better than 500 meters (0.27 nm).

The individual range error sources are discussed in the following
sections.

4.5.1 Satellite Errors

The satellites are the source of the GPS navigation signals. Range
from a satellite is determined on the basis of time measurements. The
satellite clock provides the standard against which time intervals are
measured. Satellite position is computed from the ephemeris parameters
transmitted in the GPS signal. Perturbations in the orbit of a satellite
will cause a position deviation relative to the ephemeris data. The effect
on position accuracy of errors associated with the satellites is described
in the following sections.

4.5.1.1 Clock BError

The rubidium clocks currently used in the satellites are periodically
updatad by the ground control facility to maintain an accuracy better than
1 meter (1l0).

4~16
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Table 4-6. RANGE ERROR BUDGET SUMMARY FOR UNRESTRICTED
GP8 (C/A CODR)
Effect of Error (in Neters)
Source of Error on Navigation System Use
S8atellite Errors
Clock 1.0
Ephemeris 1.5
Orbital perturbation 1.8
Signal Propagation Variations
Atmospheric delay 3
Multipath 20
.| Receiver Errors
Measurement noiase 10.5
Range quantization 2.68
Navigaition algorithm 1.0
Total System Range Error
(R88)
B 1 23.1 (0.01 nm)
2 drms 46,2 (0,025 nm)

4.5.1.2 Ephemeris Error

Each satellite transmits its position to a user receiver in the form
of predicted ephemeris data. Errors in the ephemeris translate into posi-

tion fix errors. Techniques for charting the ephemeris are believed to be
accurate to within 1.5 meters (lo).

4.5.1.3 Orbital Perturbation Error

Influences such as variations in the earth's gravity gradient cause
space vehicle perturbations. 8Such perturbations are projected to be 1.5
meters (10).

4.5.2 8ignal Propagation Variations

The GPS signal propagates from the satellite to the user through
several mediums, including a vacuum and an anisotrophic atmosphere. Conse-
quently, the propagation velocity varies as the signal passes through the
ionosphere and troposphere and may experience multipath effects from reflec-
tion and refraction at various boundary layers and from objects near the
receiver. The uncertainty inherent in the modeling of these propagation
characteristics contributes to the range error budget for GPS.
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4.5.2.1  Atmosphexioc Delay Zrror

The time delay of the GPS signal passing through the ilonoaphere can be
compansated for by one of two techniques. The first and most accurate means
of calculating the delay invelves comparing two frequencies of signal trans-
mission, exploiting the fact that the overall delay is nearly inversely
proportional to the square of the frequency. When dual-frequency ineasure-
ments are not available, as is the case for the C/A signal, a second tech-
nique, modeling, provides the only means of compensation. The magnitude of
the error depends on time of day, solar activity, geomagnetic latitude, and
other factors, which result in uncextainties of 1 to 30 meters. On the
basia of projections of recent studies, an average value of 3 meters seens
reasonable.,

4.5.2.2 Multipath Error

The effects of multipath cannot be characterized through modeling,
because the creation of multipath signals depends on the nature and loca-
tion of reflective objects in relation to the receiver antenna. The magni-
tude of multipath errors has been estimated to be batween 1.2 and 2.7 meters
(lo) for P=-code operation. The degree of signal interference due to multi-
path effects is inversely proportional to the code rate used. Since the
code rate of the C/A signal is one-tenth that of the P-code, the multipath
errors corresponding to the C/A code would be between 12 and 27 meters. For
this study, an average magnitude of 20 meters is used.

4.5.3 Receiver Errors

In processing the received signal, the GPS receiver contributes to
position fix error through auboptimal code lock-on caused by noise in the
signal, internal accuracy limitations resulting from quantization effects,
and inaccuracies inherent in the navigation solution.

4.5.3.1 Measurement Noise Error

The ability to determine GPS range accurately from a signal measure=-
ment depends on both the modulation of the selected code and the signal
quality. In a signal environment characterized by a carrier~to-noise
density ratio (C/Ny) of 30 db-Hz, a code measurement erroxr of 10.5 meters
(10) has been projected for C/A code operation. This level of accuracy
degrades rapidly as the C/N, worsens (approximately 22 meters at C/N, =
25 dB-Hz), imposing a requirement for external inputs when the C/No, falls
below 20 dB~Hz. The addition of an external input, such as velocity, to
the GPS position measurement process does not improve the accuracy of the
GPS signals, but unhances the ability of the navigation algorithm to deter-

mine position.
4.5.3.2 Range Quantization Error

The user receiver generates replicas of the C/A codes and cross-
correlates these locally generated signals with the signals received from
the satellites. A tracking lcop is used to establish synchronization
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betwsen the two signals. The code tracking loop establishes maximum cor-
relation between the received signal code and the internally generated
reference code, defining the quantiszation ox the receiver range measurament,
Code tracking errors directly affect the signil phrse measurements, which
are resolved into a position fix. Current designs for code tracking loops
provide a code resolution capability of 1 to 1.6 percent. Each bit in the
C/A code is 978 nanoseconds long. At the speed of liyht,' the duration of
the code bit, or chip width, corresponds to 293.2 meters. A resolution

' capability of 1.€ percent results in a range quantization of 4.6 meters.
A quantization error of 2.66 meters (10) is specified when uniform distri-
bution of the error is assumed over the range quantigation value.

