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INTRODUCTION

This document has been prepared to acquaint potential users
with the fundamental principles of the Navstar Global Positioning
System (GPS) and the use of GPS user equipment (UE) sets.
Candidate host vehicles (HVs) for UE set installation include
ground, sea, air, and space platforms that currently employ a wide
variety of navigation systems. The GPS UE set design is suffi-
ciently versatile to permit integration with most existing navigation
systems. In some cases, the UE set integration approach will
require as little as a mechanical and electrical power interface with
the HV, thereby providing GPS stand-alone operation. In other
cases, a more complex integration will provide an extremely
accurate and reliable navigation capability based on a synergistic
blend of GPS and existing navigation sensors and dispiay
instruments.

The GPS program began in 1973 when the United States Air
Force, Army, Navy, Marine Corps, and Defense Mapping Agency
(DMA) combined technical resources to develop a highly accurate
space-based navigation system. GPS is the outgrowth of exten-
sive studies, analyses, tests, and operational demonstrations
individually conducted by the military services, and now incorpo-
rates features required for both joint-military and civilian navigation
anywhere on or near the surface of the earth. The system will
provide suitably equipped users with precise position, velocity, and
time data under all weather conditions and at any time of day.
GPS UE sets operate passively, thus enabling GPS to provide
navigation data to an unlimited number of users simultaneously.
Development of the GPS is managed by the Joint Program Office
(JPO) at the Air Force Systems Command (AFSC), Space Systems
Division, Los Angeles Air Force Base (LAAFB), CA. This manage-
ment team, comprising Department of Defense (DoD), Department
of Transportation (DoTl), North Atlantic Treaty Organization
(NATQ), and allied nation personnel, has directed the program
through three successive phases:

@ Phase | validated system performance and feasibility.

@ Phase il encompassed the full-scale engineering develop-
ment of GPS UE sets.

@ The fuli deployment of the system is underway in Phase 1l
with production of the GPS UE sets.

In August 1986, a low-rate initial production (LRIP) contract for
GPS UE sets and Support Equipment (SE) was awarded toc
Rockwell International, Collins Government Avionics Division
(Rockwell-Collins). The LRIP UE sets have been installed on a
variety of Air Force, Army, and Navy platforms and are demon-
strating excellent performance.

As the LRIP UE set production effort has progressed,
additicnal manufacturers have been encouraged to develop and
produce GPS UE set components. in October 1887, two second-
source manufacturers, Canadian Marconi Company and SCl
Technology Incorporated, were awarded parallel contracts to
produce certain build-to-print GPS UE line replaceable units
(LRUs). In September 1990, the JPO awarded continuing low-rate
production (CLRP) contracts to four manufacturers for the foliow-
on production of various UE set LRUs. Additionally, the GPS JPO
is currently procuring non-developmental item (NDI) GPS UE LRUs
from several sources to meet specialized program needs.

Ultimately, management responsibility for the GPS UE sets and
SE will transition from the JPO to the Joint Service System
Management Office (JSSMO) located at Warner Robins Air
Logistics Center (WR-ALC), Robins Air Force Base (RAFB), GA.
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1.0 SYSTEM OVERVIEW

1.1 RATIONALE FOR GPS DEVELOPMENT

The Navstar GPS was developed to provide highly accurate
position, velocity, and time (PVT) information to an unlimited
number of propery equipped users anywhere on the ground, at
sea, in the air, and out in space. The impetus for such a system
was the potential for meeting the common radiopositioning and
navigation needs of a broad spectrum of military and civil users
while accruing cost benefits through reducing the proliferation of
specialized equipment responsive to only particular mission
requirements.

As a universal positioning system, GPS provides several
characteristics not found in other existing equipment which will
enhance the conduct of mission operations. These include:

@ Extremely accurate three-dimensional (3-D) PVT deter-
mination.

@ A worldwide common grid easily converted to other local
datums.

® Passive, all-weather operation.
® Real-time and continuous information.
®  Survivable in a hostile environment.

As we look into the future, the reasons for GPS development
become even more important. In accordance with the Federal
Radionavigation Plan (FRP) jointly prepared by the DoD and DoT,
many existing navigation systems are under consideration for
replacement by GPS beginning in the mid to late 1990s. GPS may
ultimately supplant less accurate systems such as Loran-C,
Omega, VOR/DME, TACAN, and Transit, thereby substantially
reducing federal maintenance and operating costs associated with
these current radionavigation systems.

1.2 GENERAL SYSTEM DESCRIPTION

GPS is a space-based radiopositioning and time-transfer
system. it comprises three major segments: Space, Control, and
User.

The Space Segment, when fully operational, will have an
Earth-orbiting constellation of 21 Navstar satellites (plus three on-
orbit operational spares) in six planes. They will operate in
nominally circular 20,200 kilometer (10,900 nautical mile) altitude
orbits inclined at an angle of 55 degrees with a 12-hour period.
The spacing of satellites in their orbital planes will be arranged
such that a minimum of four satellites will be in view everywhere
on or near the surface of the Earth at any time. Each Navstar
satellite is designed to broadcast a pair of L-band radio frequency
(RF) signals, known as Link 1 (L1) and Link 2 (L2). The L1 signal
carries a precision ranging code and a coarse/acquisition ranging
code, while L2 carries only the precision ranging code. Super-
imposed on these codes are low-rate navigation message data,
including satellite clock and ephemeris parameters, satellite signal
health data, and Coordinated Universal Time (UTC) synchroni-
zation information.

The Control Segment includes a Master Control Station (MCS)
along with a number of Monitor Stations (MSs) and Ground
Antennas (GAs) located around the world. The MSs use a speciai-
ized GPS receiver to passively track all satellites in view. The
information from the MSs is processed at the MCS to determine
satellite clock and ephemeris values and to update the low-rate
navigation message of each satellite. This updated information is
transmitted to the satellites via the GAs.

The User Segment consists of a variety of UE sets, associated
SE, and other items. The UE sets, passively operating on the
L-band RF signals received from the orbiting satellite constel-
lation, can provide PVT data to appropriately equipped users with
accuracies of 16 meters spherical error probable (SEP) for
position, 0.1 meters per second root mean square (rms) along any
axis for velocity, and 100 nanoseconds (billionths of a second)
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one-sigma for time transfer. Furthermore, the GPS UE sets can be
integrated with other self-contained navigation systems to provide
accurate positioning under the adverse operating and environ-
mental conditions.

1.3 BASIC SYSTEM CHARACTERISTICS
1.3.1 Precise Versus Standard Positioning Services

GPS has been designed to support the broadest possible
spectrum of users. System-level PVT accuracy requirements have
been established to satisfy the diverse needs of the GPS user
community. The user’s accuracy requirements fall into two basic
categories, and these two categories required the development of
two distinctly different GPS services. The two basic services, and
the user PVT accuracy levels achievable with them, are known as
the Precise Positioning Service (PPS) and the Standard Positioning
Service (SPS). The PPS will satisfy those users who require a real-
time military level of accuracy, whereas the SPS is designed to
meet the needs of all other users. Functionally, the PPS and SPS
are nearly identical. The essential difference between them is the
accuracy achievable.

1.3.2 Positioning Versus Navigation Capabilities

Both the GPS PPS and SPS provide users with 3-D position
and velocity determination capabilities along with a capability for
precision time transfer, but neither one provides a “"navigation”
capability per se. Unlike true radionavigation systems such as
TACAN, the GPS services provide "absolute” position and velocity
information in the sense that the information is determined with
respect to the World Geodetic System 1984 (WGS-84) absolute
Earth coordinates—not with respect to a particular ground-based
transmitter. The UE set position outputs (e.g., latitude, longitude,
and altitude) therefore cannot be directly used for navigating
relative to a particular fixed point in space the same way that the

range and bearing information from a TACAN receiver can be used
to steer directly to or from the location of the TACAN transmitter.
Most UE sets do, however, have built-in functions that support
area navigation (RNAV) and can generate steering (navigation}
information relative to a user-specified waypoint. Many users
employ their UE sets in this manner.

Even though it is technically correct to draw this distinction
between "positioning” and "navigation® for GPS (the UE sets
provide positioning information, while navigation is just one of the
many possible applications for the positioning information), the two
terms “positioning” and "navigation® are commonly misapplied and
used interchangeably by most users. Fortunately, the misuse of
these two terms does not pose a major problem in most contexts,
and this overview will follow common practice in discussing
various aspects of the GPS program whenever it is clear as to
which definition is actually meant. When the context is unclear,
however, the proper terminology will be used. As a simple
mnemonic to keep the definitions of these two terms straight, it is
worthwhile to remember "GPS" does not stand for "Global Naviga-
tion System.”

1.3.3 Comparison with Other Positioning/
Navigation Systems

The accompanying table compares the horizontal (2-D) posi-
tion and velocity determination capabilities of the GPS PPS and
SPS versus the capabilities of other operational positioning/naviga-
tion systems. Ali positioning accuracy values are given in terms
of a circular error probable (CEP). Velocity accuracy values are
given in terms of an rms (or one-sigma) value along any axis.
Even though GPS is a 3-D system, this comparison must be made
on a 2-D basis because the other radionavigation systems do not
provide vertical information.




HORIZONTAL POSITIONING/NAVIGATION SYSTEM COMPARISON

Position Accuracy

Velocity Accuracy

System (CEP") (rms) Range of Operation Comments
GPS/PPS {8 m ‘0.1 m/sec Worldwide Operational worldwide with 24-hour all-weather
coverage.
GPS/SPS {40 m N/A Same as GPS/PPS Operational worldwide with 24-hour all-weather
coverage.
Loran-C* |180 m No velocity data U.S. coast, most of Operational with localized coverage. Limited by
continental U.S., selected | skywave interference.
overseas areas
Omega® 2,200 m No velocity data Worldwide Operational worldwide with 24-hour coverage. Subject
to propagation anomalies.
STD INS® | 1,500 m max after | 0.8 m/sec after Worldwide Operational worldwide with 24-hour all-weather
1st hour 2 hours coverage. Degraded performance in polar areas.
TACAN? 400 m No velocity data Line of sight (present air | Position accuracy degraded mainly because of azimuth
routes) uncertainty, typically on the order of + 1.0 degree.
Transit® | 200 m No velocity data Worldwide Interval between position fixes is about 90 minutes. For

use in slow moving vehicles. Better position fix
accuracy is available with dual-frequency measure-
ments.

NOTES: 'CEP is defined as the radius of a horizontal circle containing 50% of all possible position fixes

2Federal Radion
SSNU-84-1
QOctober 1984




1.3.4 Time-Transfer Capabilities

In addition to 3-D position and velocity determination
capabilities, UE sets operating with the PPS or SPS can precisely
transfer UTC-referenced time to users. The PPS UE sets have the
capability to determine and transfer UTC with an accuracy of 100
nanoseconds one-sigma. The corresponding value for SPS UE
sets is 0.17 microseconds (approximately 170 nanoseconds) one-
sigma.

1.4 END USER APPLICATIONS

Application of GPS to various military and civil operations will
bring many benefits to the user. The GPS UE sets can serve as
the single source for highly accurate positioning, velccity, and time
data. Because GPS position is referenced tc a common coordi-
nate grid, WGS-84, both military and civil position data can be
standardized on a worldwide basis. For operational ease, most
UE sets can convert the WGS-84-referenced position fixes to other
commonly used datums when operating with maps and other
geodetic data products.

1.4.1 Military Applications

The substantial navigation performance improvements afforded
by the GPS PPS will enhance many areas of military operations.
Because GPS allows the use of a common grid, ail aspects of air,
ground, and sea interoperability can be greatly improved. These
interoperability applications include close air support, rendezvous,
multi-force command and control, pinpoint cargo drop operations,
and search/rescue/evacuation operations. The precise time-
transfer capabilities of GPS will allow global synchronization of
electronic systems, thereby facilitating secure communications,
electronic warfare, and advanced target-locating techniques.

In air operations, PPS accuracy can streamline enroute,
terminal, and approach navigation, thereby reducing flight times
and fuel consumption. (The same is also true with the lower SPS
accuracy.) Since the GPS is a 3-D system, descent and non-
precision approach and landing can be more closely controlled.
In combat-related applications, PPS performance will improve
coordinate bombing and ballistic weapon delivery. Test results
(discussed in Section 6) validated substantial improvements in
such missicns when supported by the very accurate PPS. These
combat-related applications are where the superior accuracy of the
PPS really makes its impact felt.

For ground forces, the PPS can provide similar combat-related
advantages. The real-time precise positioning capabilities will
enhance site surveying, field artillery placement, target acquisition
and location, and target handoff operations. First-round artillery
effectiveness will be improved based on precise knowledge of the
location of friendly firepower, coupled with precision forward-
observer determinations of enemy locations and movements. In
non-combat operations, PPS (and SPS) accuracy will support
efficient off-road navigation for supply distribution, vehicle
recovery, rendezvous, and reconnaissance, etc.

GPS can also provide major benefits to naval forces. Harbor
navigation operations can be improved, coastal surveys can be
conducted more quickly and effectively, and mine emplacement
and countermeasure operations can be conducted with greater
speed and safety, particularly with the PPS level of accuracy. The
crew of a submarine can determine their position with pinpoint
accuracy and update their inertial systems while keeping antenna
exposure time to a minimum.

These are but a few of the military applications that will benefit
from the GPS precise position, velocity, and time determination
capabilities. GPS is truly a significant force multiplier for the
military services.

10
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1.4.2 Civil Applications

The GPS SPS will provide a broad spectrum of civil users with
a sufficiently accurate PVT determination capability at a reasonable
cost. Based on the joint DoD and DoT agreement documented in
the FRP, an SPS position accuracy specification has been estab-
lished for the civil community. Civil users will be able to determine
their position to within 100 meters 2 drms (twice the distance rms)
once the full GPS constellation is operational.

Civil users of air, sea, and ground vehicles will benefit from the
use of SPS for optimal course navigation, which will reduce fuel
costs and transportation time. In civil aviation, the SPS will
provide substantial benefits in enroute and terminal navigation, as
well as in nonprecision approach and landing operations, based
upon the 100 meter 2 drms position accuracy. Inland navigation,
GPS has found major applications in railroad operations and in the
taking of the census.

The civil mineral exploration and geophysical survey commu-
nities will be able to accurately locate ore bodies, potential
petroleum bearing areas, property lines, and active earthquake
faults in a shorter period of time. Accurate positioning of oil
exploration vessels is essential for pinpointing promising oil-
bearing geological formations from reflected seismic pulses, and
several oil exploration companies are now using the SPS in
conjunction with differential GPS (DGPS) techniques for this
purpose. The current alternative, as employed on most oil
exploration ships, is to use an assortment of navigational systems,
including the less convenient Transit system and shore-based
transmitters.

Search-and-rescue techniques can be enhanced through the
use of the position identification capability of the GPS. Knowing
the location of the nearest fire hydrant and being able to navigate
directly to it will aid fire fighters. Likewise, civil authorities
responding to natural disasters will be able to easily locate
underground pipelines and storage tanks. Utility companies are
also finding many similar uses for GPS.

GPS has even found several major applications in space.
Beginning with NASA’s LANDSAT-4 in the early 1980s and contin-
uing through today’'s TOPEX and Gravity Probe B programs,
spaceborne GPS receivers have demonstrated their capability for
both real-time and post-processed orbit determination. Use of
precise time from GPS has also played a significant role in the
synchronization of ground-based spacecraft tracking networks; to
give just one example, GPS-based precise time was essential to
the successful Voyager 2 fly-by of Neptune in mid-1989.

The potential applications for GPS are boundiess. As the
system gains acceptance by the civii community, ever more
sophisticated uses for this system will be established. That is why
the developers of GPS consider it the positioning and time-transfer
system for both today and tomorrow.

1.4.3 Civil Applications with the PPS

The DoD has also established a policy on the civil use of the
PPS. This policy stipulates the requirements that must be met in
order to grant limited civil access to full GPS accuracies. The
requirements specify access may be aliowed if:

a. ltis in the national interest of the United States, and

b. The required accuracy cannot be achieved by other
means, and

c. The security concerns of the GPS PPS are adequately
provided for.

Further, the DoD Positioning/Navigation (POS/NAV) Working
Group is developing an implementation plan to address associated
issues.

12
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2.0 PROGRAM BACKGROUND
2.1 ORIGIN

Since the early 1960s, both the Air Force and Navy have
actively pursued the idea that positioning and navigation could be
performed using RF signals transmitted from satellites. The
impetus for such a space-based system was the potential for a
global, all-weather, continuously available, highly accurate
positioning and navigation system that could meet the needs of a
broad spectrum of users and cut costs by stemming the prolifera-
tion of specialized equipment responsive only to particular mission
requirements.

Toward this objective, the Navy sponsored two programs:
Transit and Timation. Transit became operational in 1964 and
currently provides periocdic worldwidée 2-D navigation information
for the fieet ballistic missile submarine force and selected surface
ships. It is a space-based radiopositioning system, similar to GPS
in some ways but quite different in others. There are far fewer
satellites in the Transit constellation and they operate in low-
altitude polar orbits. This system was made available to
non-military users in 1967. Timation was a high-technology
program managed by the Naval Research Laboratory (NRL) for
advancing the development of high-stability clocks, time-transfer
capability, and 2-D navigation. The last two Timation satellites
were actually refurbished before launch to serve as the two
prototype Navstar satellites.

The Air Force was simultaneously conducting concept studies
to assess a 3-D {latitude, longitude, and altitude) navigation system
with continuous service, calied System 621B. The system concept
and techniques were verified in a series of tests and experiments
at Holloman AFB and White Sands Missile Range in New Mexico.
Most of these were conducted using an ingenious inveried range
setup whereby satellite-type signals were generated by ground
stations to provide ranging signals for aircraft positioning.

A memorandum issued by the U.S. Deputy Secretary of
Defense in April 1973 designated the Air Force as the executive
service to coalesce these and other concepts proposed for a
Defense Navigation Satellite System (DNSS) into a comprehensive
and cohesive DoD system. A system concept designated Navstar
Global Positioning System emerged, combining the best features
of the previous navigation satellite designs. The new system was
to be developed by a joint program office (the GPS JPO), with
participation by all military services.

Since its inception, the Navstar GPS JPC has guided the
program to its current state of near completion. Over the years,
both the GPS and the JPO have expanded in scope. Many orga-
nizations from each military service have become intimately
involved with GPS and have contributed to the JPO’s efforts.
NATO cooperation on GPS began in 1978 and has grown to
include the direct participation in the JPO by several NATO and
other allied nations. Civilian users are now supported by a DoT
representative at the JPO, and civil access to the GPS signal
without charge was formally guaranteed by President Reagan in
response to the Korean Aifine disaster in 1983 (KAL-007).

The future outlook for the Navstar GPS is bright. Section 507
of the International Maritime Satellite Communications Act of 1978
(PL 95-564) required the development of a formal plan to
determine the most cost-effective method of reducing proliferation
and overlap of federally funded radionavigation systems. That
plan, the FRP, was developed through the joint efforts of the DoD
and DoT. The FRP cites key criteria for selecting radionavigation
systems and provides a DoD/DoT policy statement that sets forth
a preliminary selection of the future radionavigation systems mix.
It is the stated goal of the DoD to phase out military use of
TACAN, VOR/DME, Omega, Loran-C, and Transit in aircraft and
other platforms, focusing on GPS as the primary radionavigation
for future military use. And, if the full civil potential of GPS is
realized, the DoT will consider phasing out some of the existing
radionavigation systems ailtogether.
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2.2 GENERAL SCHEDULE

The development and acquisition of GPS has taken place in
three general phases. The first phase was devoted to validating
GPS concepts, the second to full-scale engineering development
of its three segments, and the third to production/depioyment. A
fourth phase will begin once GPS reaches its full operational
capability (FOC} milestone in 1993. Throughout its long and
successful history, many different contractors and organizations
participated in the GPS program and thereby made significant
contributions to the science of navigation.

Phase | - Concept Validation

Phase | began with the establishment of the GPS JPQ in 1973
and progressed through the developmental testing which validated
GPS concepts and demonstrated its potential for operational utility.
Phase | for the Space Segment took off with the launch of the two
prototype Timation/Navstar satellites in 1974 and 1977 and ended
with the developmental Navstar satellites, built under contract by
Rockwell International, being launched atop Atlas missiles from
Vandenberg AFB (VAFB), CA. Soon after the onset of Phase |, the
GPS JPO awarded a major contract to General Dynamics to:
provide a prototype control system based at VAFB; build a test
range at the US Army’s Yuma Proving Ground (YPG), AZ; and
develop a family of UE set prototypes. The UE set development
portion of the General Dynamics effort was subsequently
subcontracted to Magnavox. Towards the end of Phase |, Texas
instruments and Rockwell-Collins were also awarded contracts to
develop additional UE set prototypes for testing. This three-
contractor approach enabled a variety of UE set configurations to
be evaluated during field testing and to be analyzed using life-
cycle cost models.

Phase Il - Full-Scale Development

Phase (! saw major engineering developments in each of the
three segments as well as follow-on activities with Phase | assets.

In 1980, the Space Segment awarded a new contract to Rockwell
International for the 28 second-generation Navstar satellites which
would ultimately be launched using the Space Shuttle to create the
operational constellation. Also in 1980, the Control Segment
awarded its Phase Il contract to IBM to operate and upgrade the
prototype control system at VAFB to provide interim support for
UE set testing plus the final developmental satellite launches while
simultaneously developing a worldwide operational control system
capable of supporting the second-generation satellites.

The User Segment took a different approach during Phase i
and subdivided its activities into fwo stages. In Phase liA, four
identical UE study/paper design contracts were awarded, one
each to Texas Instruments, Magnavox, Rockwell-Collins, and
Teledyne. At the end of Phase llA, the four proposed designs
were evaluated in a competitive source selection that resulted in
follow-on contracts awarded to Magnavox and Rockwell-Collins.
Phase 1B, commencing after the Defense Systems Acquisition
Review Council (DSARC) i Milestone, featured continued design
refinement, the building of preproduction prototypes, supportability
planning, and extensive testing. The two separate contracts for
Phase 1IB established a competitive fly-off environment which
produced capable UE set designs and effective SE.

Developmental test and evaluation (DT&E) of the Phase [IB UE
set designs began in 1982 and was primarily conducted at YPG.
It was followed by initial operational test and evaluation (IOT&E)
conducted by the Army Operational Test and Evaluation
Command (OPTEC, formerly OTEA), the Navy Operational Test
and Evaluation Force (OPTEVFOR), and the Air Force Operational
Test and Evaluation Center (AFOTEC), using a variety of piatforms.
The HVs used during Phase 1B testing included F-16, A-6, and
B-52 aircraft, an aircraft carrier, an attack submarine, UH-60
helicopters, and M-60 tanks, each with the Phase 1IB GPS UE
integrated with on-board systems in a production look-alike
manner. The test resuits are addressed in Section 6.
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Phase il - Production and Deployment

Phase {iI for the Space Segment has focused primarily on the
rapid deployment of operational Navstar satellites using the Delta
Il Medium Launch Vehicle (MLV) built by McDonnell Douglas and
launched from Cape Canaveral Air Force Station (AFS), FL. Since
initial plans had been to launch the satellites with the Space
Shuttle, the scheduled start of Phase il for the Space Segment
suffered a major delay as a result of the Challenger accident in
1986. It was not until 14 February 1989 that the first Delta Il MLV
was used to launch the first operational Navstar satellite into orbit.
Subsequent launches of the second-generation satellites have
been at the rate of about five per year.

The start of Phase [il for the Control Segment came in October
1985 when the Operational Control System (OCS) began perform-
ing uploads to the prototype Navstar satellites from VAFB.
Another major Control Segment event came about six months later
when the installation at VAFB was decommissioned and all opera-
tions were transferred to a new master control station for the OCS
located at Falcon AFB (FAFB), just outside Colorado Springs, CO.
Following a gradual transition of operations from IBM to Air Force
personnel, formal turn-over of the OCS from the JPO to Air Force
Space Command (AFSPACECOM) was compieted in April 1990.

Like Phase Il, the User Segment also divided its Phase Ill
activities into A and B stages. The Phase lllA effort began in 1985
with a competitive source selection between the two Phase 1B
contractors. Based on the results obtained with the UE set
prototypes as well as many other factors, Rockwell-Collins was
selected for and was awarded the LRIP contract on 1 April 1985
with five production options worth up to $452 million.

There were two reasons for awarding an LRIP contract rather
than one for full-rate production. First, the observed reliabilities of
the various UE sets during IOT&E were not up to their full specifi-
cation values and it was necessary to improve the quality of the
winner’s equipment before entering full-rate production. By taking

the LRIP approach, the required manufacturing and design
improvements could be made in a productiondine environment
and a period of reliability demonstration testing (RDT) conducted
to ensure the full specification vaiues would indeed be met. The
second reason for the LRIP contract was the delay in the start of
Phase Ill for the Space Segment which meant there would be little
need for full-rate production quantities of UE sets until the early
1990s. Thus, the LRIP contract quantities would be adequate to
support both the needs of the RDT effort and those users with
early-on requirements.

With the Phase IlIA manufacturing and design improvements
well under way, the initial production option on the Rockwell-
Collins LRIP contract was exercised by the JPO after receiving a
favorable decision from the Joint Requirements Management
Board/Defense Acquisition Board (JRMB/DAB) in mid-1986. This
initial production go-ahead led to the first Phase IlIA UE set being
delivered to the JPO 15 months later. Other production options
on the LRIP contract were exercised, thus ensuring a steady flow
of UE sets into the military inventory through 1992. The Phase llIA
RDT/DT&E testing concentrated on the deficiencies identified
during Phase Il to ensure the final designs were ready for full-scale
production. Follow-on operational test and evaluation by the
individual services on HV-installed equipment will be completed to
support the full-rate production decision (Milestone 111B).

In October 1987, the JPO awarded two second-source UE
contracts to Canadian Marconi and SCI Technology for manufac-
turing build-to-print copies of certain Rockwell-Collins military
specification (MILSPEC) GPS receiver/data processors. These
contracts were set up as leader-follower arrangements with
Rockwell-Collins being the leader for both second sources. The
two second-source contracts were awarded in order to foster
competition on the most expensive LRUs and thereby reduce over-
all system life cycle costs. The program management respon-
sibility for these second-source contracts was transferred after
their award to the Naval Avionics Center (NAC), in Indianapolis, IN.
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The benefit of establishing second-source contracts was
realized during the summer of 1990 when the User Segment
conducted a CLRP procurement as the Phase IlIB follow-on to the
LRIP contract. This CLRP procurement was structured differently
from the LRIP contract in that there were five completely separate
contracts awarded on a cost-competitive basis, one for each major
class of MILSPEC UE set components instead of just one contract
covering all the equipment. Like the LRIP contract, however, the
CLRP contracts included multiple production options covering
component deliveries for 1992 through 1996.

One of the second-source contractors—SCI Technology—won
the CLRP contract for the GPS receiver/data processor LRUs.
Although not previously established as second-source suppliers,
E-Systems won the pair of CLRP contracts for build-to-print
antenna system LRUs, while Hollingsead International won the
contract for equipment mounts. The original MILSPEC design
developer, Rockwell-Collins, was awarded the contract for the self-
contained, man-portable UE set (called a "manpack", but able to
be mounted in ground vehicles and watercraft), as well as other
selected LRUs, SE, and miscellaneous items.

The start of Phase B for the full-rate production of MILSPEC
UE set components is dependent on the final outcome of the
FOT&E and RDT/DT&E to be presented and decided upon at Mile-
stone HIB. Until then, the CLRP contracts will continue at their
present low rate of production.

In addition to reducing costs through second-source contract-
ing for competitiveness during Phase 111A/B, the JPO has explored
several other innovative alternatives to gaining the maximum utility
at minimum cost. First and foremost, the JPO has encouraged
other qualified manufacturers to participate in the GPS UE
program by way of NDI procurements. This NDI procurement
approach is based on buying commercial-type UE sets instead of
MILSPEC ones whenever their performance is adequate to satisfy
one or more military mission needs. Any militarization or other
special development needed is performed by the potential NDI
vendor before the vendor submits samples for evaluation. This

might mean no more than painting the equipment green, for
example. The NDi method of procurement has been very
successful so far, largely because of the growing market for
commercial GPS equipment. Some of the more significant NDI
procurements have included the units described below. (Addi-
tional information on each one will be found in Section 5.)

® In September 1987, an NDI procurement was conducted
for a lighter manpack UE set (10 Ibs as compared to 17
Ibs for the MILSPEC unit) with certain PPS capabilities. As
a result, an order was placed with Texas Instruments for
250 of their commercial Ti-420 UE sets with an upgraded
version of software that had the required PPS functions.
Delivery of these units ran from November 1988 until the
end of 1990, and they are currently deployed in
operational use by field troops.

® [n July 1989, another NDI procurement was held for a
much smaller and lighter (about 5 Ibs) manpack called
SLGR (for Small Lightweight GPS Receiver). This UE set
was intended only for troop familiarization and demon-
stration of GPS capabilities, so an SPS unit was deter-
mined to be adequate. Trimble Navigation won the
original competition with an order for 1,000 SLGRs. The
SLGR program was quite successful in introducing GPS to
a great many operational Army units as well as many other
military organizations. With the advent of Operation Desert
Shield in the latter half of 1990, the military services which
used the SLGRs in demonstration exercises recognized it
offered them the capabilities they needed in order to
navigate and operate effectively in a desert area with few
landmarks and even fewer roads. As a result, most of the
SLGRs were deployed to Southwest Asia and saw opera-
tional use along with the manpacks built by Rockwell-
Collins and Texas Instruments. The SLGR units have
proved so useful to the troops that the demand for them
resulted in two high-priority purchases of several thousand
additional SLGRs for use in Desert Shield and Desert
Storm.
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@ In November 1990, an NDI procurement contract for a
much smaller (3/8 ATR short), PPS-capable, aircraft-type
GPS receiver/data processor nicknamed MAGR (Minia-
turized Airborne GPS Receiver) was awarded to Rockwell-
Collins. MAGR units will be used in those aircraft instal-
lations where the MILSPEC GPS receiver/data processors
are unable to fit because of their greater size and weight.

@ Due to the success of the SLGR program, a follow-on
NDI procurement of a PLGR (Precision Lightweight GPS
Receiver) is also planned by the JPO. The request for
PLGR bid samples is currently scheduled to be issued
during the late summer of 1992 with contract award the
foliowing winter.

Phase IV - Full-Scale Operations

Phase IV will start once the DoD issues its formal FOC
declaration for the Navstar GPS. This is expected to occur soon
after 21 of the operational Navstar satellites are in orbit, around the
middle of 1993.

For the Space Segment, Phase IV will start with the launch of
three additional spare satellites to join the on-orbit constellation.
These satellites will be fully functional and available for use since
they are spare only in the sense they are extras placed into orbit
to ensure the availability of the nominal 21 satellite constellation.
As time goes on and the original satellites begin to fail, the spare
satellites will be maneuvered to fill in for the failed ones and
replacements will be launched as needed to maintain 21 satellites
plus up to three operating spares. The Control Segment wiil
continue to provide the day-to-day operations for both the PPS
and SPS.

During Phase IV, the User Segment is expected to grow both
in technical capabilities (smaller equipment and more applications)
and in total user population (military and civil). After FOC is
reached, DoD plans are to phase out requirements for all other
common-use radionavigation systems except for instrument fand-
ing system/microwave landing system (ILS/MLS) and shipboard
TACAN. Current indications are that the military forces of allied
countries will do likewise. Continued use of NDI procurements for
military UE sets can be anticipated whenever a lower total life-
cycle cost can be achieved without sacrificing operational suit-
ability. A depot-level integrated Support Facility (ISF) will be in
operation for organic support of MILSPEC UE set software. Over-
all system management responsibility for GPS will transition from
the JPO to WR-ALC during Phase V.

Because of the accuracy, giobal coverage, and flexibility
provided by GPS, civil use is expected to grow rapidly after FOC.
Widespread national and international use of the SPS for geodetic
surveying, for air, land, and sea navigation, and for other applica-
tions is foreseen. Initially, civil aircraft will probably use GPS as a
supplementary system for en route domestic and foreign flights;
such use will depend on the resolution of safety-of-flight issues.
Ultimate approval for general aviation use of GPS as a sole-means-
of-navigation system, including use for nonprecision approach to
landing, should come as a result of long-term negotiations among
users, the DaoD, the DoT, and the International Civil Aviation
Organization (ICAQ).

Two to three years after the start of Phase 1V, a third genera-
tion of Navstar satellites—already being developed by General
Electric—will be launched to replenish the on-orbit constellation.
These satellites incorporate several new features that, once a
sufficient number of them are on orbit, will enhance the operational
suitability of the PPS and SPS under a variety of conditions.
These features will carry GPS well into the 21st century.
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2.3 GPS PROGRAM ORGANIZATION

The GPS program is a multiservice effort, directed by the DoD.
The Air Force has been designated as the executive service for
program development. AFSC is the implementing command for
the User, Control and Space Segments. AFSPACECOM is
designated as the operating command and the Air Force Logistics
Command (AFLC) is designated as the supporting command.

2.3.1 AFSC

The overall GPS program is managed by AFSC through the
JPO located at Headquarters Space Systems Division (SSD),
LAAFB, CA. The GPS Program Director (PD) is delegated
authority to plan, organize, coordinate, .control, and direct the
overall program. Participation in the JPO by other services and
agencies, including Army, Navy, Marine Corps, DoT, DMA, NATO,
and allied nation personnel is coordinated through appropriate
Deputy Program Managers (DPMs).

Superimposed on the JPO’s DPM organization is a supporting
matrix organization comprising engineering, logistics, and contract
management teams covering each major development /acquisition
contract associated with the three program segments. This
structure provides the framework that enables the GPS PD to
effectively manage the overall program with respect to cost,
schedule, and performance.

2.3.2 AFSPACECOM

Various organizations within AFSPACECOM have been estab-
lished to operate and maintain the OCS, control the on-orbit con-

stellation, and interface with the user community to discuss GPS-
related matters.© AFSPACECOM coordinates with the JPO to
establish a constellation build-up plan that will support the user
community. An operational capability (OPSCAP) reporting and
management system is being implemented to assess the OPSCAP
status of the system and to enable AFSPACECOM to disseminate
this status to users.