™ 9 M BN em

4.5.3.3 Navigaticn Algorithm Error

[ 7 ]
y -}

Inplementation of a navigation algorithm contributes some error, because
of computer limitations, mathematical approximations, algorithm uncertain-
" ties, and timing delays inharent in the sequential nature of the computa-
tions. The magnitude of this error is estimated to be about 1 meter.

|

" 4.5.4 Total System Range Error

- The effects of the individual range error sources are combined in RSS
: fashion to compute the total system range exror (10). The corresponding
2=drms value for total error is approximated as the l0-error value multi-
plied by a factor of 2.
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4.5.5 Operational Considerations

In addition to the errors contributed by the various system components,
two other fastors that are not error sources in the conventional sense
strongly influence the overall accuracy of GPS. These two factors, geometric
dilution of precision (GDOP) and denial of accuracy, are included as opera-
; tional considerations because they are not limitations in the same technical
- sense as the factors discussed in the previous sections.

4.5.5.1 GDOP

i 4 a3 1

The concept of GDOP was initially developed in connection with Loran
navigation, used in characterizing other radionavigation systems, and then
extended to GPS., As applied to GPS, the value of GDOP is a composite
3 measure that reflects the influence of satellite and user geomatry on the .
| accuracy of the navigation position fix. )

The following parameters are contained in the GDOP composite:

PR

; * HDOP -~ Horizental dilution of precision (two dimensions) !

* VDOP -~ Vertical dilution of precision

* TDOP - Time dilution of precision

* PDOP ~ Position dilution of precision (three dimensions), or
Vupor) ¢ + (vDop)?
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* GDOP - \l(vnona + ('I’DO'P)a

Extensive analyses have been conducted to determine values of these GDOP
parameters corresponding to various satellits geometries throughout the
world. Unfortunately, most of the results published to date have been
based on a constallation of 24 satellites rather than the configuration of
6 orbital planes and 18 satellites currently proposed. The rms values* for
the GDOP parameters that were determined for the 24-satellite system can
be thought of as minimum values for an l8-satellite system, as follows:

GDOP Parameter RMS Value

PDOP 2.60
HDOP 1.45
TDOP 1.20
VDOP . 2.20
GDOP 2.90

By multiplying the total 10 range error (shown in Table 4-6) by the
. value of the GDOP parameter of interest, the magnitude of the position
error can be determined. When values for PDOP or HDOP are applied to the
range error, the result is a radial erxror (1) in either three (PDOP) or
two (HDOP) dimenaions.

4.5.5.2 Denial of Accuracy

GPS is capable of providing extremely accurate global positioning of
about 50 meters (2 drms). The possible impact on national security in
allowing unrestricted access to the accuracy of GPS has prompted extensive
diascusaion of methods for denial of accuracy. The method that will most
likely be used will deny the signal accuracy by altering the ephemeris and
clock correction terms in the satellite navigation message to create range
errors of an order of magnitude not yet agreed upon. 1t is believed, how-
aver, that the level of accuracy to be made available to nonmilitary users
of GPS will be somewhat better than 500 meters (2 drms); the actual level
will be bésed upon nationul security considerations.

4.6 ERROR BUDGET FOR DOPPLER

The error budget for Doppler navigation systems is divisible into
five basic categories as follows:

. Initializ!tion errors

» Calibration errors

* Doppler signal errors

*Derived from "Principln of Oporntion of NAVSTAR and System Characteristics,"
Reference 3. .
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* Instrumentation errors
¢ Heading reference srrors

Table 4=7 presents a summary of the effact of specific sources of
error on the navigation acouracy of a Doppler navigation system. The
various sources of orror generally affect cross-track and along~-track error
independently. Therefore, the erxror budget is separated into cross-track
and aleng-track components to illustrate the specific effects of the error
sources,

el )

Table 4-7. hRROR BUDGET FOR DOPPLER NAVIGATION SYSTEMS

Samay
f

Bffect on Navigation Accuracy (Percentage
of Distance Traveled from Origin
Unless Otherwise Indicated)

-4

Exror Source

P

Cross-Track
Distance Error

Along-Track
Distance Error

FREen

Initialization Exrors

- Course determination 1.75 --
i Course selection 0.436 -
e Distance setting - 0.500 nm
. Departure point e 0.049 nm
] Calibration Exrrors

Scale factor Negligible 0.100
7 Beam direction 0.058 0.128

Doppler Signal Errors

T T

R
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- Fluctuation - 0.146
‘ Altitude holes - Negligible
Over-water effects - 1.05
Instrumentation Errors 0.175 0.040
Heading Reference Errors 2,62 -~
] Total Error (RSS 20) +3.18% of 0.502 nm *1.07% of

distance traveled

distance traveled

g ETRIG e

Error for 300-nm leg 9.54 nm 3.25 nm

[P,

As the table showa, error in the heading reference system input to the
Doppler navigation system is the chief contributor to the overall naviga-
tion accuracy, affecting mainly the cross-track accuracy. Since heading
reference error is an angular error, the corresponding cross-track distance
error accumulates as a linear function of the distance traveled from the
origin. The along-track distance errors are generally a result of errors in
ground velocity as determined by the Doppler radar. Ground velocity errors,
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which are caused by Doppler signal errors and calibration errors, are ¢gen-
erally fractional exrors rather than bias errors. A given percentage error
in ground velocity results in a corresponding error in along=-track position
that accumuletes as a linear funation of the distance traveled from the
origin. Both along-track and cross~track errors can be conveniently
expressud as a percentage of distanca traveled.

4.6,1 Initialization Exrors

Commercial Doppler navigation systems generally establish a flight
path by selecting a desired constant magnetic course and distance between
an initial position and the next waypoint location. Since current posi-
tion is determined by reference to an initial position, any errors in
establishing the initial position result in position errors during flight.

4.6.1.1 Course Determination Error

The constant magnetic course computed for input to the Doppler naviga-
tion system in defining a flight segment depends on knowledge of magnetic
variations. A representative accuracy for values of magnetic variation is
1.0 degree. This corresponds to a cross-track error of 1.75 percent of
distance traveled.

4.6.1.2 Course Selection Error

Any error in the mechanical tuning of the desired course (egg) causes
a cross~track distance error (U.g) that increases with the distance traveled
from the initial position, as followe:

c = digtance traveled X sin €
cs cs

A typical Doppler navigation system provides 1/2-degree increments in
course selection. The resulting mechanical tuning error is % 1/4 degree
and the associated croas-track distance error is the following:

Ocs = .436% X distance traveled

4.6.1.3 Distance Setting Error

The resolution in the distance selector is 1 nm. The resulting error
in along-track distance is $0.5 nm, which does not increase as a function
of digstance traveled. By carefully selecting waypoints to be spaced at
intervals of whole nautical miles, this error can be significantly reduced.

4.6.1.4 Departure Point Error

Bacause of the method often used in minimizing the effect of altitude
holes (Bection 4.6.3.2), the Doppler radar receiver cannot track the
reflected signal below an altitude above ground level of about 50 feet.
The departure point is therefore not known as accurately as it could be if
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the radar receiver tracked the reflected signal while on the ground. A
published estimate of the position error is 300 feet or 0.049 nm. This error
does not increase with distance traveled.

4.6.2 Calibration Error

The Doppler radar is calibrated in two respects:

* Scale factor

* PBeam direction

Any errors in the calibration result in position determination errors.

4.6.,2.1 Scale Factor Error

Calibration of the relationship between the measured Doppler shift and
the corresponding velocity to be computed involves the determination of a
scale factor expressed in units of Hertz per knot. The accuracy of the
scale factor is a function of the frequency stability of the Doppler trans-
mitter. The veloclty error corresponding to a typical scale factor accuracy
is .l percent of the actual velocity. This corresponds to an along~track
position error of .1 percent of the distance traveled from the initial
position. The cross~track error caused by scale factor error is negligible.

4.6,2.2 Beam Direction Error

The accuracy with which the directions of the radar beams are known
affects the accuracy with which the measured velocity components can be
resolved into the local coordinate frame. The resulting velocity error
then affects the position determination accuracy, which accumulates with
distance traveled. Errors in the knowledge of beam direction result from
antenna installation alignment error and temperature effects in certain
antenna types. Typical beam direction errors result in along-track position
errors of 0,128 percent and cross-track position error of 0,058 percent of
the distance traveled from the initial position.

4.6.3 Doppler Signal Errors

Several conditions affect the characteristics of the reflected Doppler
gignal. The following three conditions can significantly affect the navi-~
gation accuracy of the Doppler navigation system:

* Fluctuation error
* Altitude holes
¢ QOver-water effects

4.6.3.1 PFluctuation Error

The freguency spectrum of the reflected Doppler radar signal has a
random noise~like distribution of frequency components. The mean frequency
in the received signal is estimated and compared with the transmitted fre-
quency in order to determine the Doppler shift. The randomness of the
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raturn signal results in a position determination error that accumulates as
a function of the square root of distance from the origin. To represent
the worst-case conditions, this error is generally axpressed as a linear
function of distance traveled from the origin. A typical 20 along-track
error due to fluctuation error is .146 percent of the distance travaled

from the origin,

4.6.3,2 Altitude Holes

A complete blanking of the received radar signal can occur at altitudes
at which the round-trip signal time is a multiple of the half-wave period
of the FM continuous wave signal. In a Doppler system using pulsed trans-
mission techniques, altitude holes occur where the round-trip signal time
is a multiple of the pulse repetition period. This momentary loss in signal
can lead to erroneous navigation data. However, this problem has been
eliminated through the use of techniques that alter the modulation frequen-
ciea at selected altitudes. Therefore, in many currently used Doppler navi-
gation systems, altitude holes do not produce significant position errors.