2.3.3 AFLC

AFLC, through the Director of Logistics at the JPO, ensures
that logistics support planning is accomplished for each segment
during the system development period, culminating in program
management responsibility transfer (PMRT) to the appropriate
AFLC Air Logistics Center (ALC). This support planning includes
integration, personnel, training, supply support, test equipment and
maintenance. Long-term User Segment support responsibilities
have been assigned to WR-ALC and are being coordinated

~ through the JSSMO at WR-ALC, RAFB, GA. Like the JPO, the

JSSMO is a joint service organization with direct participation of
service personnel. Program management responsibility for the
overall system will ultimately transfer to WR-ALC as well.

Program management responsibilities for the OCS logistics,
documentation, and maintenance were transferred from the JPO
to WR-ALC in October 1987. In late 1989, these OCS support
responsibilities were transferred from the WR-ALC to Sacramento
ALC (SM-ALC) as part of the Air Force initiative to normalize space
operations (PACER FRONTIER). The Space Segment will remain
the responsibility of the JPO and will not have a PMRT to an ALC
in the near future.
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2.4 NATO/AUSTRALIANINVOLVEMENT

The United States encouraged NATO participation inthe devel-
opment of the GPS. In response, 10 NATQO nations signed a
Memorandum of Understanding (MOU) in June 1978 for participa-
tion in the Phase Il and Il development of the GPS. In addition to
the United States, participating nations were Belgium, Canada,
Denmark, France, Germany, Italy, the Netherdands, Norway, and
the United Kingdom. Australia began participating in the program
in 1984. In April 1987, Spain joined the other participating nations,
and, with the signing of the renegotiated MOU, which covers the
period until December 1993, Portugal and Turkey became aligned
users.

The objective of the MOU is to establish a flow of information
among the participating nations in all GPS program activities. This
will facilitate national decisions to support the applications of GPS.
To this end, personnel of these nations are fully integrated within
the GPS JPO to contribute to the U.S. development program and
to advise on and coordinate NATO applications, development, and
testing. This group is referred to as the NATO team and is headed
by a NATO DPM who plans, controls, and coordinates the NATO
GPS project. The NATO DPM is directly responsible to the NATO
Steering Committee composed of one representative from each
participating nation.

The NATO GPS project is financed by the participating
nations. The Steering Committee allocates funds for the studies
and tests considered to be of special interest to the NATO
community. Major NATO and Australian GPS activities undertaken
to date include:

@ Production of a draft NATO Standardization Agreement
(STANAG 4294}, defining GPS in terms of signal-in-space,
navigation message format, and system accuracy. The
NATO nations believe the existence and approval of such
a STANAG is essential before a commitment can be made
to the adoption, nationally, of GPS.

® Production of a publicly releasable document entitied

Navstar User Equipment Introduction, which explains many
features of the system.

e Studies and trials related to ionospheric effects on GPS
signals in arctic latitudes (Norway).

e Jamming tests on various aircraft (United Kingdom).

e Electromagnetic interference and electromagnetic compat-
ibility (EMI/EMC) testing of GPS receivers {(Germany).

& GPS integration concept studies and practical integrations
of GPS ‘into a number of NATO and Australian host
vehicles.

European-built GPS UE sets were successfully flown and
tested at the YPG. GPS UE set testing is also taking place in
NATO nations on a variety of military vehicles.

The NATO nations are starting to include requirements for GPS
in new platforms and platforms slated for mid-life upgrades.

Several companies within the NATO nations are producing
GPS UE sets and are offering them for sale in Europe and the U.S.
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3.0 SYSTEM TECHNICAL DESCRIPTION
3.1 BASIC OPERATING CONCEPTS

GPS position determination is based on a concept called “time
of arrival ranging". The simplest form of this concept consists of
a broadcast beacon which sends out a signal starting at some
precise instant in time and a receiver which picks up the signal at
some later point intime. By observing the time difference between
when the signal was sent out by the broadcast beacon and when
the signal arrived at the receiver, we can determine the time of
arrival (TOA) value. And by multiplying the observed TOA value by
the signal propagation speed, we can compute the receiver’s dis-
tance (range) away from the beacon.

As an example of this TOA ranging concept in action, assume
the broadcast beacon is-a foghorn that starts blowing exactly on
the minute mark, and let the receiver be a mariner with a chrono-
meter. [f the sound of the foghorn arrives at the mariner's ear
exactly 10 seconds after the minute mark, then the resulting
10-second TOA observation will lead the mariner to compute a
range from the foghorn of 3,400 meters, (i.e., the 10-second TOA
value times the 340 meter-per-second speed of sound). If this
mariner also took a second TOA observation from another fog-
horn, then the mariner’s position relative to those two foghorns
could be fixed by plotting the intersections of the two TOA-based
range circles centered on each of the foghorn locations. And as
long as the latitude/longitude coordinates of the two foghorns are
known to the mariner, the latitude/longitude coordinates of the
mariner's position can be pinpointed (diagram A on the accom-
panying figure).

This relatively simple TOA ranging concept works quite well
when two conditions are satisfied: 1) that the mariner begins with
a good estimate of his/her general position, and 2) that the
mariner's chronometer has no error. If the mariner does not begin
with a good position estimate, then there is a chance the mariner
might initially assume a position at the other intersection point
shown on diagram A. This won’t happen if the mariner starts the

TOA-based ranging at a known dockside location and keeps good
track of the changing position fixes while navigating; but if for
some reason the mariner gets distracted and loses track, then
during the next position fix the mariner might inadvertently assume
the wrong intersection point. Diagram B shows that one way
around the potential for intersection ambiguity is for the mariner to
listen to a third foghorn. With three TOA-based range measure-
ments, there will be four intersection points. Only one intersection
point will be common to all three TOA-based range circles; the
other three intersections will be false ones.

The effect of a chronometer time bias error is shown in
diagram C. If the mariner's chronometer is running one second
fast, then the sound of the foghorn that arrives 10 seconds after
the minute mark will appear to arrive 11 seconds after the minute
mark. This will lead the mariner to compute an erroneous range
of 3,740 meters away from that foghorn. And since the same
chronometer is used to observe the TOA from other foghorns, their
resulting TOA-based range observations will also be biased by an
extra 340 meters (shown as the range error, E). With only two
range observations from two foghorns, the mariner would end up
with an erroneous position fix.

Diagram D shows the way around this problem is aiso to listen
to the third foghorn. Having aiready eliminated the false inter-
section ambiguity, there will still be three dual-foghorn inter-
sections near the mariner’s true position. The separation between
the intersection of the range circles from foghorns 1 and 2, the
intersection from foghorns 1 and 3, and the intersection from
foghomns 2 and 3 is strictly a function of the chronometer’s time
bias. This fact provides the mariner with a way to zero out the
chronometer’s time bias by adjusting it forward or backward until
the three dual-foghorn intersections converge at the true position.

The net result of all this is that our mariner will be able to
determine three unknown quantities (latitude, longitude, and
chronometer time bias) by making three TOA-based range
measurements and knowing certain facts about the three trans-
mitting beacons.
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In GPS TOA ranging, orbiting Navstar satellites are the
broadcast beacons at the center of TOA-based range spheres and
the signals they send at the speed of light are pseudorandom
noise (PRN) sequence-modulated L-band radio waves. These
PRN sequences—the coarse/acquisition (C/A) and the precision
{P)—codes are no more than predefined strings of one and zero
data bits generated from an on-board satellite clock that serve as
the time of transmission encoding for the broadcast signals. The
satellites broadcast their PRN sequences using a form of digital
phase modulation (PM) radio. PM radio differs from the familiar
amplitude modulation (AM) and frequency modulation (FM) radio
in that changes in the carrier wave phase are used instead of
changes in the carrier wave amplitude or frequency to communi-
cate whether a one or a zero is being transmitted. GPS PM radio
also differs from common AM/FM radio in that each satellite
transmits its own unique PRN sequence of ones and zeros,
enabling users to tell the individual signals apart even though all
satellites broadcast using the same L-band carrier frequency. In
AM/FM radio, each transmitter must broadcast using its own
unique frequency to avoid interfering with other transmitters. In
the Soviet Union’s GLONASS system (which is quite similar to
GPS), each satellite must also transmit using its own unique carrier
frequency to avoid interference because they all use the same
PRN sequence of ones and zeros. More details on the nature of
the Navstar satellite signals will be provided iater.

in GPS, the mariner's ear, chronometer, plotting table, and
calculator are replaced by an integrated unit (the UE set) which
does all the work automatically for the user. The PM radio part of
the UE set (known as the GPS receiver) is able to "tune in" on a
desired satellite’s particular signal by generating a precise replica
of its P- or C/A-code and mixing it with the incoming L-band radio
waves. By slewing the replica PRN sequence forward and back-
ward in time, an exact match—called "correlation"—with the desired
incoming signal will eventually be achieved. The amount of
slewing back and forth required to achieve this correlation
becomes the GPS receiver's observed TOA value. As long as the
receiver continually adjusts the amount of siewing and maintains
the correlation between the incoming PRN sequence and the

replica PRN sequence, the sateliite’s signal will be tracked and the
observed TOA values may be sampied as often as required.

If the clock in the GPS receiver used to generate the replica
PRN sequences were exactly synchronized to the on-board
satellite clocks, the TOA values observed by the receiver would be
equal to the actual geometric ranges between the satellites and
the user divided by the speed of light (analogous to the mariner's
situation once the chronometer time bias has been zeroized and
brought into synchronization with the foghorns). In GPS however,
it is simply not practical to physically adjust the receiver’s clock to
zeroize its time bias. Since the mariner works with signals travel-
ing at the speed of sound, the chronometer only needs to be
adjusted to within a few thousandths of a second to get very good
ranging accuracy. But because GPS works with signals traveling
at the speed of light, the physical adjustment would have to be
within a few billionths of a second.

To solve this problem in GPS, the clock in the receiver is left
free-running and the data processor portion of the UE set mathe-
matically solves for the amount of adjusting that would be needed
to zeroize the clock’s time bias. (This amount is known as the
GPS receiver clock bias term, or CB.) As a result, the GPS
receiver’s observed TOA values will be the actual range from each
satellite divided by the speed of light plus some constant amount
of time equal to the CB. And when the data processor takes the
observed TOA values and multiplies them by the speed of light,
the resulting quantities will be the actual ranges from each satellite
to the user plus some constant range error equal to the CB times
the speed of light. We call these quantities “"pseudorange
measurements” because they are almost like measuring the range
from the satellites except for the range error caused by the GPS
receiver's CB. This is a very important concept and deserves a
formal definition: A pseudorange (PR ) measurement is equal to
the GPS receiver’s observed TOA value times the speed of light
where the observed TOA value includes both the signal
propagation delay due to the actual geometric range plus the
GPS receiver’s clock bias.
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BASIC OPERATING CONCEPTS CONTINUED

PM BROADCASTING SCHEME IN GPS
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3.2 SIMPLIFIED USER POSITION/TIME COMPUTATION
PROCESS

Once the GPS receiver starts tracking the PRN sequences
from four satellites and generating TOA values, the UE set’s data
processor takes over. It first samples the TOA values from the
GPS receiver for each of the four satellites and multiplies them by
the speed of ligit to produce four PR measurements. The data
processor then adjusts these PR measurements to compensate for
deterministic errors such as the difference between each satellite’s
clock and GPS system time, the atmospheric distortion of the
signals (light travels in a straight line at a constant speed only in
a vacuum), the effects of relativity as predicted by Einstein, etc.
The UE set gets the information it needs to compute these adjust-
ments to the PR measurements from a 50 Hz (Hertz) digital data
stream the satellites broadcast along with their P- and C/A-codes.
This 50 Hz digital data stream, the "navigation message," will be
described in further detail later.

After the data processor makes all the necessary adjustments
to the PR measurements, it then performs the position/time
solution process to determine the user’s location. This position/
time solution process may be thought of as mathematically solving
a set of four ranging equations, using the four PR measurements
to determine four unknown quantities. The four unknown quanti-
ties are the user's X-position coordinate, Y-position coordinate,
Z-position coordinate, plus the CB. This is analogous to our
mariner plotting out a two-dimensional position fix and zeroizing
the chronometer time error using the intersection of three TOA-
based range circles; but because GPS is a three-dimensional
positioning system (X, Y, Z), a fourth TOA-based range sphere is
needed. The fact the GPS satellites are continually moving as
compared to the mariner’s fixed-location foghorns is of no
consequence, since the broadcast 50 Hz navigation message
contains the information needed by the data processor to compute
the satellite’s exact position at each point in time.

The data processor computes its X, Y, Z position fix in terms
of the WGS-84 coordinate system which forms the basis for the
GPS worldwide common grid referred to earlier. Depending on
the particular type of UE set involved, the X, Y, Z coordinates will
normally be converted to latitude, longitude, and altitude (variable
units and formats) in the WGS-84 or other user-selectable local
map datum prior to output or display. The GPS position solution
is intrinsically referenced to the electrical phase center of the UE
set antenna, not to the location of the GPS receiver or data
processor (the antenna can be several hundred meters away from
the GPS receiver/data processor in some UE set installations). In
certain installations where a lever arm and HV attitude are
available, the results may be translated to a different point on the
HV—such as the center of gravity or an on-board inertial naviga-
tion system (INS)—prior to output.

The data processor computes its CB results in terms of the
time offset of the clock in the GPS receiver versus GPS system
time. The data processor can relate the CB results to UTC by way
of satellite-broadcast terms in the 50 Hz navigation messages that
relate GPS system time to UTC. Exactly how the UE set provides
UTC as a final output will be explained later.

Under certain conditions, a UE set can compute a position/
time fix using PR measurements from less than four satellites. To
do so requires the data processor to receive external aiding
information. Typical aiding information includes an input of aititude
from a barometric altimeter, knowledge that the UE set is installed
on a ship and the antenna is a fixed distance above mean sea
level (MSL), or an input of precise time from a HV-installed atomic
clock. These aiding sources can each replace one satellite-based
PR measurement in the solution process. By using both altitude
and precise time aiding, it is possible to determine both latitude
and longitude using PR measurements from only two satellites.
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SIMPLIFIED USER POSITION/TIME COMPUTATION PROCESS

A. DATA PROCESSOR OBTAINS PSEUDORANGE MEASUREMENTS (PRy, PRy, PR3, PR4) FROM FOUR SATELLITES
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3.3 POSITION AND TIME ACCURACY FACTORS

The accuracy of the UE set’s position and time solution is
determined by two very important factors. The first is the error in
the measurement of PRs from each satellite being tracked. The
second is the satellite-to-UE geometry. Knowing these two factors
for a particular UE set at a particular point in time and space is
important because it allows us to understand the limitations of
GPS and enables us to actually forecast the UE set’s position and
time accuracy.

3.3.1 User Equivalent Range Error (UERE)

The error in the UE set’s measurement of the PRs from each
satellite is called the "user equivalent range error" or UERE. The
UERE is itself the product of several factors: the stability of the
particular satellite’s clock, the predictability of the satellite’s orbit,
errors in the satellite-broadcast 50 Hz navigation messages, the
precision of the GPS receiver PRN sequence tracking (correlation)
design, errors in the data processor’s deterministic adjustment of
the PR measurements for atmospheric distortions, and so on.
Because the UERE depends in part on the quality of the broadcast
signal-in-space, it will vary from satellite to satellite and from time
to time. Because the UERE also depends on the design of the
particular GPS receiver/data processor, it may vary for each type
of UE set.

Accuracy values quoted for UEREs are typically given in terms
of a one-sigma statistical value, which is basically the same as the
standard deviation of the PR measurement errors. This means
68% of the PR measurements for the specified UE set under the
specified signal-in-space conditions will have a UERE in the range
between plus/minus the quoted one-sigma value. For the mathe-
matically inclined, it is worthwhile to note the UERE is a one-
dimensional quantity—it is the accuracy of the PR measurements
along the line-of-sight direction from the particular satellite to the

particular UE set—and will follow a zero-mean, Gaussian probabil-
ity distribution. As such, the one-sigma value for UERE will be
equal to the rms value of a very large population of PR measure-
ment errors.

3.3.2 Dilution of Precision (DOP)

The second accuracy limiting factor is cailed the "dilution of
precision” or DOP. The DOP depends only on the geometry of the
four satellites used by the UE set to determine its position and
time. It is independent of the quality of the broadcast satellite
signals and the type of UE set as long as the same four satellites
are selected. The DOP is basically an amplification factor that
multiplies the UEREs and increases the UE set position/time
solution errors.

A "gocd" DOP means the satellites exhibit good geometry as
seen by the UE. Good DOPs are low numbers while poor DOPs
are high numbers. Low DOP numbers result when the satellites
are widely spaced in the sky above the UE set. The best possible
geometry for a ground-based UE set is to have one satellite
directly overhead with three satellites equally spaced around the
horizon. High DOPs result when the satellites are close together
or when they line up to form a row or circle in the sky. In rare
circumstances, the DOP factors can become so large they prevent
the UE set from processing a position/time solution fix.