4.6.3.3 Ovar-wWater Effects

Source of errors when traveling over water include the bulk motion of
the water surface caused by currents, particle motion created by wind (sea
spray), and sea shift. Bulk water motion and sea spray effects occur
randomly; therefore, the resulting errors are not listed in Table 4-7 as
generally predictable contributions to the error budget. Sea shift is
related to the varying value of the scattering coefficient over calm water.

The scattering coefficient defines the amount of the transmitted
radar signal that is reflected back to the Doppler receiver and is related
to the angle of incidence of the transmitted signal on the reflecting sur-
face. Since the angle of incidence varies slightly across the beam width,
the scattering coefficient is also varied across the beam width. Over land,
this effect is negligible, because the scattering coefficient is nearly
constant for a wide range of incidence angles. However, the scattering
coefficient over calm water is very sensitive to the angle of incidence.
This tends to distort the shape of the frequency spectrum distribution
envelope in the received Doppler radar signal. The mean frequency and the
corrasponding Doppler shift are therefore erroneously offset. The result-
ing computed velocity error can cause a position error as great as 5 percent
of the distance traveled from the origin in very smooth sea conditions.

To reduce this effect, some designs compensate the velocity offset
with a value preselected to represent the most likely sea conditions. When
smooth sea conditions exist, this compensation is manually selected with a
land/sea switch., A residual sea shift error using this method is typically
between 0.6 and 1.5 parcent of the distance traveled from the origin. An
average value of 1,05 percent is shown in Table 4-7.

Another method, called lobe-switching, has been used in military sys-
tems to achieve position errors as small as .056 percent. This method,
however, is not widely used in civilian applicatione.
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4.6.4 Instrumentation Errors

Instrumentation errors are a result of data conversion and procesgsing
techniques. Along-track distance errors are a result of quantization |and
processing errors in ground velocity measuraments; and cross-track digtance
errors are due to quantization and processing errors in drift angle deter-
mination, Typical instrumentation errors cause groundspeed wrrors of about
.04 pexrcent of the total groundspsed. This corresponds to an along-track
position error of .04 percent of the distance traveled from the origin.
Typical drift-angle instrumentation errors are about 6 minutes of arc. This
corresponds to a cross-track error of about .175 percent of the distance
traveled from the origin.

4.6.5 Heading Reference Errors

The accuracy of magnetic compasses used with Doppler navigation systems
can vary significantly. A representative value for magnetic compass error
is 11.5 degrees. This corresponds to a cross-track position error of 2.62
percent of the distance traveled.

4.6.6 Total System Exror

Assuming that the errors from the various sources discussed are nor-
mally distributed and independent, the error components are combined in RSS
fashion for both along~track and cross-track total errors. These errors
are expressed as a percentage of the total along-track distance traveled
from the origin. For example, the accumulated position error for a 300-nm
leg is shown in Table 4-7 to be 9.54 nm for cross-track and 3.25 nm for
along-track.

4.7 ERROR BUDGET FOR CONVENTIONAL INS

The error budget for conventional INS can be divided into five cate-
gories, as followe:

* Initialization * Sensor mounting
* Gyros * Gravity anomaly

* Accelerometers

Table 4-8 summarizes the effect of the various sources of error on
conventional INS navigation accuracy. All error components shown in Table
4-8 represent 20 values. The main source of navigation error is related
to gyro errors. Other significant sources of error are uncertainty in
orthogonality of the sensor axes due to mounting errors, and initial plat-
form azimuth error, which is due to gyro drift error during the initial
alignment mode.
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Table 4-8. ERROR BUDGET FOR CONVENTIONAL INS

Effect of Erroxr on
Source of Error Navigation System Use
(nm/hx)

Initialization Error

Position entry Negligible
Platform attitude 0.04
Platform azimuth 0.75

Gyro Errors

Mass imbalance 0.70
Bias drift 0.54
Torquer scale factor 0.54

Accelerometer Error

Random bias ‘ 0.09

Scale factor 0.08
Sensor Mounting Orthogonality 0.96
Gravity Anomalies 0.10
Total Position Error 1.61
(RSS 2 drms)

There are various types of errors commonly associated with inertial
navigation systems: '
+ Blas errors
* Time-dependent errors
** Linear
** Qacillatory
*s* 84,4 minute (Schuler)
¢¢¢ 24 hour
Since the gyros and acceleromsters are mounted on a platform continu-~
ously oriented with respect to true north, some of the error effects due to
sensor uncertainties are related to the direction of travel. The error
effects cited in the following discussion are typical values for a west-to-
east flight over a transatlantic route. However, most manufacturers of

conventional INS consider the relationship betwaen the direction of travel
and the overall position error to be insignificant.
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The effects of some of the errur svurces are sensitive to aircraft
maneuvers. For example, the error effects of gyro mass imbalance, non=-
orthogonality in gyro and accelerimeter mounting, and accelerometer nén-
linearity are functions of changes in aircraft altitude and velocity. The
values in Table 4-8 are typical error effects for a flight path that inciudesg
typical civil aircraft maneuvers. The values were derived by usiné a . '
statistical model of the relationship between sensor errors and their
effect on position accuracy. The model used was chosen solely on the basis
of availability of data and is not necessarily the most representative of
actual INS performance. This model represented all errors as being lin-
early time-dependent, which is why the values in Table 4-8 are expressed in
nautical miles per hour (nm/hr). The model assumes that the propagation of
those errors which cannot be characterized as being linearly time-dependent
can be bounded by - rate of degradation of position accuracy, which can
also be expressed in nm/hr.

4.7.1 Initialization Errors

Before the system can be used for navigation, it must be initialized.
The initial alignment mode, referred to as initialization, comprises the
following three actions:

* Initial position is entered.

* Platform attitude is aligned with the local horizontal plane (per-
pendicular to the gravity vector).

* Platform azimuth is referenced to true north.

Initialization errors are due to uncertainties in each of these proc-
esses. Whereas the initial position is entered manually into the system,
the platform attitude and azimuth are aligned automatically by measuring
gravity with the accelerometers and earth rotation with the gyros. Uncer-
tainties in both attitude and azimuth are mainly due to gyro drift. A gyro
drift rate of .003 degrees per hour (rms) is typical for systems in current
use and is used in the following discussions.

4.7.1.1 Initial Position Error

Initial position is entered into the system in terms of latitude and
longitude during the initial alignment mode. The resolution provided by
current designs is .1 (or : .05) arc minutes in both latitude and longitude.

*This resolution corresponds to .05 nm in north position error and .04 nm

(at 37° latitude) in east position error. These position errors either
remain constant or decrease with time and do not represent a significant
portion of the total error. These are not included in the rcot sum square
total position error.

4.7.1.2 Platform Attitude Error

A 2~gigma error in the initial platform attitude of .2 arc minutes
about both horizontal platform axes corresponds to a gyro drift rate of ,003
degrees per hour (rms). This attitude error causes .04 nm/hr error.
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4.7.1.3 Platform Azimuth Error

An initial platform azimuth error of 2 arc minutes, resulting from a
gyro drift rate of 0.003 degrees per hour (rms) during alignment, produces
a 0.75 nm/hr error during navigation,

4.7.2 Gyro Errors

Three tyw.es of gyro errors significantly affect the navigation error
of a convéntional inertial navigation system:

* Mass imbalance drift
* Bias drift
* Torquer scale factor instability

4.7.2.1 Mass Imbalance Drift

Mass imbalance drift is a result of an imbalance in the gyro's spin-
ning mass and is a function of aircraft acceleration, and it is therefore
related to aircraft maneuvers. Mass imbalance drift is expressed in terms
of degrees/hour/g, where g is equivalent to the acceleration due to gravity.

A typical mass imbalance drift of .5 degrees/hour/g causes a .70 nm/hr error.

4.7.2.2 Bias Drift

Bias drift is a result of unwanted torques introduced into the spinning
mase by suspension wires, pivot friction, and back reactions of angular sen-
gor pick-offs and torquer coils. This error takes on a random value each
time the INS is turned on and also varies randomly as a function of time.
Bias drift error has an impact on the initial platform azimuth accuracy
(Section 4.7.1.3) and also directly affects the navigation accuracy. A
bias drift of .003 degrees per hour (rms), which is typical of systems in
current use, produces a .54 nm/hr error.

4.7.2.3 Torquer Scale Factor

A gyro torquer, which is a component of the gyros, is used to precess
the gyro's spinning mass electrically. The resulting angular erro. measured
by the pick-offs in the gyro is used to reposition the INF platform. The
torquer is thus used in an INS to introduce earth-rotation and transport-
rate compensation into the orientation of the.INS platform. Since this
process is open-loop, any fluctuations in the torquer scale factor results
in angular Arift in the platform orientation. The angular drift then pro-
duces position errors. Fluctuations in scale factor of .02 percent are
typical of systems in current use. 'This uncertainty corresponds to a .54
nm/hr error.

4.7.3 Accelerometer Errors

Ti.s most significant effects of sccelerometer error can be attributed
to random bias error and scale factor error.
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4.7.3.1 Random Bias Error

The acceleration bias in an accelerometer takes on a random value each
time the INS is turned on. The estimated mean bias is usually compansated
for .in either the computer or the acceleromater itself. The remaining
portion of the bias produces navigation errors. An rms residual bias of
0.000025 % g (g is the acceleration of gravity at sea level - approximately
32.2 feet per sec?) is typical of systems in current use. This bias corre-

sponds to a .09 nm/hr error.