There are special types of DOPs for each of the position and
time solution dimensions. For the vertical dimension, a "vertical
DOP" (VDOP) is used to describe the effect of sateilite geometry
on the UE set altitude errors. For the horizontal (circular)
dimension, a "horizontal DOP" (HDOP) value describes the effect
of satellite.geometry on the UE latitude-longitude errors. Similarly,
the time dimension effect of geometry is given by the "time DOP*
(TDOP) wvalue; the combined vertical-horizontal (spherical)
dimension by the "position DOP" (PDOP) value; and the combined
vertical-horizontal-time dimension by the "geometric DOP* (GDOP)
value. There are other, less often used DOPs as well.
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UERE AND DOP DEFINITIONS

USER EQUIVALENT RANGE ERROR (UERE):

IF THE TRUE PR IS: 20,000,000 m ERRORS ARE: WHEN PLOTTED:
IF THE MEASURED PRs ARE: | ! ! ! ! ! > +2m — : =
— +4
20,000,002 —l i > .5m
20,000,004 : 5 m // /
19,999,995 . > e 4
- +
20,000,000 ——— . -10 0 1o
20,000,001 > 2m = see I il — a | i se o
. 16% 68% 16%

19,999,998 w——mmmmem—

DILUTION OF PRECISION (DOP):

GOOD (LOwW) DOP
CONDITIONS:

POOR (HIGH) DOP
CONDITIONS:

a5




3.3.3 (Navigation) Position and Time Errors

Knowing the UERE and DOP values seen by a particular UE
set at a particular point in time and space allows us to forecast
that UE set’s “navigation” (actually, position) and time errors. This
forecasting ability is vital because of its twin roles in:

a. Real-time performance estimation within the UE set, and
b. Planning and analyzing missions using GPS.

Exactly how and why the UE set estimates its own real-time
performance will be explained in paragraph 5.1 while how the user
forecasts navigation and time errors for mission planning/ analysis
will be explained in paragraph 5.3. Even though these topics are
covered elsewhere, many important GPS concepts are best
explained by reviewing the manual method for forecasting naviga-
tion and time errors.

Navigation and time error forecasting is simple when all
satellite signals-in-space give the same UERE. In this case, the
forecast navigation and time errors can be computed by simply
multiplying the appropriate DOP value by the common satellite
UERE value in meters. As an example, if the geometry of the four
satellites to be tracked by a particular UE set has an HDOP value
of 1.5 and the satellites’ signals-in-space all result in the same
UERE of 7.0 meters one-sigma, then the forecast UE horizontal
navigation error would be a “distance root mean square" (drms)
circle with a radius given by 1.5 times 7.0 meters, or 10.5 meters.

This *drms" nomenclature is only one of the many standard
ways of expressing navigation errors. A "10.5 meter drms circle”
means if one were to run many trials with GPS and measure the
miss distance of each horizontal fix from the true location point,
then the rms value of all the miss distances would be 10.5
meters. Another way to look at the 10.5 meter drms number is
that it is the radius of the circle that contains approximately 63%
of all possible horizontal position fixes that will be obtained with
GPS under these HDOP and UERE conditions. (Because hori-

zontal position is two-dimensional, its rms value Is close to the
one-sigma 68% probability but not exactly equal to it.)

Just as for horizontal navigation errors using the HDOP value,
drms errors can be forecast using the other DOP quantities as
well. Special acronyms are used for these statistical forecasts as
a way to distinguish them from other ways of expressing errors.
UHNE is the acronym for the "User Horizontal Navigation Error”
drms value computed with HDOP. Similarly, UVNE stands for the
"User Vertical Navigation Error" drms value computed with VDOP,
UTE stands for the "User Time Error" drms value computed with
TDOP, and UNE stands for the three-dimensional (horizontal plus
vertical) "User Navigation Error” drms value computed with PDOP.
There is no corresponding drms acronym for the four-dimensional
GDOP.

Some of the other ways of expressing errors use their own
acronyms while some do not. For example, Spherical Error
Probable (SEP), Circular Error Probable (CEP), Linear Error
Probable (LEP), and Time Error Probable (TEP) are the 50%
probability distances which are analogous to UNE, UHNE, UVNE;
and UTE respectively. The twice-the-distance-rms (2 drms) way of
expressing errors uses the drms definitions except that the
distances are multiplied by a factor of 2. The use of so many
ways to express errors is often quite confusing and can lead to
erroneous forecasting conclusions. Caution should always be
exercised when comparing navigation errors to ensure they are
expressed the same way, and quoted accuracies should never be
trusted unless it is clear what definition is being used.

Because the UE set navigation and time error statistics are
hasically no more than the satellite signal UEREs multiplied by the
appropriate DOP values, forecasting them requires not much more
than forecasting the UEREs and the DOPs. The UE set portion of
the UERE is usually calibrated by the manufacturer and the
satellite portion of the UERE is forecast by the Control Segment
and provided to the users in the satellite-broadcast 50 Hz
navigation messages. The DOPs can be forecast as a function of
the user’s location and time, as well as the number of satellites
visible and their locations.
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POSITION/TIME ERROR COMPUTATIONS

GDOP = GEOMETRIC DILUTION OF PRECISION
= COMBINATION OF:

® POSITION DILUTION OF PRECISION (PDOP)
® TIME DILUTION OF PRECISION (TDOP)

PDOP = COMBINATION OF:
© HORIZONTAL DILUTION OF PRECISION (HDOP)
® VERTICAL DILUTION OF PRECISION (VvDOP)

HDOP = COMBINATION OF:
® EAST DILUTION OF PRECISION (EDOP)
@ NORTH DILUTION OF PRECISION (NDOP

USER EQUIVALENT RANGE ERROR

PR MEASUREMENT ACCURACY (ONE SIGMA)
= PRODUCT OF MANY FACTORS:

® SATELLITE SIGNAL-IN-SPACE STABILITY
® GPS RECEIVER SIGNAL TRACKING PRECISION
€ DETERMINISTIC CORRECTION ACCURACY

® ETC.

MULTIPLY TOGETHER® TO RESULT IN

THREE-DIMENSIONAL USER NAVIGATION ERROR (UNE)**
UNE = UERE x PDOP

TWO-DIMENSIONAL USER HORIZONTAL NAVIGATION ERROR (UHNE)**
UHNE = UERE x HDOP

ONE-DIMENSIONAL USER VERTICAL NAVIGATION ERROR (UVNE)**

UVNE = UERE x YDOP

ONE-DIMENSIONAL USER TIME ERROR (UTE)**
* only when all satelfites have
the same UERE .
** drms accuracy vaiues UTE = UERE x TDOP -- c***
*** ¢ = gpeed of light
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3.4 MAJOR SYSTEM COMPONENT DESCRIPTIONS

GPS comprises three major segments: Space, Control, and
User. There are also three major system-level interfaces between
these segments: Space-to-User, Control-Space, and Control-to-
User. This section begins with a description of the Space-to-User
interface( because of its central role in the GPS operating
concept. The major segments will then be addressed in turn:
starting with the Space Segment® because its role is to provide
the Space-to-User interface, then the Control Segment® because
its function is to support the satellites of the Space Segment and
optimize the Space-to-User interface, and ending with the User
Segment@ because it is the beneficiary of the Space-to-User
interface. This section concludes with a description of the Control-
to-User interface® because of its role in assisting the User
Segment make the best use of the Space-to-User interface. The
bi-directional Control-Space interface® is mentioned only briefly
since its effect on users is indirect.

3.4.1 Space-to-User Interface Description

The interface between the Space Segment and the User
Segment is often referred to as the GPS "signal-in-space” or SIS.
The GPS SIS interface comprises the PRN sequence ranging
codes, the L-band carrier waves, and the 50 Hz navigation
message data streams broadcast by each satellite in the constel-
lation. Even though the User Segment is the beneficiary of the SIS
interface, the Control Segment also uses the SIS interface for its
precision tracking of the Navstar satellites since the Control-Space
interface does not have sufficient accuracy.

Many different manufacturers have been able to design UE
sets to track the broadcast PM radio signals and provide the user
with phenomenally accurate PVT information. A full description of
the SIS interface is provided in the Interface Control Document
(ICD) titled "Navstar GPS Space Segment/Navigation User inter-
faces," ICD-GPS-200. Although many of the technical details are
of interest only to UE set manufacturers, the following paragraphs
summarize key SIS interface topics important to all GPS users.

3.4.1.1 PRN Sequence Ranging Codes

The two primary PRN sequences used for TOA ranging in the
GPS SIS are now called the "coarse/acquisition” (C/A) and the
"precision" (P) codes although they were originally called the
“clear/acquisition" and “protected" codes. The C/A-codes are
1023-bit-long PRN sequences that repeat every millisecond. The
short length of the C/A-code sequence allows for quick acquisition
and aids the receiver in handing over to the much longer P-code
sequences. The C/A-codes can also be used as the sole TOA
ranging codes for GPS receivers with no P-code capability even
though their relatively slow rate (just over one million code bits per
second) makes their performance somewhat coarser than the
P-code signal. A unique C/A code is assigned to each satellite,
allowing the satellite’s broadcast to be distinguished from the other
satellites’ broadcasts at the same L-band carrier frequency via a
technique known as code division muitiple access (CDMA).

The P-code PRN sequences are approximately 6.2 trillion bits
long and repeat once each week. Because the P-code sequences
are clocked at a rate 10 times faster than the C/A-code sequences
(10.23 MHz versus 1.023 MHz}, they are approximately ten times
more precise and provide 10 dB more resistance to jamming.
There are 32 unique P-code sequences allocated for satellite use
and five "spare" P-code sequences reserved for other uses such
as ground transmitters. Each satellite is assigned its own P-code,
again allowing use of common carrier frequencies via the CDMA
technique without causing interference.

Since each satellite broadcasts using its own unique C/A- and
P-code sequences and since the C/A- and P-code sequences are
defined as a matching numbered pair, the PRN sequence numbers
provide a convenient method of uniquely identifying each active
satellite in the on-orbit constellation. In fact, from the user’'s
perspective, the PRN sequence numbers are the only means avail-
able to identify individual satelliites. GPS therefore, always uses
the PRN sequence numbers as satellite identification numbers
whenever communicating with its users (e.g., "PRN #1" means that
particular satellite which is broadcasting with the "number one"
C/A- and P-codes).
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3.4.1.2 L-Band RF Carrier Modulation

The C/A- and P-codes are used by the satellites to phase
modulate two RF carrier waves: an L1 carrier at a frequency of
1575.42 MHz and an L2 carrier at 1227.60 MHz. The particular
form of PM radio used is known as "phase shift keying” (PSK).
The L1 carrier is PSK modulated by both the P-code and, 80
degrees out of phase, by the C/A-code. The L1 signal is the sum
of these two components. The L2 carrier is normally PSK modula-
ted only by the P-code although, under certain circumstances, the
satellite can be switched to modulate L2 with the C/A-code.

This PSK type of PM radio results in a spread spectrum
waveform wherein the RF signal power is diffused over a wide
bandwidth. PSK modulation of the RF carriers by the P-code
spreads the power out over a 20.46 MHz bandwidth centered at
the carrier frequencies (1575.42 MHz and 1227.60 MHz) while the
C/A-code simultaneously spreads the L1 carrier out over a
2.046 MHz bandwidth 90 degrees out of phase (also centered on
the L1 frequency). This spread spectrum waveform was selected
for use in the GPS SIS because of its strong resistance to inter-
ference and jamming. The jamming resistance is a function of the
amount of spreading; the more spreading achieved, the more
resistant the signal will be to jamming. This is why the anti-
jamming performance of the P-code signal is 10 dB better than the
C/A-code signal.

One property of the spread spectrum waveform is the total
amount of RF power at any specific frequency in each bandwidth
is very, very low (actually below the level of background noise at
the Earth’s surface). The C/A-component of the L1 signal peaks
at -160 dBW (decibels with respect to one watt), the P-code
component of L1 peaks at -163 dBW, and the L2 P-code peaks at
-166 dBW. The user's GPS receiver makes use of an advanced
correlation technique to track the incoming PRN code sequence
of these very low RF power levels in the GPS SIS, effectively
despreading the waveform and recovering the carrier wave at its
nominal frequency. This property of the correlation technique
offers a major benefit to the user's GPS receiver that will be
discussed in Section 5.

3.4.1.3 50 Hz Navigation Message Data Stream

The 50 Hz navigation message data stream contains the
satellite-specific and system information required by the UE set to
allow it to generate position fixes. Even though the navigation
message does not contain any "navigation data" per se, it is still
called the "navigation message” for historical reasons. The
navigation message data stream is transmitted from the satellite by
simply adding it in a modulo-2 fashion to the P- and C/A-code bit
streams. Because the transmission rate of this data stream is very
low relative to the PRN codes, its addition has no effect on the
operation of the P- and C/A-codes.

The navigation messages broadcast by the satellites consist
of 25 frames of data, each 1,500 bits in length. At a transmission
rate of 50 Hz, an entire navigation message takes 12.5 minutes to
be transmiited. Each frame is divided into five subframes
containing 300 bits. Subframes 1, 2, and 3 repeat the same satel-
lite-specific data in all frames. Subframe 1 contains the satellite
clock bias parameters which precisely give its specific offset from
the GPS master clock along with terms that describe the accuracy
and "health" of the satellite’s SIS. Subframes 2 and 3 provide high-
precision ephemeris parameters which allow accurate computation
of the satellite’s focation at each point in time. The satellite-
specific clock and ephemeris parameters in subframes 1, 2, and
3 are required by the UE set before it starts using the satellite for
position fixing, and their repetition every 30 seconds supports
rapid UE set startup operations. Each satellite broadcasts its own
unique subframe 1/2/3 data.

Subframes 4 and 5 contain low-precision clock and ephemeris
(called "almanac*) data for every satellite in the constellation.
Subframes 4 and 5 also contain information such as health and
configuration status for all satellites, user text messages, and
parameters describing the offset between GPS system time and
UTC. Because this constellation-related data is distributed
throughout the 25 frames of the navigation message at the rate of
one almanac or deterministic correction per subframe, a UE set
requires 12.5 minutes to collect an entire set of subframe 4/5 data.
Each satellite transmits the same set of subframe 4/5 data as all
other satellites in the constellation.
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3.4.1.4 Special SIS Interface Features

There are two special SIS interface features which all GPS
users should be aware of. These features are called Selective
Availability (SA) and Anti-Spoofing (A-S).

The SA feature allows the intentional introduction of errors into
the SIS interface, along with encrypted correction parameters
which allow certain users to remove the effects of those errors.
SA is the mechanism used to control the SIS portion of the UERE
and, via the DOP equations, limit the positioning/navigation
accuracy achievable by users who are unable to decrypt the SA
correction parameters. SA is always on, but the level of errors
added to the SIS may be set to zero.

The A-S feature allows the P-code portion of the SIS interface
to be encrypted. The encrypted P-codes are known as "Y-codes".
A-S is the mechanism used in the military environment to foil an
adversary's attempt to use a deception jammer (i.e., a broadcast
beacon that mimics the SIS) to spoof the UE set into tracking the
deception jammer signals instead of the actual satellite-transmitted
signals. Since the deception jammer cannot autonomously gene-
rate the Y-codes needed to mimic the SIS, spoofing is prevented
when A-S is applied. Unlike the SA feature, A-S may be either on
or off.

In terms of user reaction to SA and A-S, there are two cate-
gories both of users and of UE sets. Users are divided into those
who are authorized to receive the special cryptographic variables
(CVs, also called cryptokeys) needed to decrypt the SA correction
parameters and to encrypt the P-codes, and those users who are
not authorized to receive the CVs. UE sets are divided into those
having cryptographic logic built into them to do the decryption/
encryption processing (PPS-capable UE) and those UE that do not
(SPS UE). The definition of "PPS-capable UE sets" does not

require the UE set to have both the decryption logic for obtaining
the SA correction parameters plus the encryption logic for
operating with the Y-codes; one or the other is sufficient to make
it a PPS-capable UE set. SPS UE sets, by definition, have neither
decryption nor encryption logic. Thus there can be PPS-capable
UE sets that only track the C/A-code and SPS UE sets that track
the P-code, but there can never be an SPS UE set that tracks the
Y-code.

The division of users and their UE into categories based on
SA/A-S corresponds to a like division in terms of the SIS interface
itself. The two aspects of the SIS interface are:

@ Standard Positioning Service (SPS). SPS is the limited
accuracy service available to all users of the SIS interface.
No keys or cryptographic logic are required to access the
SPS. The effect of SA and A-S on the SIS are felt. The
SPS is intended primarily for civil GPS users.

@ Precise Positioning Service (PPS). PPS is the full
accuracy service available only to authorized users of the
SIS interface. Both keys and cryptographic logic are
required. The effects of SA and A-S on the SIS are
counteracted. The PPS is intended for U.S. and allied
government agencies and their military forces and, if in the
national interest, to selected civil GPS users.