4.7.3.2 Scale Factor Error

An accelerometer scale factor fluctuation of .05 percent is typical
for INSs in current use. This uncertainty produces an 0.08 nm/hr position
error.

4.7.4 Sensor Mounting Orthogonality

The uncertainty in the alignment of the input axes of the gyros and
accelerometers with respect to the platform due to mounting inaccuracies
causes navigation errors that are sensitive to aircraft maneuvers. A typi-
cal gyro mounting alignment accuracy of 100 arc seconds and a typical accel-
erometer alignment accuracy of 120 arc seconds produce a ,96 nm/hr position
error.

4,7.5 Gravity Anomalies

It has been suggested that the uncertainty in knowledge of the earth's
gravitational field is the fundamental accuracy limitation in inertial navi-
gation systems. The error associated with anomalies in gravity has been
estimated to contribute a position error of .1 nm/hr. 1If all other instru-
ment and mounting errors were significantly reduced through engineering
advances, the error due to gravity anomalies would be the main source of
error. In fact, accuracies of this order have been demonstrated by recently
developed military inertial navigation systems utilizing highly accurate
gyros and accelerometers.

4.7.6 Total System Error

The individual error components are combined in RSS fashion to deter-
mine the total position error. Since all the error components shown in
Table 4-8 represent 2-sigma values, the total position error also represents
the 2-sigma value.

4.8 ERROR BUDGET FOR STRAPDOWN INS

The error budget for a strapdown INS can bs divided into four cate-
goriec, as follows:

+ Gyro errors * 8Sensor axis mounting misalignment

* Accelerometer errors * Gravity anomaly
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Table 4-9 summarizes the effect of the various error sources on the
navigation accuracy of the ring laser gyro (RLG) strapdown INS under current
development. The main sources of error are related to the RIS characteris-
tics. The various types of errors listed in Section 4.7 for conventional
INS are alsc applicable to strapdown INS. As was the cass for conventional
INS, all strapdown INS errors are represented in terms of linear time-
dependency as a function of the srror propagation model used to relate the
effect of sensor error to position accuracy. ,

Table 4~9. ERROR BUDGET FOR STRAFDOWN
RING LASER GYRO INS
Effect on Navigation
Source of Error Accuracy (nm/hr)
Gyro Errors
Bias drift : 1.39
Scale factor 0.06
Random walk 0.67
Accelerometer
Random blas 0.05
Scale factor 0.01
Sensor Mounting ' 0.10
Orthogonality
Gravity Anomaly 0.10
Total System Error | 1.55
(RSS 2 drms)

In strapdown INS, the errors due to gyro bias and accelerometer bias
are most pronounced when the aircraft heading during flight is different

- from the aircraft heading during initial alignment. During initial align-

ment, these bias errors, which are related to the inertial space orientation
of the gyros and the accelerometers, are partially counteracted by biases in
computed aircraft heading and attitude. Since the orientation of the gyros
and accelerometers changes relative to inertial space as a function of air-
craft heading, the bias errors do not remain entirely compensated for when
the aircraft heading is changed following initial alignment. The worst-
case situation is a 180° difference between aircraft heading during align-
ment and heading during flight, The error values shown in Table 4-9 include
the affects of this worst-case situation.
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\ 4.8.1 Gyro Errors

Three major sources of error in' the RIGs used in current ltrapdown
. INSs are the following: \

ﬁ l * Bias drift 1 o
¢ BScale factor instability : : ‘
t * Random walk | '

4.8.1.1 Bias Drift

Bias Arift in an RLG is caused by a circulating flow of gas within the
laser cavity, a result of the direct current used to excite the lasing
action. The gas flow alters the refraction properties of the laser cavity,
i producing a bias in the measured angular rata. The angular rate bias causes

i
i 1

Bamanii [ ]
CREa |

- an angular measuremsnt error to accumulace as a function of time. Current NN
RLGs have a typical bias &rift of .0l degrees per hour (¥ms). This causes
i“ a 1,39 nm/hr position error in the strapdown INS.

4.8.1.2 Scale Factor

{ ' The scale factor in an RLG defines the relationzhip betwaen the measured
: frequency difference of the two laser heams and the vorresponding angular

o rate. Any instability in the scale factor produces position error in the

| strapdown INS. A scale factor stability of 5 parts per million is typical

, [ . for current RLGs. This uncertainty causes a position error of .06 nm/hr.

i : 4.8.1.3 Random Walk

The mechanical dithering ueed to prevent lock-in (discussaed in Appendix
;- A, Section 8.3.1) causes an angular random walk error that is expressed as
'l : angular error per square root of elapsed time. Current RLGs have a typical
- random walk error of .003°/vhour (rms), which causes a .67 nm/hr position
error.

;‘5 . 4.8.2 Accelerometer Errors

P Inaccuracies in current accelerometers do not produce significant

"3 ' errors in strapdown INSs. The main sources of error in the accelerometers
are random bias error and scale factor instability. For a typical rms

i random bias accuracy of 0.00005 X g (g = acceleration of gravity), a posi-

E’ ‘ tion error of only .05 nm/hr results. A typical scale factor stability of

? . 50 parts per million (rms) results in a ,01 nm/hr position error.