Note there is truly only one SIS interface from each satellite;
the difference between the SPS and PPS aspects is strictly from
the user perspective. The SPS aspect is that which is available to
unauthorized users with SPS UE sets as well as unauthorized
users who might have PPS-capable UE set or authorized users
who have SPS UE sets. The PPS aspect is that which is available
only to authorized users who have PPS-capable UE (i.e., both keys
and cryptographic logic are required for the PPS).
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"EFFECTS OF SA/A-S ON THE SIS

SA/A-S Configuration | SIS Interface Conditions PPS Users SPS Users
SA Set to Zero P-Code, no errors Full accuracy, Full accuracy,*
A-S Off C/A-Code, no errors spoofable spoofable

SA at Non-Zero Value
A-S Off

P-Code, errors
C/A-Code, errors

Full accuracy,
spoofable

Limited accuracy,
spoofable

SA Set to Zero
A-S On

Y-Code, no errors
C/A-Code, no errors

Full accuracy,
Not spoofable**

Full accuracy,***
spoofable

SA at Non-Zero Value
A-S On

Y-Code, errors
C/A-Code, errors

Full accuracy,
Not spoofable**

Limited accuracy,
spoofable

* "Full accuracy" defined as equivalent to a PPS-capable UE operated in a similar manner.
** Certain PPS-capable UE do not have P- or Y-code tracking abilities and remain spoofable
despite A-S protection being applied
*** Assuming negligible accuracy degradation due to C/A-code operation (but more
susceptible to jamming).
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3.4.2 Space Segment Description

From the user's perspective, the GPS Space Segment
comprises the constellation of Navstar satellites—also known as
space vehicles (SVs)—in orbit around the Earth. Each SV is about
the size and weight of a small automobile. The role of the Space
Segment is to provide a sufficient number of SIS interfaces to
users at all times to allow for accurate four-SV position solutions.
Survivability requirements dictate the on-orbit SVs must be able to
continue providing their SIS interfaces autonomously for an
extended period of time without Control Segment support. The
Navstar SVs—regardless of their evolutionary block type—perform
this function the same basic way: by maintaining very stable
orbital trajectories, by using ultra-high precision atomic clocks to
generate their PM radio signals, and by basing their broadcast
50 Hz navigation message data stream on stored clock and ephe-
meris predictions periodically refreshed by the Control Segment.

Block 0 (NTS) SVs

The very first Navstar SVs, designated as Navigation Tech-
nology Satellite (NTS) numbers 1 and 2, were basically refurbished
Timation satellites built by the NRL. These SVs were used for
concept validation purposes and carried the very first atomic
clocks ever launched into space. Although functioning for only a
relatively short period after their launches in 1974 and 1977, they
proved out the concept of TOA-based ranging using PM spread
spectrum signals derived from on-orbit atomic clocks.

Block | SVs

The Block | SVs, built by Rockwell International as develop-
mental prototypes, were launched between 1978 and 1985 from
VAFB, CA. These SVs supported most of the system testing. Out
of a total of 11 Block| SVslaunched on the Atlas-Centaur, one

was lost as a result of a launch failure, three have reached end-of-
life due to wear-out of their atomic clocks, and two suffered
failures of their three-axis attitude control system. The remaining
five Block | SVs continue to function in service as of the date of
this revision. The oldest Block | SV (PRN #6) has operated
reliably for more than double its five-year design life. With
reliability improvements made to the atomic clocks on the fater
Block | SVs based on failure analyses from the early launches, it
is conceivable some of these Block I SVs will continue operating
and providing positioning service into the 21st century.

Block Il SVs

On-orbit testing of the Block | SVs identified several significant
capability enhancements in subsystem design for future SVs.
Many of these enhancements were folded into the design for the
second-generation Block Il SVs along with several changes
necessary to support the full operational GPS system
requirements. White most of the design differences affected only
the internal Control-Space interface, some did result in changes to
the SIS interface. Significant Block !I SV enhancements that
affected the SIS interface included:

@ Radiation hardened electronics to prevent random memory
upset events to improve SIS reliability and survivability.

® Capacity to store 180 days worth of 50 Hz navigation
message data, compared to only 3.5 days worth of
storage in the Block | SVs, to guarantee SIS availability.

e Full SA and A-S capabilities to provide for SIS security.

® Automatic detection of certain error conditions and
switching to non-standard PRN code transmission or
default navigation message data (alternating ones and
zeros) to protect users from tracking a faulty SV and
maximize SIS integrity.




SPACE VEHICLE EVOLUTION

BLOCK O (NTS) SATELLITE

[

BLOCK 1l SATELLITE

BLOCK i SATELLITE

BLOCK IR SATELLITE
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The first of 28 Block Hl SVs was launched on 14 February 1989
from Cape Canaveral AFS, FL using a Delta Il MLV and was set
“healthy” in its broadcast 50 Hz navigation message for global use
on 15 April 1989. This was SV PRN number 14. Since then, there
have been nine more Block Il SV launches—each of which
successfully reached its final orbital destination. The remaining
18 Block Il SVs will be launched over the next few years, with one
launch occurring approximately every two to three months. After
launch, the Block Il SVs undergo a thorough month-long checkout
period. They are then set "healthy" for use and take their place in
the unfolding constellation in the sky. Like the Block | SVs, the
Block lls are also built by Rockwell international.

Block IIR SVs

During the middle of 1989, Phase Ili for the Space Segment
began with the procurement of 20 additional “replenishment” satel-
lites (the Block IR SVs) from General Electric. Already well under
way, the Block IR SV development effort represents a further step
in the evolution of the GPS Space Segment. Under normal cir-
cumstances, the Block 1IR SVs will present an identical SIS inter-
face to the User Segment. Under a survivability scenario, how-
ever, operations for the Block IIR SVs will differ radically from the
Block 1 and Block Il SVs. If something should happen to the
Control Segment which prevents it from contacting the Block | and
Block Il SVs in orbit, these SVs will simply continue to transmit the
stored 50 Hz navigation message data previously uploaded by the
Control Segment for 3.5 and 180 days respectively. Because the
Control Segment's ability to forecast the SV clock and orbital
trajectories is limited, the accuracy of the SIS will gracefully
degrade over time. By contrast, the Block IR SVs will have the
capabilities to autonomously navigate {(AUTONAV) themselves and
generate their own 50 Hz navigation message data. These
AUTONAV capabilities will enable the Block IR SVs to maintain full
SIS accuracy for at least 180 days without Control Segment
support. AUTONAV will also significantly improve both the reliabil-

ity and integrity of the broadcast SIS. The first launch of a
Block lIR SV is currently scheduled for 1995.

3.4.2.1 The Deployed Constellation

When fuily deployed in 1993, the on-orbit GPS constellation
will consist of 21 operating Block il SVs plus three active spares.
The 21 SVs will be arranged with three or four SVs in each of six
nearly circular orbital planes as shown on the facing page; the
spare SVs will be placed in the three-SV planes to bring them to
a total of four SVs per plane as well. All six orbital planes have an
inclination angle relative to the equator of 55°, and the SVs will
have an average orbit altitude of 20,200 km (10,900 nmi) relative
to the surface of the Earth. This is the semi-synchronous altitude
where a complete orbit takes about one-haif sidereal day to
complete; the SVs will thus follow a ground track which repeats
every sidereal day (approximately 23 hours, 56 minutes). Users on
the ground will observe the same SVs passing overhead each day
through the same regions of the sky, but the SVs will be seen to
rise and set about four minutes earlier on each succeeding day.
By way of comparison, most communication satellites are in orbits
almost twice as high as the Navstar SVs where their ground track
remains fixed over one point on the equator.

The spacing of the SVs in their orbital planes was designed to
maximize the probability that at least four SVs with good DOP will
always be visible to users at every location on Earth. See
Section 4 for additional details on SV coverage.

3.4.2.2 The Future of RemainingBlock | SVs

The Block | SVs were launched into 63° inclined orbits and do
not fit within the defined Block il SV constellation. Plans are to
rely on the Block | SVs to augment the coverage provided by the
growing complement of Block Il SVs until there are 21 of the
Block Il SVs are on orbit. After that point in time, the future of the
Block | SVs is uncertain.
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THE DEPLOYED CONSTELLATION

e 21 SATELLITES (PLUS 3
OPERATIONAL SPARES)

e 55° INCLINATION

e REPEATING GROUND
TRACKS (23"56™)

e 4 SATELLITES ALWAYS
IN VIEW
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3.4.3 Control Segment Description

The names "Control Segment” and "Operational Control
System" (OCS) are now synonymous in GPS program terminology,
but this was not always the case. Before the OCS was built, the
on-orbit SV support role of the Control Segment was fulfilled by
the Initial Control System (ICS) and, before that, by the Phase |
Control System. In parallel with the Space Segment, the Control
Segment has also evolved from the research and development
stage into a fully capable operational GPS Segment.

The OCS comprises the MCS, five MSs, three GAs, one Pre-
launch Compatibility Station (PCS), and a network of communi-
cation lines connecting the MCS to each of the other component
sites. The MCS is located in the Consolidated Space Operations
Center (CSOC) at FAFB, CO. It is the central processing facility
for the OCS network and is manned 24 hours per day, 7 days per
week by trained operating crew personnel from AFSPACECOM’s
Second Satellite Control Squadron (2SCS).

One MS is located with the MCS at FAFB, and the others are
on Hawaii, Ascension, Diego Garcia, and Kwajalein. They are
unmanned installations operated under remote control of the MCS.
The MSs basically function as very precise PM radio receivers,
tracking the SIS from each SV in view at their surveyed locations

(up to 11 SVs simultaneously on both L1 and L2). They perform
almost no processing of the data, instead sending their raw PR
measurements and 50 Hz navigation message observations back
to the MCS for processing in real time.

The OCS’s GAs are co-located with the MSs on Ascension,
Diego Garcia, and Kwajalein. There is no GA at the MCS or in
Hawaii. The PCS, located at Cape Canaveral AFS, is used prima-
rily for checkout of the SVs prior to launch but can also be used
as a backup GA in the event of a failure in one of the overseas
GAs. Like the MSs, the GAs are also unmanned installations
operated under remote control of the MCS. Their function is to
provide the ground side of the Control-Space interface and enable
the MCS to command and control the on-orbit Navstar SVs.

The 25CS crews operate the OCS network and are respon-
sible for all activities required to support the on-orbit constellation.
These activities include using the GAs and the Control-Space inter-
face to monitor the state-of-health of SV subsystems, perform
necessary SV housekeeping and maintenance tasks, resolve
anomalies, control SA and A-S, activate spare SVs, and keep the
SVs in their required orbital positions (stationkeeping). Activities
also include using the MSs to continually monitor the proper
functioning of the L-band SIS from each SV and rapidly resolving
any detected aberrations of the Space-to-User interface.
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Of major importance to users are the activities the 2SCS
operating crews perform to monitor and control the accuracy of
the Space-to-User interface. As the raw PR measurements and
50 Hz navigation message observations come into the MCS, they
are first examined for any SIS aberrations that might affect their
usability. If they check out nominally, the PR measurements are
used by the MCS software to compute the current clock and
ephemeris states for every SV. These currenttime SV state
estimates are then compared with the SV parameters being
reported to the users in each SV's broadcast 50 Hz navigation
messages. The differences between the current-time SV state
estimates and the parameters from the 50 Hz navigation messages
are the SIS ranging errors for each of the on-orbit SVs. (These
differences normally are the largest contributor to the ranging
errors which make up the UERE.) The operating crews are there-
fore able to directly monitor the major SIS portion of the user’s
UERE in current time.

Whenever the MCS-computed current-time SIS ranging errors
from a particular SV grow too large—or at other scheduled times
determined by the operating crews (approximately once per day)
—the MCS software will be used to generate a new set of clock
and ephemeris state predictions for the SV. These new predic-
tions are then converted into the 50 Hz navigation message sub-
frame 1/2/3 format and combined with almanac and status infor-
mation for the entire constellation to form an "upload” to be
injected into the SV's memory. The operating crews complete
their portion of the uploading process by sending the new upload
out to a GA which they then use to transmit the upload to the SV
via the Control-Space interface. When the SV receives the upioad,
it replaces the previously uploaded data in its memory with the
new data and begins using it to broadcast an updated 50 Hz
navigation message. Because new clock and ephemeris predic-
tions are normally much more accurate than the old predictions,
the SIS ranging errors experienced by users are, in effect, reset to
near zero. Thus, even though the SVs provide the SIS, it is the

2SCS operating crews who actually control the accuracy of the
Space-to-User interface.

From a user’s perspective, the operations conducted by the
2SCS with the OCS are generally transparent to the SIS received
from the on-orbit SVs. Even the SIS transitions caused by
uploading new clock and ephemeris predictions for the 50 Hz
navigation messages occur without the user being aware of the
update. These transitions are called upload “cutovers” to the new
data and they are handled internally by the UE set without
interruption.

There are certain exceptions to this general rule, however,
such as when an SV is uploaded with “unhealthy” status settings
in its 50 Hz navigation message prior to certain scheduled SV
maintenance activities. Atthe cutover time, the UE set will receive
the unhealthy setting, automatically stop using the affected SV,
and attempt to switch over to an alternate SV. If the UE set
acquires the alternate SV, its position-fixing operation will continue
with negligible interruption. However, if for some reason the UE
cannot acquire a suitable alternate SV, it will alert the user to this
fact and enter a three-SV, limited-accuracy mode of operation.
Needless to say, receiving a limited-accuracy warning from the UE
while in the middle of a critical mission phase relying on accurate
position fixes from GPS is not an acceptable surprise for the user.

To prevent such surprises (as much as is practical), an
OPSCAP Reporting and Management System called "ORMS" was
devised to alert certain users in advance of scheduled changes to
SV health and status and to provide after-the-fact information on
unscheduled SV outages (such as when an SV fails suddenly on
orbit). The 25CS will use equipment at the MCS to send OPSCAP
information to ORMS users via the Control-to-User interface. See
paragraph 3.4.5 for further information on this major system-level
GPS interface.
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3.4.4 User Segment Description

The User Segment consists of a large number of uniquely
configured assemblies of hardware and computer software known
as UE sets, plus HV interface adaptors (HVIA), ancillary mission
equipment (AME), and SE. The role of the User Segment is to
enable GPS users to interface with the SV-broadcast SIS and
effectively utilize the resulting 3-D PVT information in their
operational missions.

There are many different types of UE sets in use around the
world. There are UE sets designed for strictly military applications
and those designed for strictly civil applications. There are military
UE sets designed specifically for use by U.S. forces, others
designed for use by allied forces, and still others designed for
export purposes. Even within the U.S. DoD, there are well over
two dozen different UE sets employed in various mission applica-
tions. Section 5 covers the 10 standard DoD UE set types and
their major applications.

All UE sets, regardless of type, must perform a cerain
minimum set of basic functions in order to provide the user with
PVT information derived from the SV-broadcast SIS. This
minimum set of basic functions determines a generic architecture
shared by all UE sets. Each UE set must use an L-band antenna
to interface with the SV-broadcast SIS. Each UE set must include
a PM radio receiver (also called the GPS receiver) to track the
PRN ranging codes on one or hoth of the L-band RF carrier
waves, generate PR measurements, and demodulate the 50 Hz
navigation message data. Each UE set must also have a data pro-

cessor to solve the four-equation/four-unknown positioning
solutions and to control operation of the GPS receiver. Finally,
each UE set must have some way to communicate its resulting
PVT information to the user, either by way of a control display unit
(CDU) or by some combination of digital /analog input-output inter-
faces. These basic UE set functions will be explained in depth in
Section 5.1.

HVIA are those items of the User Segment which are
necessary for mechanically and electrically adapting the particular
UE set to a particular HV and its mission, but cannot be consi-
dered part of the UE set or the HV. HVIA may consist of
specialized hardware, software, or both. Common HVIA include
equipment mounts, installation cables, and specialized electronic
units needed to convert between the digital/analog input-output
interfaces used by the UE set and the HV. The HVIA are covered
in detail in Section 5.2.

AME are items not directly required by the UE set or the HV,
but which are ancillary equipment used to simplify the UE set
operation or to enhance the mission utility of the GPS PVT
information. AME includes such optional items as waypoint data
management systems, mission planners, and PPS cryptokey
loading devices. See Section 5.3 for additional information on
AME.

SE are User Segment software programs and hardware items
necessary to support the maintenance of the UE sets. SE includes
equipment used to generate simulated SIS environments and to
enable testing of UE set hardware, interfaces, and software.
Further description of the SE will be found in Section 5.4.
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3.4.5 Control-to-User Interface Description

The Control-to-User interface provides for the timely flow of
OPSCAP information from the Control Segment. This information
is vitally important to many ORMS users, particularly mission
planners and UE set maintainers. Mission planners need the
OPSCAP information to effectively plan the navigation portion of
user missions to: a) avoid time windows and geographic areas of
reduced GPS accuracy, and b) optimize mission parameters to
take advantage of windows and areas with maximum GPS
accuracy. UE set maintainers need the OPSCAP information to
perform post-mission analysis and to determine whether user-
reported problems were caused by a fault within the UE set or
were Instead caused by the on-orbit SV constellation.

This OPSCAP information interface has a two-tier hub-and-
spoke organization. In the upper tier, the ORMS equipment at the
MCS is the Control Segment hub while the spokes are communi-
cations paths that carry SV-specific OPSCAP information directly
to the widely distributed ORMS node equipment. In the second
tier, the ORMS equipment at each of the nodes becomes the hub
for dissemination of OPSCAP information to all ORMS users within
the jurisdiction of that node. There will ultimately be ORMS node
equipment installed at each of the DoD Unified and Specified
Commands, at a joint FAA/DoD location, and at the U.S. Coast
Guard GPS Information Center (GPSIC).

The outward flow of OPSCAP information in the first tier
(Control-Segment-to-Node) contains advance warnings of
scheduled changes to the status of individual SVs as well as after-

the-fact reports of unscheduled SV outages. it also contains long-
term information which identifies the available SVs, their orbit
parameters, their average or long-term health, and their forecast
UERE. This first-tier information is considered to be raw OPSCAP
data because it is basically a copy of the SV information already
provided to the UE sets via the 50 Hz navigation message of the
SIS interface (except for warnings of SV-specific status changes
which are not provided in advance via the SIS).

The outward flow of OPSCAP information in the second tier
(Node-to-ORMS-User) depends on the particular node and the
ORMS users it supports. For many of the military nodes, the
information flow is no more than a repeat of the raw OPSCAP data
received from the ORMS equipment at the MCS. ORMS users
assigned to these nodes will be supplied with the appropriate
software programs (see paragraph 5.3) to enable them to convert
the raw OPSCAP data obtained from their node into forecasts of
position and time error based on the particular UE set(s) and on
the time window(s) and geographic location(s) for which the
forecasts are needed.

Other nodes will process the raw OPSCAP data for a generic
UE set at various sample locations within their region of interest
and will issue accuracy-within-safety-threshold reports in text
format. These reports wili then be disseminated by second-tier
communications paths, including the Notice to Airmen (NOTAM)
and Automated Notice to Mariner (ANM) systems as well as
through the U.S. Coast Guard GPSIC reporting systems.

Specific questions on the software or reports provided by each
ORMS node should be referred to the organization responsible for
that node and for the users falling under their jurisdiction.
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4.0 SYSTEM PERFORMANCE CHARACTERISTICS
4.1 FORMAL SYSTEM ACCURACY SPECIFICATIONS

There are only four formal specifications for GPS system
accuracy. In no special order, they are:

@ The PPS user 3-D (spherical) position accuracy shall be 16
meters SEP or better.

e The PPS user velgcity accuracy in any dimension shall be
0.1 meters/second rms or better.

e The PPS user time accuracy with respect to UTC shall be
100 nanoseconds one sigma or better.

e The SPS user 2-D (horizontal) position accuracy shall be
100 meters 2 drms or better.

Each of these formal specifications is a composite statistical
number. One way to correctly interpret them is to first imagine a
very large number of precisely surveyed points uniformly distrib-
uted across the surface of the Earth, each occupied by many
average PPS and SPS UE sets. If one then samples the PVT
errors from these UE sets once every five minutes on an average
day under average environmental conditions, one will end up with
an extremely large collection of space/time/UE sample points.
The formal system accuracy values are no more than just the
composite statistical numbers over this collection of sample points.
We call this imaginary collection of UE sample points across the
globe for one day the "composite global sample space" (CGSS),
which should be assumed whenever discussing overall GPS
system accuracy/error characteristics.

Because the formal system accuracy specifications are
composite statistical numbers, the choice of the particular
probability level used to define them is somewhat arbitrary. Take,
for example, the 16 meter SEP number for PPS 3-D position
accuracy. The reason an SEP number is used for this specifica-
tion is that the U.S. military traditionally uses 50th percentile
probability levels for expressing navigation accuracy, weapon

delivery performance, etc. An SEP number is the most appro-
priate way to describe PPS accuracy to the military user. The PPS
3-D positioning accuracy could just as easily be specified in terms
of a statistically equivalent 18 meters drms or 36 meters 2 drms
value, but these would not be as readily meaningful to the military
user. Likewise, the SPS 2-D specification is given at the 2 drms
probability level (95-98%) because it enables the civil user to
directly compare GPS with other radionavigation systems
described in the FRP.

4.2 UNDERLYING SYSTEM ACCURACY FACTORS

The accuracy of the position and time solutions obtainable
from a UE set was explained earlier as the product of two factors:
the UERE value and the DOP value. For a particular UE set at a
particular point in time and space, there are particular UERE and
DOP values appropriate to those exact conditions. But those
UERE and DOP values will not be appropriate for the same UE set
a few minutes earlier or later in time, or at another point in space
even a short distance away. And they certainly are not appro-
priate for an entirely different type of UE set nor for one operating
under a different set of conditions.

For overall system accuracy, average UERE and DOP values
are used to develop the accuracy of user PVT solutions on a
CGSS basis. "Average”, as used here, does not mean a literal
statistical average but instead implies a representative CGSS value
because there is no such thing as an average point in time and
space. The average (representative) UERE and DOP values for
the CGSS upon which the four formal GPS system accuracy
specifications are based on:

UERE: The UERE value for PPS UE sets is 7.0 meters one
sigma while the UERE for SPS UE sets is approximately
32 meters one sigma.

DQPs: For PPS UE sets, the HDOP value is 1.5, VDOP is 2.0,

PDOP is 2.5, and TDOP is 1.1. For SPS UE sets, the
HDOP value is 1.6, VDOP is 2.2, PDOP is 2.7, and TDOP
is 1.3.
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FOUR FORMAL SYSTEM ACCURACY SPECIFICATIONS

FOUR FORMAL SPECIFICATIONS

PPS POSITION : 16 m SEP
PPS VELOCITY : 0.1 m/sec

PPSUTC TIME : 100 nsec one-sigma

SPS POSITION : 100 m 2 drms

UNDERLYING FACTORS:

AVERAGE PPS UERE n
AVERAGE PPS DOPS

\
AVERAGE SPS UERE
AVERAGE SPS DOPS o

STATISTICALLY EQUIVALENT TO:

18 m drms, 36 m 2 drms

0.07 m/sec LEP, 0.2 m/sec 2 drms
68 nsec TEP, 200 nsec 2 drms

40 m CEP, 50 m drms

YYVY

“AVERAGES” FOR THE COMPOSITE GLOBAL
SAMPLE SPACE (CGSS):

e OVER THE ENTIRE GLOBE
e OVER AN ENTIRE DAY
© REPRESENTATIVE PPS & SPS UE SETS
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The different average UERE values for PPS and SPS UE sets
in the CGSS is due to a combination of several factors as
described in the following paragraphs. The reason for the different
average DOP values is the different visible-SV criteria described in
paragraph 4.6.

4.3 DERIVED SYSTEM ACCURACY VALUES

Because the CGSS average UERE and DOP values for the
formal GPS system accuracy specifications are known, a set of
derived system accuracy numbers can also be computed and
expressed at different probability levels to compare with the formal
system accuracy specifications. As one example, though there is
no formal specification for the PPS user's horizontal position
accuracy, a value for it can be derived by using the average PPS
UERE value and the average PPS HDOP value. The resulting
derived PPS horizontal position accuracy is 10.5 meters drms,
equivalent to both 21 meters 2 drms and 8 meters CEP.

The accompanying table gives the derived system accuracy
values that complement the formal system accuracy specifications.
For the sake of completeness, 50th percentile, drms, and 2 drms
probability levels are given for each one. Note there is about a
5-t0-1 ratio between the SPS and PPS position and time accura-
cies. Also note there is no derived SPS velocity accuracy.

One item of special note is the division of derived time
accuracy into two parts. The first part addresses the UE set errors
in solving for GPS system time as part of the four-equation/four-
unknown process. The second part inciudes the errors in relating
GPS system time to UTC for output to the user. The UE set errors
in solving for GPS system time are no more than the average
UEREs multiplied by the average TDOPs converted to units of
time. This results in different GPS time accuracies for the PPS and
SPS UE sets because of the differences in CGSS average UERE
and TDOP values. The relating of GPS system time to UTC is
accomplished by way of OCS-uploaded parameters in subframe
4 of the 50 Hz navigation message that give the offset between
GPS system time and UTC. The errors associated with these

GPS-UTC offset parameters as well as providing a physical time
pulse output to the user are the same for both PPS and SPS UE
sets. Thus the total time error with respect to UTC in the last row
of the accompanying table is a root-sum-square (rss) combination
of the UE set errors in solving for GPS system time and the error
in relating GPS system time to UTC.

4.4 SPECIAL TIME-TRANSFER ACCURACY

The formally specified 100 nanoseconds UTC accuracy value,
as well as other derived GPS and UTC accuracy values on the
accompanying table, apply only to the time results from an
average PPS or SPS UE set tracking four SVs and performing
four-equation/four-unknown solutions for position and time. They
do not apply to specialized time-transfer units.

Time-transfer units are specialized equipment able to exploit
GPS capabilities for precise time and time interval (PTT!) to their
fullest extent. They are based on an operating concept whereby
the unit remains stationary at an exactly surveyed location (usuaily
surveyed with GPS). This enables it to use all available PR
measurements solely to develop a very precise solution for GPS
system time. In general terms, this can be thought of as perform-
ing a four-equation/one-unknown solution, although not all time-
transfer units track four SVs simultaneously. (Some track only one
SV at a time while others track all SVs in view continuously.)

Because time-transfer units can use muitiple PR measure-
ments to solve for only one unknown, the time-transfer DOP
(TTDGP) is typically far better than the corresponding TDOP for a
UE set which has to solve for both position and time. Values in
the range of 1.0 to 0.1 are faily common. These very low TTDOP
values enable time-transfer units to solve for GPS system time with
accuracies of a few nanoseconds. To avoid the much larger
errors associated with relating GPS system time to UTC, many
time-transfer users employ GPS system time directly for their
applications in lieu of GPS-determined UTC. Perhaps the most
common such application is the synchronization of ground-based
atomic clocks.
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SYSTEM ACCURACY SPECIFICATIONS AND DERIVED VALUES

PPS SPS | 50TH PERCENTILE drms 2 drms
POSITION
o HORIZONTAL | ™ aom | 10°m 50 m
e VERTICAL om a7m | 14M 7om | 28M 140 m
e SPHERICAL 18 m gsm | &M 172m
VELOCITY
o ANY AXIS 0.07 m/sec 0.2 m/sec
TIME
o GPS 17 nsec 95 nsec | 20Msec 720 nsec | 22 NSeC 580 nsec
e UTC 68 nsec 115 nsec 200 nsec 340 nsec
NOTES: FORMAL GPS SYSTEM ACCURACY SPECIFICATIONS ARE SHOWN IN THE SHADED AREAS.

e & & @

DERIVED GPS SYSTEM ACCURACY VALUES ARE SHOWN IN THE UNSHADED AREAS.
THERE IS NO SPS USER VELOCITY ACCURACY SPECIFIED.
50TH PERCENTILE IS EQUIVALENT TO CEPR SEP, ETC.

59




4.5 SYSTEM ACCURACY ASSUMPTIONS AND EXCEPTIONS

Just as the four formal GPS system accuracy specifications
were based on average UERE and DOP values for the CGSS—the
average UERE and DOP values are themselves dependent on
several standard system operating assumptions. Each of these
assumptions is (or will be) generally true, but there can be
significant exceptions from time to time or under certain
circumstances. These exceptions form the basis for many
important system performance characteristics.

Not all exceptions to the standard system operating assump-
tions are necessarily bad. The assumptions are conservative in
nature and it is quite possible for exceptions to result in improved
system performance. This is especially true for UE sets designed
to take advantage of aiding information from external sources or
specialized UE sets designed to achieve ultimate P, V, or T
accuracies. Since there are so many different types of UE sets,
the standard assumptions presume the use of relatively simpie,
low-cost PPS and SPS UE sets as described in Section 5. If you
have a specialized UE set, you are probably already aware that the
formal GPS system accuracy specifications do not apply to the
performance of your UE set anyway.

Before covering the standard system operating assumptions
and their important exceptions, a customary division of the
average UERE values into two portions needs to be explained.
For many reasons, UERE values are normally broken out into
those errors contributed by the Space and Control Segments and
those contributed by the User Segment. The line dividing these
two portions of the UERE is at the SV’s SIS output antenna. The
Space and Control Segment contribution to the UERE includes
instability of the SV clock, unpredictability of the SV orbit, and
errors in the broadcast 50 Hz navigation messages. The User
Segment contribution to the UERE includes things like imprecision
of the UE set's PRN sequence tracking design and errors in its
correction of the PR measurements for atmospheric delays. These
two portions of the UERE combine together in a rss fashion to
give the total average UERE.

The standard system operating assumptions with important
exceptions that affect users are listed below and detailed in the
following pages.

® The OCS is functioning nominally and is routinely
uploading 50 Hz navigation message data that result in
an average contribution to the UERE from each SV of
6.0 meters one sigma for the PPS and about 29 meters
one sigma for the SPS.

®¢ There are 21 identical, nominally operating Block Il
Navstar SVs in their defined orbital locations.

®¢ The PPS UE sets are able to select the best set of four
SVs for their position/time solution from among all SVs
visible at their location which are at least 5.0 degrees
above the local horizon. The correspanding assumption
for SPS UE sets is the same except the minimum SV
elevation angle is 7.5 degrees.

®  Both types of UE sets are operating in a nominal stand-
alone mode {without external aiding input from any
source). The level of jamming is such that the UE sets
are able to maintain track on their four selected SVs.

®  The PPS users are operating in a full PPS mode (a PPS-
capable UE set with PPS keys inserted) and are able to
track P(Y)-code on both the L1 and L2 signals for deter-
ministically correcting the ionospheric delay with a duai-
frequency measurement model. The SPS users are
assumed to only be able to track C/A-code on the L1
signal and so must use the single-frequency ionospheric
delay model based on the terms in subframes 4/5 of the
50 Hz navigation message.

e  The PPS UE set contributes 3.7 meters one sigma to the
PPS UERE while the SPS UE set implementation
contributes 14 meters one sigma to the SPS UERE.
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STANDARD SYSTEM OPERATING ASSUMPTIONS

e 21 BLOCKII SVs
e NOMINAL OPERATION
e DEFINED ORBITAL LOCATIONS

e PPS: 6 m UERE CONTRIBUTION
® SPS: 29 m UERE CONTRIBUTION

e PPS: P(Y)-CODEONL1{/L2
® SPS: C/A-CODE ON L1 ONLY

e FUNCTIONING NOMINALLY

e ROUTINELY UPLOADING ® PPS: 3.7 m UERE CONTRIBUTION

e SPS: 14 m UERE CONTRIBUTION

PPS SPS_
e TRACKING 4 SVs e TRACKING 4 SVs
® ABOVE 5° ELEVATION e ABOVE 7.5° ELEVATION

® DUAL-FREQUENCY IONO e SINGLE-FREQUENCY IONO
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4.5.1 Graceful Degradation

The first standard system operating assumption above was
that the OCS is functioning nominally and routinely performing
uploads of 50 Hz navigation message data to maintain an average
SIS accuracy from each SV of 6.0 meters one sigma for the PPS
and approximately 29 meters one sigma for the SPS. This
assumption will generally be true only so long as the OCS is
capable of uploading the Navstar SVs.

The major exception to this assumption centers on the fact
that the MCS at FAFB is a one-of-a-kind installation; there are no
backup facilities anywhere in the world capable of generating and
sending 50 Hz navigation message data to the SVs. The OCS has
sufficient GAs and MSs to prevent a crippling loss of upload
capability in case one or two of them are lost to natural disasters,
sabotage, or whatever. A complete loss of the MCS, however, will
prevent the SVs from being uploaded.

The system performance characteristic that applies in the
event of this exception is known as "graceful degradation”.
Because the OCS uploads the Block Il SVs in a manner to main-
tain 180-days worth of 50 Hz navigation message data stored in
each SV's on-board memory, the SVs are capable of continuing to
support user positioning services for up to 180 days without
further contact by the OCS. However, the accuracy of the posi-
tioning services provided by the SVs will gradually degrade over
time once the OCS ceases uploading. The rate of accuracy
degradation is very slow over the first few days but will increase
with time. By the 14th day after the last upload, the accuracy of
the SIS will have degraded to the point where PPS UE sets will
only be able to achieve a positioning accuracy of 425 meters SEP.
Since the error contribution of SA is negligible compared to the
naturally occurring errors that accumulate over 14 days, this
accuracy value applies equally to the SPS UE sets. In the unlikely
event that the MCS is not restored by the 180th day after the last
upload, the user positioning errors will have grown to 10 kilo-
meters SEP.

While there are plans to eventually build a backup MCS to
guarantee upload continuity, users have several near-term
solutions available for maintaining accuracy if a graceful degra-
dation scenario should occur. One of these is known as the auto-
nomous user algorithm wherein a special type of UE set acts as
its own self-contained Control Segment. Another solution is to
employ DGPS methods in which a UE set situated at a previously
surveyed site is used to generate and transmit corrections which
can then be employed by special types of UE sets to reduce the
PVT error effects. Users whose missions require accurate
navigation capability under the graceful degradation scenario are
encouraged to contact the appropriate sources identified in
Section 9 for further information on these two near-term solutions.