4.8.3 Bensor Mounting Orthogonality

The gyros and accelerometers in a strapdown INS are typically mounted

o with an alignment accuracy of 10 arc seconds. The resulting position error
’ i { is 0,1 nm/hr.

4-31




benndt

4.8.4 Gravity Anomaly

As described in Section 4.7.5, uncertainties in knowledge of the earth's
gravitational field represant the fundamental accuracy limitation in INSs.
This uncertainty has been estimated to produce a position error in INSs of

0.1 nm/hr.

4,8.5 'I‘Otal Sy.t‘m Er_x_‘gr_.‘_

The error effects of the individual sources in the RLG strapdown INS
are combined in RSS fashicn to determine the total positian erroxr (20).
The total position errors listed for conventional and strapdown INS are
indicative of accuracies achieved by commercially available units and do
not represent the total spectrum of capabilities when including military
developments. Whereas the accuracy of 1.61 nm/hr shown for conventional
INS is representative of civil units, military designs have demonstrated
accuracies of .08 nm/hr. This achievable accuracy for conventional INS is
superior to the accuracies achieved by strapdown INS for both civil (1.55
nm/hr) and military (1.1 nm/hr) designs.

4.9 SUMMARY OF TECHNICAL CAPABILITIES

Tables 4-10 through 4~12 compare the technical capabilities of Loran-C,
Omega/VLF, GPS, Doppler, conventional INS, and strapdown INS navigation
systems with the reguirements defined in FAA AC 90-45A. The nonprecision
approach requirements specified in AC 90-45A are referenced to typical
approach clearance zones. The FRP stipulates a nonprecision approach
requirement of 100 meters, which is sufficient to allow currently available
nonprecision approach capability. Since AC 90-45A is the currently acknowl-
edged reference for certification of area navigation systems, it, rather
than the FRP, will be used to provide the basis for comparing system
capabilities. However, any navigation system considered as a replacement
for VOR/DME as the national standard would have to demonstrate performance
that e?uals or exceeds the performance of VOR/DME in all situations.

Flight technical erxor (FTE) refers to the accuracy with which the
pilot controls the aircraft, as measured by his success in matching the
indicated aircraft position with the indicated command or desired position
on the display. (With autopilot coupling, FTE more appropriately refers to
autopilot error and is typically lower than pilot-flown FTE.) FTE does
not include blunder errors, which are gross errors in judgment or lapses
in attentiveness that cause the pilot to stray far from his desired path.

The VOR/DME navigation system is not shown in the comparison, because
the requirements were based on the capability of the VOR/DME system., Thus,
that system, by definition, satisfies the regquirements. The three levels
of GPS capability shown in the table correspond to two possible levels of
.accuracy dsnial -~ 300 meters or 500 meters -- and a nondsgraded accuracy
"of 50 maters. Xll entries in the tables are 20 values.
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Table ¢-10, SUMMARY OF TRCHMNICAL Clhlhlﬂa!!‘!ll OF RNAV SYSTENS
RRLATIVE 70 EN=ROUTE REQUIREMONTS (: NM)

' 'rypo of En=Route Loran=C Omega/ ars Doppler Conventional | Strapdown
Agouracy Maquiremantst Vit som | 300m | S00m INS ;ul
Equipment
Crosa=track 1.%0 0.2% 1.60 | 0,03] 0,26 |0.27 | 9.54% 1,610 1,880
Along-track 1.50 0.28% 1.60 | 0,03} 0.16 j0.37 ] 3.28% 1,619 1,880
rlight Technical .
Cross~track 2.00 2.00 2.00 | 2a.00§ 2.00 ] 2.00 | 2.00 2,00 2.00
Mon'.u.‘gk - - - - - - -‘- - -
Total Systen
Crosn=track 2.50 2.02 2.5 | 2,00} 2.01 | 2.02 9.7% 2,%6 3.3
Along=track 1.50 0.2% 1.60 | 0.03]o0.16 |0.27 | 3.28 1.6) .58

*grror acoumulated over a 300-nm flight path.
**grror accumulated after 1 hour of flight.
+8ource: FAA AC=90-45A, Refaerence 23.
++ranging, not hyperbolic, implementation.