The long-term system solution to the risk of graceful degra-
dation scenario is the AUTONAV capabilities being built into the
Block IIR Navstar SVs. These AUTONAV capabilities will allow the
Block IIR SVs to autonomously generate their own 50 Hz naviga-
tion message data and thereby maintain full SIS accuracy for at
least 180 days after loss of the OCS. Thus, graceful degradation
is specific to operations with the Block Il SVs; it will change with
the advent of the Block IR constellation.

4.5.2 SPS SIS Accuracy

A key part of the first standard system operating assumption
is the OCS routinely performing uploads of 50 Hz navigation
message data that add ranging errors with SA to maintain an
average SPS SIS accuracy from each SV of approximately 29
meters one sigma. This assumption is based on U.S. national
policy and does not represent a technical limitation of the SA
features or the GPS SIS. The SA feature is controllable by the
OCS and the assumption of approximately 29 meters one sigma
average SPS SIS accuracy (or better) from each SV will be true
only as long as U.S. national policy requires it to be true.
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4.5.3 System Availability

The second identified standard system operating assumption
was that 21 identical, nominally operating Navstar SVs are in their
defined orbital locations. This assumption should hold true most
of the time since the on-orbit constellation is actually pianned as
21 SVs plus 3 operational spare SVs. The 3 operational spare SVs
are included in the on-orbit constellation for the express purpose
of backing up the optimally located 21 SVs in the event that one
or more of them becomes incapable of providing the SIS interface
needed to support the user positioning service.

There is a formal GPS system specification corresponding
closely to this standard operating condition assumption. This is
the specification for "system availability” which is stipulated in GPS
program documentation as:

“System availability shall be at least 98%, where system
availability is defined as the probability that a minimum of
18 satellites will be operational at any time and broad-
casting current navigation messages."

The reason this system availability specification addresses
18 SVs instead of a 21 SV constellation is historical in nature.
During the 1970s, the original baseline Navstar consteliation was
developed with a total of 24 SVs arrayed in 3 planes of 8 SVs each
to guarantee continuous positioning service availability to users
anywhere on the globe. However, due to budgetary constraints in
the early 1980s, this robust number of SVs had to be reduced to
the absolute bare minimum number possible. This cut-back
resulted in a redesigned baseline constellation consisting of 18
SVs arrayed in 6 planes of 3 SVs each. Although this minimalist
constellation met the budget requirements and provided a reason-
able level of user positioning service, it had zero margin for error;
the loss of just one SV would resuit in major gaps in coverage.

The formal 98% system availability specification was sub-
sequently developed for this rebaselined constellation as the
required probability of having at least the minimum number of
nominally operating SVs on orbit needed for reasonable position-
ing service coverage. This did not mean that 18 SVs was sufficient
to guarantee users would always have four visible SVs with good
DOP at every possible time/location point in the CGSS. With 18
SVs, there would still be short-duration gaps (one-haif hour) in the
coverage at certain mid-latitude points around the globe, but this
was considered a reasonable level of service under the strict
budgetary constraints of the early 1980s.

Because of the system availability requirement to ensure at
least 18 nominally operating SVs on orbit 98% of the time,
approval was sought—and ultimately received—to augment the 18-
SV constellation with on-orbit active spare SVs. it was determined
that 3 spare SVs would be needed based on the expected annual
failure rate for 18 on-orbit SVs. With a mean mission duration for
the Block ll SVs of 6 years and with 1843 SVs on orbit, an
average of 18+3 end-of-life SV failures should be expected in
every 6-year period (about 3.5 SV failures per year). Furthermore,
by factoring in the periodic but temporary interruptions all SVs are
subject to (e.g., downtime for orbital position-keeping maneuvers,
atomic clock maintenance, and other SV housekeeping activities),
a total of 21 SVs were found to be needed in order to have a 98%
probability that 18 of them would be working at any time.

In March of 1988, the Air Force commitied to support an
operational constellation of 21 SVs plus 3 spares as soon as
practical. However, it was recognized that a revised system
availability requirement could not be met since the Block II SV
assets had not been programmed against a 21+3 SV consteliation
requirement. Thus the formal system availability requirement has
not yet been revised even though the constellation deployment
plans were modified to reflect a 21-SV constellation which will
evolve into the 21+ 3 configuration.
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4.5.4 Positioning Service Coverage

The standard system operating assumption of 21 nominally
operating Navstar SVs in their defined orbital locations was
selected as a middle-of-the-road benchmark. It does not reflect
the improved system performance that results from the 3 opera-
tional spare SVs in the 21+ 3 constellation. But it does reflect the
improved performance that results from an optimized set of orbital
locations used for the 21-SV constellation as compared to the
locations originally planned for the 18+ 3 SV constellation. This set
of orbital locaticns for the 21-SV constellation is known as the
"optimal-21" design, and it is distinctly different from the set of
locations for both the 18 +3 and the 21 +3 designs.

The definition of "positioning service coverage" is quite
different from the definition of "system availability”. In fact,
positioning service coverage is really what most users have in
mind when they consider whether or not GPS is available to them.
Whereas system availability is a measure of how likely it is a
certain number of operational SVs will be on orbit; positioning
service coverage is a measure of how likely it is you will receive
adequate service from the on-orbit SVs.

4.5.4.1 Constellation Value

The positioning service coverage of GPS is measured in terms
of a number known as the “constellation value*. The constellation
value is generally defined as the fraction of all possible time/
location points in the CGSS that have four visible SVs with a good
enough DOP to allow accurate PVT solutions. A constellation
value of 1.00 means users always have four visible SVs with a
good enough DOP no matter when or where they choose to
operate. A constellation value less than 1.00 means there are
certain points in time at certain locations for which there are either
three or fewer SVs visible or the four or more SVs visible will not
provide a good enough DOP.

There are constellation values for both 3-D and 2-D coverage.
A "good enough DOP" is customarily defined as a PDOP less than

or equal to 6.0 for the 3-D constellation value and an HDOP less
than or equal to 4.0 for the 2-D constellation value. in both cases,
these DOP threshold values are based on a completely unaided
(stand-alone) four-SV UE set position solution.

The 6.0 and 4.0 threshold definitions for “good enough DOP*
were originally somewhat arbitrary, but they have since become
standardized as an essential part of the constellation value
definitions. They must be taken with a grain of salt, however,
since under average PPS UERE conditions, the PDOP threshold
of 6.0 results in a 38 m SEP sphericai positioning accuracy being
defined as not good enough while the HDOP threshold of 4.0 will
do the same for a horizontal positioning accuracy of 24 m CEP.
In comparison with other navigation systems, it is difficult to
accept a 38 m SEP spherical accuracy or a 24 m CEP horizontal
accuracy as not being good enough to use, but it is a result of the
standard definitions for the constellation values.

With the optimal-21 constellation (not including any spares),
the 3-D consteliation value will be 0.93939 and the 2-D constellation
value will be nearly 1.000 for an average PPS UE set able to select
and track SVs 5 degrees or more above the local horizon. For the
average SPS UE set, which only tracks SVs 7.5 degrees or more
above the horizon, the corresponding constellation values will be
0.9980 and 0.9992. These numbers are the probabilities that, at a
randomly chosen time and location, the UE set will find four visibie
SVs with good DOP.

Because these constellation vaiues are quite high, users need
not worry too much about whether their UE set will find four visible
SVs with good DOP whenever and wherever required as fong as
there are 21 nominally operating Navstar SVs in their defined
orbital locations. However, since there is a significant probability
of SV failures (on average, 3.5 failures per year) and there are also
periodic but temporary SV interruptions, there will not always be
21 normally operating Navstar SVs in their defined orbital loca-
tions. Users thus run a small risk of not finding four SVs with
good DOP available. The accompanying diagram shows the effect
of SV outages on the PPS 3-D constellation value.
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PPS 3-D CONSTELLATION VALUE vs NUMBER OF SVs
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4.5.4.2 Coverage as a Function of Time

The constellation values just discussed are useful for
describing GPS positioning service coverage from an overail
system perspective, but they are not well suited for application by
an individual user. Unlike the system operator who ftries to
support users at every possible time/location point in the CGSS,
individual users are normally only interested in their coverage at a
particular point in space. These points might be targets to be
bombed, narrow channels to be negotiated, survey sites to be
occupied, or airfields to be landed at. Regardless of the nature of
the particular point in space, users are interested in the coverage
as a function of time.

In the early days of the GPS program when there were only a
few on-orbit Navstar SVs, the best way to conceptualize the
positioning service coverage as a function of time was in terms of
the daily "four-satellite good DOP windows" or simply the
"coverage windows". This was particularly appropriate during the
Phase | and ll testing conducted at YPG since the orbital positions
of the Block 1 SVs had been selected so the SVs would rise one
after the other in the sky over Yuma at roughly the same time
each day. In general terms, the coverage window would start
whenever the fourth SV rose above the local horizon mask angle
(5 degrees for PPS, 7.5 degrees for SPS) and the resulting HDOP
or PDOP value fell below the 4.0 or 6.0 threshold for good DOP.
The coverage windows would then remain open ‘as the various
SVs rose and set until there were only three SVs remaining visible
in the sky.

Because the Block | SVs (and now the Block Il SVs) are
placed in orbits that give them repeating ground tracks and
because the OCS tightly controls their positions relative to one
another, the pattern of SVs rising and setting each day during the
coverage windows repeats aimost identically. And since the DOP
values depend only on the relative geometry between the SVs and
the user, the DOP values also repeat almost identically during the
coverage windows.

This day-to-day repeatability of the coverage windows was
{(and still is) a major characteristic of GPS which most users find
important to their mission planning. However, it must be
emphasized that even though the coverage windows repeat each
day, they do not repeat at exactly the same time every day.
Because of the repeating ground track orbit used for the SVs, the
SVs rise and set in their particular pattern every 23 hours and 56
minutes. Thus, the coverage windows will start and end four
minutes earier on each succeeding day. This time-shift effect
often surprises many users since the four minutes earlier each day
accumulate and what was once a convenient coverage window
starting mid-morning precesses to become a coverage window
beginning well before dawn.

As more SVs are launched, user concerns are gradually
changing from worrying about coverage windows to worrying
about "DOP holes”. This is natural. As the constellation values
improve and the coverage windows grow longer, it makes more
sense to focus on the ever-shorter periods of insufficient coverage.
(Very much like the switch in perspectives between thinking “the
glass is half-full” to thinking "the glass is half-empty”.) Just like the
coverage windows, the DOP holes also repeat, shifting four
minutes earlier each day.

The anatomy of a DOP hole can vary greatly. Some of them
are not very "deep" (a misnomer, since the DOP values actually
rise to cause the "hole"). In shallow DOP holes, the accuracy
degradation is minimal—usually only slightly worse than 24 meter
CEP horizontal accuracy or 38 meter SEP spherical accuracy.
Some of them are very abrupt in start or finish (usually those
caused by fewer than four SVs being visible during the DOP hole),
while others are characterized by gradual transitions (those due to
poor geometry).

Remember that, like the DOP thresholds used for constellation
values, the threshold values for DOP holes are assumed to be
based on a completely unaided (stand-alone) four-SV UE position
solution. In most DOP hole circumstances, external aiding will be
extremely effective in countering the ensuing accuracy degra-
dation.
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4.5.4.3 Coverage as a Function of Location

Even when there are fewer than 21 nominally operating
Navstar SVs in their defined orbital locations, GPS will provide
continuous coverage for most users around the globe. The DOP
holes will occur for short durations at only a few scattered
locations. And in those regions where DOP holes do occur, the
degraded accuracy will be experienced only by users when relying
solely on a four-SV position solution. The DOP hole is not a
serious problem for users who have additional position, altitude, or
velocity information from an external aiding sensor which will ailow
the UE set to "coast" through the DOP hole.

In contrast to thinking about the coverage windows as a
function of time for a particular point in space, another way to
think about them is in terms of the spatial regions where DOP
holes occur at some time during the day. (As used here, a "day"
really means the 23-hour, 56-minute repetition period of the
coverage windows/ DOP holes.) When occurrences of these DOP
holes over a day are plotted on a map, they become the daily
composite geographic coverage map for the particular set of
normally operating SVs. Because the SV orbits have repeating
ground tracks, the locations of the geographic holes stay fixed
from day to day as long as the set of nominally operating SVs and
their relative orbital locations do not change. The OCS will usually
reposition a spare SV in the event of a failure in one of the
optimally positioned SVs, thus causing the map to change from
one day to another during the repositioning period.

As an example of a daily composite geographic coverage
map, the regions of degraded 2-D coverage resulting from the
optimal-21 constellation with one failed SV are illustrated on the
accompanying page. The one failed SV was selected at random,
so this particular daily composite 2-D geographic coverage map
should be considered as being only a representative illustration of
the effect of a failed SV. If instead, a different failed SV had been
selected to generate this illustration, the daily composite 2-D

geographic coverage map would look quite different. It was
necessary to assume an SV had failed for this illustration because
the daily composite 2-D geographic coverage map that corres-
ponds to the standard system operating assumption of 21
nominally operating satellites SVs in their defined orbital locations
has no significant regions of degraded coverage to portray.

The shaded areas shown on the accompanying page are
regions in which the HDOP value exceeds 4.0, considering those
SVs which are 5 degrees or more above the local horizon (the
same conditions as for the PPS 2-D constellation value). These
regions normally experience large HDOP values for only short
periods of time. The longest period that HDOP exceeds 4.0 at any
one point is about 30 minutes. Generally, the degraded coverage
periods occur twice per day at the indicated locations. One DOP
hole occurrence generally peaks at some small value (e.g., a
HDOP between 4 and 10) and the other at a larger value.

The daily composite geographic coverage maps that describe
the PPS 3-D and SPS 3-D and 2-D coverages are generally similar
to the corresponding PPS 2-D map. Although the overall
character of the DOP holes stays basically the same, the exact
size and shape of the regions of degraded coverage vary slightly.
For this reason, higher headquarter planners who need to
coordinate movements of a large number of users will often use
theater-scale maps on which to portray the exact bounds of the
degraded coverage region for the specific type of UE set in use
(see paragraph 5.3).

Poor UE set performance can be due to causes other than SV
geometry and degraded coverage. This inciudes such factors as
equipment malfunction, signal jamming, terrain shadowing, etc.
These types of performance degradations will also benefit from
external aiding by other navigation systems, and can sometimes
be ameliorated by user action.
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COVERAGE AS A FUNCTION OF LOCATION
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4.6 SV SELECTION BY THE UE

Another standard GPS system operating assumption was that
PPS UE sets select the best set of four Navstar SVs to use for
their position/time solution from amongst all visible SVs which are
at least 5.0 degrees above the local horizon. The corresponding
assumption for SPS UE sets was the same except the minimum
SV elevation is 7.5 degrees.

It is a basic GPS principle that all UE sets autonomously select
which SV signals to track; no user involvement is required (nor
even allowed in most cases). In order to perform the SV selection
process, the UE set must first have a basic knowledge of the SVs
in orbit. This includes what the SV PRN codes are, which are
operating nominally, and where they are in their orbits. The UE
set gets this information directly from the almanac data in
subframes 4/5 of the SV-broadcast navigation message. Once the
UE set has this almanac information, it uses knowledge about its
current position and time (either stored in its internal memory or
input by the user) to determine which SVs should be visible in the
sky overhead and what their relative geometry is. The UE set will
then select the best set of four SVs to track.

An important GPS principle to note is that the definition of
"best” set of four SVs to track often differs depending on the
intended purpose of the particular UE set. To explain: general-
purpose UE sets often select their best set based on the visible
four-SV combination that results in the lowest GDOP value, thus
optimizing the 3-D position and time accuracy equally. On the
other hand, UE sets intended for naval operations are usually
designed to select their best set based on the four-SV combination
that results in the lowest HDOP, since vertical position and time
accuracy are less important in seaborne navigation. As long as
there are more than four SVs visible, there may be many different
"best” combinations of four SVs.

Another important principle to note is that PPS and SPS UE
sets have different specifications for tracking SVs that are low
on the horizon. This is not related to the SIS power levels which

are adequate to allow PPS and SPS signal tracking down to the
horizon. Rather, it is due to the PPS and SPS UE sets using
different means of compensating for atmospheric distortions of the
SIS. At low elevation angles (the angle between the SV and the
horizon}, the SIS is subject to significant path bending and delays
caused by atmospheric distortions; the effects are similar to the
way stars twinkle as a result of atmospheric distortion of their light.
The troposphere causes path bending that can be partially com-
pensated for by using mathematical models for the average water
vapor content of the troposphere. The ionosphere causes path
delays that can be partially compensated for by using models
based either on some forecast number of electrons in the iono-
sphere (the single-frequency ionospheric delay model), or on an
actual calculation of the number of electrons in the ionosphere
using simultaneous measurements from both the L1 and L2 signals
(the dual-frequency ionospheric measurement model). The
compensation accuracy of the tropospheric model and the two
ionospheric models degrades as the SIS has to pass through
more of the atmosphere on its way to the UE set antenna. Thus,
the models are most accurate when the SVs are directly overhead
and worst when the SVs are at low elevation angles.