Table 4~11., SUMMARY OF TECHMNICAL CAPARILITIER OF RNAV SYGTEMS
RELATIVE TO TERMINAL REQUIRRMENTS (1 NM)

Type of Terminal Loran-C Omaga/ ars boppler Convantional | Strapdown
Accuracy Requirementst virtt ["ooe T aoom | S00m P INS INS
Equipment
Cross=track 1.12 0.25 1.60 | 0.03 {0.16 |0.27| 9.54% 1.61% 1,550
Along~track 1.10 0.25 1.60 | 0.13]0.16 |0.27] 3.25* 1.61%% 1.55%%
Flight Technical
Cross~track 1.00 1.00 1.00 |2.00 |1.00]|1.00] 1l.00 1.00 1.00
nonq-“‘gk - - - - - - - - -
Total System
Cross~track 1.50 1.03 1.69 |1.00 |1.01 |1.04| 9.59 1.90 1.84
Along~track 1.10 0.25 1.60 |0.03 |0.16 |0.27} 3.3% 1.61 1.55

*grror accumulated over a 300-nm flight path.
*eprror accumulated after 1 hour of flight.
Source: FAA AC-90-45A, Reference 23,
+tRanging, not hypexbolic, implementation.

p R R

As shown in the tables, Loran-C systems are capable of satisying en~
route, terminal, and approach accuracy requirements, assuming availability
of a signal. The egquipment accuracy of .25 nm specified for Loran-C, which
corresponds to a GDOP of 3.6, was chosen on the basis of reported opera-
tional experience. The value of 1.6 nm spscified for Omega/VLF accuracy
is representative of rho-rho Omega/VLF equipment accuracy, corresponding
to a GDOP of 1 rather than 2, which is typical of hyperbolic Omega. Omega/
VLF is clearly unable to meet terminal and approach requirements and falls
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Teble ¢-12. SUNMARY OF TRCENICAL CAPABILITINS OF RNAV SYSTRMS ‘ .
RELATIVE TO NONPARCISION ARPROACH RRQUINENWWTS (1 ) i l o
. . R
v W&
‘ ‘ - ars ;
Type of - l-qus:nu-nbu$ Loxan=C Onpht/ . bopplex o”"?‘"‘*°"" Strapdom :
Accuracy S VIt Y som | 300m | S00m we o ™ )
Crosn-track 0.33 | o.28 | 3.60 Jo.0nf0.26]0.27] 9,540 1,604 8wt !
" Mong-track 0.30 | o.28 | Y60 loibyfo.refo.a7| 3.8 1,614 1,889 oy
T . : A . R ) N i ! [N ' o A 1
! flight Technical ' T a1 1 N ‘ - {
Cross=track ''I'  0.80 | o3 | 0.500 }'0.80 |v.80]0.50 ] o0.%0 0.80 1 o.30
umnt:.ok - , -ie ‘.,... v | = we | we ) e -a f " . . \
‘gngxm”ym L o . X o i . : 1 . \i |
‘Cropa=track 0.60 0.5 | 1.68 |0.50f0.92]0.57] 9.88 1.69 Y183 o
M.ﬁlw-ttlck 0. 30 “ 0. “5 ' \.60 0003 0-13 003’ 3.3% ’-‘1‘1 1.95 N . '\i' .
i | -l . ; .
" *Zpror acowsulated over & 300-nm flight path. N : \ N 2
**irror accumulited after 1 hour of flight. i AU VL
Thouxée, . MPAR &0*90‘43& NSQMCO 23u\ ‘ ; \1 . \. . Y i
1*quuw;:muhwnﬂwxun huuuunHWA&h D A ~$
l -
j W “‘ ! . l

[

tlightly ahort of ‘thﬁ an=route accux;aqy roquimmentu. l«xowevor, muumd o i

~accaracy durling flight has. shown that Omega/VIF navigation syatums are f
‘capable of an accuracy . ‘of t1.5 nt(a Bven'with signal accuracy degraded to. S .
$500 meters, GPS can provide nzmpmainiﬁn approach capability at some aitw, o ﬁ N

. although this capability is marginal and does not take into considbration ‘ ‘
the effect on accuracy L1f fewer than toux satellites' are visible. ' Doppler
is tnable to meet domestic en~route, terminal, and approach requirements,
Both conventional INS and.stxapdown INS are unable to mset terminal and ‘ - {
approach requirements, but can meet. domostic en-route requirements for uwp ‘ v
to one hour in flight. ‘ ‘

e

Table 4-13 summarizes the capabilities of the variocus navigation ‘ ‘ 1
systems relative to operational environments. Suitability, as defined in L
the context of the table, reflects a possible rather than a certified
capability to meet existing requirements. The capabilities of a partjicular ) [
system operating in a certain environment are judged on the basis of )  \
existing refersnce material. In addition, the suitability of a part‘icular :
system to provide domestic navigation capability does not imply an ability ‘
to replace VOR/DME as the national navigation' standard. Any navigation o I
system considered as a replacement for VOR/DME must not only provide
coverage and accuracy at the level that currently exists, but also demon-
strate some degree of improvement, economic as well as operational.

rivr——

Although Table 4~10 indicates that Loran-C is sufficiently accurate N
to meet en-route technical requirements, Loran-C chains do not provide L :
oceanic coverage, as shown in Table 4~13. Also, thexs is currently no
midwest Loran~C chain in the domestic United States, a situation that
limits signal availability. The suitability of Loran-C for terminal and
nonprecision approach navigation is contingent upon signal availability.
Omega/VLF provides worldwide coverage with an accuracy suitable for en~
routs navigation but not sufficient for temminal or approach operations.
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