Most (but not all) SPS UE sets are only able to track the L1
signal and so cannot employ the dual-frequency ionospheric
measurement model. Instead, they must rely on the single-
frequency ionospheric delay model, which uses forecast terms
contained in subframes 4/5 of the SV-broadcast navigation
message and is much less accurate at low elevation angles. By
artificially restricting the tracking of SVs to those above some
minimum elevation angle, a single-frequency SPS UE set can
prevent an excessive buildup of ionospheric delay compensation
errors in its PR measurements. A 7.5-degree mask angle for SPS
UE sets is fairly standard although some restrict their tracking to
SVs above 10 degrees. The same also holds true for dual-
frequency PPS UE sets, but because of the higher inherent
accuracy of the dual-frequency ionospheric measurement model,
dual-frequency PPS UE sets can track down to a lower minimum
mask angle (5 degrees) without incurring excessive PR errors.
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4.7 RESISTANCE TO INTERFERENCE (SURVIVABILITY)

The next two interrelated standard system operating assump-
tions were that the UE sets are able to operate in a nominal stand-
alone mode (without external aiding) and that the level of jamming
is moderate enough for the UE sets to maintain track on the four
selected Navstar SVs. These assumptions are really just a small
part of the subject of GPS survivability.

Because GPS brings major force enhancements to military
aperations, a threat exists that a hostile power might wish to deny
GPS to U.S. and allied military forces (equivalently, terrorists might
want to disrupt peaceful users). As a resuit of this threat, GPS
development efforts have long emphasized the importance of
overall system survivability. Potential threats to the Space, Control
and User Segments were studied and countermeasure features
developed and incorporated into the system design.

Potential threats to the Space Segment include anti-satellite
weapons, high-powered lasers, and particle beam weapons. GPS
incorporates a constellation of 21 SVs (plus 3 spares) at high
altitude with appropriate inter-SV spacing to cope with such
threats by preventing multiple-SV attacks. The hostile elimination
of a small number of SVs leads to only a gradual degradation of
the constellation value as discussed in paragraph 4.5.4.1.
Additionally, since periodic SV replacement is already planned
based on natural {imits imposed by the expected SV failure rate
(3.5 failures per year), there will almost always be at least one
replacement SV being readied for launch.

The Contral Segment, composed of the MCS and several
remotely located MSs and GAs, could be subject to direct enemy
attack, facility sabotage, or high-energy jammers. To counter
these threats, the decision was made early in the GPS program to
provide redundant MSs and GAs so that deactivation of any one
station will not significantly affect the OCS operational capability.

To cope with the jamming and spoofing threat, encryption tech-
nology is used for all ground-space telemetry, command, and
control links. As discussed in paragraph 4.5.1, in the event the
MCS is somehow prevented from sending updated upload data to
the SVs, graceful degradation of PVT accuracy will be experienced
by users of the Block Il SVs. Of course, once the Block IIR SVs
are launched, the MCS will cease to be an item of vulnerability.

Key threats to the UE sets include electromagnetic puise
(EMP) bursts, jamming, and spoofing. UE sets destined for use in
military vehicles incorporate appropriate EMP and nuclear hard-
ening techniques. The spread-spectrum nature of the L-band SIS
provides substantial resistance to jamming. Under stand-alone
conditions, a P-code UE set is able to maintain track on the SVs
in the presence of hostile jammer signals 41 dB greater than the
SV signals. For C/A-code the resistance to jamming is 31 dB. To
counter extremely high jamming environments, special adaptive
array (null steering) antennas in conjunction with aiding navigation
systems can be used (discussed in Section 5). Many vehicles are
normally equipped with self-contained navigation systems, such as
inertial systems, which will help counter short-term GPS degrada-
tion due to hostile activity. GPS survivability against spoofing is
provided through the SV’s ability to broadcast the A-S Y-code in
lieu of the P-code and the PPS user’s ability to track it. (SPS
users are unable to resist spoofing since they cannot track the
Y-code signals.)

Since GPS is a highly accurate space-based positioning
system available to all suitably equipped users, unfriendly forces
may attempt to use the system against U.S. interests during
national or international conflicts. To preciude this possibility, SA
features permit authorized users to navigate with full accuracy
while nonauthorized users experience degraded navigation perfor-
mance. The determination as to who is an authorized user is
made by the U.S. Government based on national policy.
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4.8 DIVISION BETWEEN PPS AND SPS USERS

The last two standard system operating assumptions centered
on the division of users into well-defined categories of PPS users
and SPS users. While users are definitely in either one category
or the other based on their "authorization” status (PPS users are
authorized to receive the PPS cryptokeys while the SPS users are
not authorized), the assumed performance characteristics of the
two categories are not absolutely firm.

One of the standard system operating assumptions was that
PPS users always operate in a full PPS mode (using a PPS-
capable UE set with PPS keys inserted) and are able to track P(Y)-
code on both L1 and L2 for using the dual-frequency ionospheric
measurement model. Likewise, SPS users were assumed to only
track the C/A-code on the L1 signal and so use the single-
frequency ionospheric delay model. These assumptions are, on
average, true for representative PPS and SPS UE sets—but there
are many exceptions.

A PPS-capable UE set is one that has the built-in crypto-
graphic logic to enable encryption/decryption processing with the
PPS keys. No distinction is necessarily made as to how the PPS
encryption/decryption processing is applied within the UE set. For
example, certain PPS-capable UE sets such as the AN/PSN-9 (see
paragraph 5.1.3.8) were originally designed without the ability to
track P-code and so there is no need for them to apply the PPS
encryption processing for the A-S function. The AN/PSN-9 UE set
does, however, use its PPS decryption processing to support the
SA functions. Ancther example of PPS-capable UE sets that
operate in a limited PPS mode are those used in geodetic survey
networks which only need PPS encryption processing for real-time
support of the A-S function since the SA decryption functions can
all be taken care of later during post-processing at a central
facility. The OCS’s MSs also function this way.

As a general rule, we assume PPS-capable UE sets apply their
PPS encryption/decryption processing for both SA and A-S
functions; but as the examples just given show, this is not
necessarily true. We also assume that if the A-S function is
supported (i.e., the UE set has the ability to track both P- and
Y-codes) then it also has the ability to track P(Y)-codes on both L1
and L2, but this is also not necessarily true. There are PPS UE
sets with the A-S function that operate only on L1.

Unlike the assumptions about PPS UE sets, SPS UE set
assumptions generally have far fewer exceptions. Since SPS users
lack the requisite PPS cryptokeys, they can only receive the SPS
level of service. This is true regardless of whether they have an
inherently SPS UE set or they have an otherwise PPS-capable UE
set (it takes both a PPS-capable UE set and the PPS cryptokeys
to get the PPS, neither one alone is sufficient). SPS users are
subject to whatever errors SA introduces into the SIS and are
unable to resist the spoofing threat. The only aspect of the
standard system operating assumptions for SPS users with any
significant exception is the one about only tracking the C/A-code
onthe L1 signal and always using the single-frequency ionospheric
delay model. Some SPS UE sets are designed to track P-code on
both L1 and L2 and can therefore utilize the dual-frequency
ionospheric measurement model whenever A-S is not being used
on the Block Il SVs. When A-S is turned on, the inability of these
SPS UE sets to encrypt the P-code prevents their tracking of the
Y-code on L1 and L2. They are left with only the C/A-code on L1
and must default to using the single-frequency ionospheric delay
model consistent with the standard assumption.

The final standard system operating assumption on the list
was that the PPS UE set implementation contributes 3.7 meters
one sigma to the PPS UERE and the SPS UE set implementation
contributes 14 meters one sigma to the SPS UERE. This is a
direct result of the previous assumptions and is subject to the
same set of exceptions.
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4.9 SYSTEM INTEGRITY

There is still one other standard system operating condition
assumption yet to be covered. It was present in all the foregoing
discussions, but was not explicitly identified in the earlier list. It is
so fundamental that it can be easily overlooked, but its importance
will not allow it to be ignored once it is recognized. This is the
special assumption of GPS system integrity. Its exceptions are
vitally important to all GPS users.

If all of the previous standard assumptions about nominal
operation of the OCS, Block Il SV constellation, and PPS/SPS UE
sets hold true, then the SIS and User Segment contributions to the
UERE will combine in an rss-fashion to give a PPS UERE of
7.0 meters one sigma and an SPS UERE of about 32 meters one
sigma. Knowing this, the user’s current navigation accuracy (UNE,
UHNE, and/or UVNE) can be computed by muitiplying the appro-
priate UERE value by the appropriate current DOP value. Most UE
sets perform this computation automatically for the user and
provide a real-time output of their expected navigation accuracy.
All the user thus needs to do is to simply monitor the expected
accuracy output to determine whether GPS is accurate enough for
safe navigation usage.

Exactly what constitutes "accurate enough for safe navigation"
is completely dependent on the individual user’s particular appli-
cation. There are some established standards. For example, in
the U.S. National Airspace System (NAS), horizontal accuracies of
1,000 meters 2 drms are defined as being good enough for safe
en route aviation use.

System integrity comes into play when one asks just how
reliable the expected navigation accuracy values provided by the
UE set really are. Since UE sets always know which SVs they are
using for their position solution process, there is no chance of any
unreliability due to incorrect DOP values being used in the compu-
tations. Users are always alerted in real time to the fact they
entered a DOP hole because the expected navigation accuracy
values increase appropriately. There is, however, a slight risk the

actual SIS UERE contributions from some SV might not conform
to the expected PPS or SPS UERE contribution. The resulting
divergence between the actual and expected UEREs is the
important exception to the assumption of GPS system integrity.
It represents a condition wherein users may be relying on
inaccurate PVT data from the UE set without being warned the
PVT solution does not have enough accuracy to be safely used.
Clearly, this is not an acceptable situation from the GPS user’s
point of view.

As a result of the risk these UERE divergences pose to system
integrity, GPS development efforts have focused on preventing
their occurrence. Potential failure modes within the Control and
Space Segments have been identified and eliminated to the
maximum extent possible. Where they could not be compietely
eliminated, built-in detection mechanisms were installed to catch
off-nominal OCS and Block Il SV performance before it has a
chance to affect the SIS contribution to the UERE. The Block Il
SVs will actually switch themselves to transmitting untrackable
nonstandard codes instead of the normal PRN codes within
10 seconds of detecting a failure. For SIS UERE divergence
problems which develop over a long period, the OCS provides
forecast UERE values (called "user range accuracy” or URA) in the
50 Hz navigation messages sent to both PPS and SPS users.
Most UE sets incorporate a range of built-in test (BIT) features to
detect, isolate, and warn users about internal faults. Many vehicles
are normally equipped with self-contained navigation sensors, such
as an inertial system, which will heip detect unexpected PVT
accuracy degradations.

Even with so many built-in prevention/detection functions, a
very small possibility remains that UERE divergences might sneak
through to affect users without a timely warning. Estimates for the
probability of such an event suggest it might be expected once
every four months or so for a full-up constellation of 21 SVs and
might last anywhere from 90 minutes to 4 hours. In response to
this small but still significant risk, plans are being formulated for
back-up safety nets which will continually monitor the SIS from
each SV and guarantee a warning to the user in the event of a
significant UERE divergence.
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5.0 USER SEGMENT DETAILED DISCUSSION

Section 3 gave a brief system-level overview of the three GPS
segments and their interfaces. The User Segment description was
necessarily short and consisted of little more than an identification
of the major components and their purposes. Since this is the
segment that will directly support you, the GPS user, it needs to
be addressed with much greater detail than was possible in the
system-level overview.

This section provides a detailed discussion of the various UE
sets along with their HVIA, AME, and SE. However, to limit the
scope, only the standard DoD UE sets and related components
procured by the GPS JPO will be addressed. For details on UE
set types not covered herein, refer to literature from the particular
manufacturer and/or procuring agency.

5.1 UE SETS

Each UE set must perform a number of basic functions in
order to derive PVT data from the SV-broadcast SIS. These basic
functions give rise to a generic architecture shared by all UE sets.
Even though there is a great deal of variability in the ways different
UE sets actually implement these basic functions—and the range
of optional features that may also be supported—the generic UE
set architecture still remains the same.

This discussion of the standard DoD UE sets begins with the
generic architecture of a UE set and the basic functions
performed. Next, some common characteristics of the standard
DoD UE sets are addressed. Finally, the 10 standard DoD UE sets
are described in turn; the various ways they implement their basic
functions, the optional features they support, and the ways they
differ in their operating characteristics.

5.1.1 Generic UE Set
5.1.1.1 Architecture

The generic architecture of a UE set consists of four main
functional areas:

An L-band antenna

A spread spectrum GPS receiver

A data processor (plus software)
Some means to output the PVT results

oL

The L-band antenna is a necessary part of every UE set to
enable it to receive the SV-broadcast SIS.

A spread spectrum GPS (PM radio) receiver is required in
order to track the PRN ranging codes, generate the PR measure-
ments, and demodulate the SVs’ 50 Hz navigation messages.

A data processor (plus appropriate software) is needed to
handle the four-equation/four-unknown position solution process
and to control GPS receiver operations. The data processor also
must generate the PVT data for output in the desired format and
support whatever optional features are designed into the particular
UE set.

The PVT output (and external input provisions) are not really
required from the UE set perspective, but are essential for the user
to make use of the PVT data. If the user is an external on-board
navigation suite, then a digital means of output will be required.
If the user is a human operator (pilot, navigator, etc.), then the
output will most likely be through a CDU.

The following paragraphs describe these four main functional
areas in further detail and discuss how they interact with each
other. A subsequent section covers how they operate together
and interact with the user.
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5.1.1.2 Generic L-Band Antennas

Simply stated, the primary function of a generic L-band
antenna system is to receive the SV-broadcast SIS. This requires
it to first pick up the PM radio waves that beam down from the on-
orbit SVs, convert them to an electrical signal, and then amplify
and forward that electrical signal to the GPS receiver via a coaxial
cable output. This is not as easy a task as it might seem.

The PM radio waves that make up the SV-broadcast SIS are
very low-power L-band signals. (SIS power levels at the earth’s
surface are actually below that of the sky's normal background
noise.) This makes their reception strictly line-of-sight. The SIS
cannot be recovered inside a building nor under water. Even
dense foliage overhead can interfere with the antenna’s ability to
pick up enough power and thereby prevent tracking the obscured
SVs. Clouds and rain do not significantly affect the recovered
signal power, but a layer of ice or snow covering the antenna
certainly will. As a general rule, if you can see the portion of sky
where an SV is, then a generic L-band antenna will be able to pick
up adequate power from that SV.

Depending on the kind of GPS receiver used, the L-band
antenna system must receive and forward different portions of the
SV-broadcast SIS. if the GPS receiver is one that makes use of
both the L1 and L2 signals, the antenna must be capable of
receiving both L-band frequencies and must have sufficient band-
width to handle the +10.23 MHz-wide spread of the P- or Y-code
signals (only the P- or Y-codes are normally preserit on L2). If the
GPS receiver only uses the C/A-code on L1, then the antenna only
needs =1.023 MHz of bandwidth centered at just the L1 fre-
quency. All GPS L-band antennas are right-hand circularly
polarized.

There are two different types of L-band antennas that can be
used depending on whether jamming is an expected threat or not;
fixed reception pattern antennas (FRPAs) and controlled reception
pattern antennas (CRPAs). FRPAs have gain patterns that are
permanently determined by the design of the receiving element in
the antenna. As an example, typical hemispheric FRPAs use

receiving elements that give them a fairly uniform near-zero gain
pattern everywhere in the hemisphere above the plane of the
antenna except for very low angles near the antenna’s horizon.
Signals coming into the antenna from these low angles will not be
picked up with enough power to be used (they are said to be
"gain masked"). The most gain for a hemispheric FRPA is usually
directly overhead.

CRPAs differ from FRPAs in that their gain patterns are
controllable in real time. By using multiple reception elements as
an adaptive array antenna, a null (gain drop out) can be created
to blank out a portion of the nominal gain pattern and so thwart
high-power jammer signals. CRPA systems include a specialized
antenna electronics (AE) unit 1o create a null and then steer it in
a pseudorandom fashion across the nominal gain pattern to
minimize the total measured power in either the L1 or L2
frequency band. This scheme resuits in the null being oriented
directly towards the jammer because the jammer is a point source
of RF energy operating at far higher power than the sky's back-
ground noise, and orienting the null in its direction reduces the
AE's total received power. The SVs are aiso point sources of RF
energy, but they are ignored by the AE since their power level is
fower than the background noise. Most CRPA systems are
capable of generating and steering multiple nulls so as to
counteract the threat from multiple jammers. Although it is
possible to have an Li-only CRPA, all standard DoD CRPA
systems are switchable between nulling on either L1 or L2. While
null-steering CRPA systems do not ofier as much anti-jamming
protection as would a beam-steering antenna system (i.e., one that
steers gain peaks in the direction of the SVs), they are far less
expensive and much more reliable with current technology.

The last thing done by a generic L-band antenna system prior
to outputting its electrical signal to the GPS receiver is to amplify
the signal to account for expected cabie losses. This amplification
is generally required except when the antenna-to-receiver coaxial
cable {ength is less than about two meters. As a result, almost all
FRPA systems also include their own AE unit to perform the
necessary preamplification.
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5.1.1.3 Generic GPS Receiver

The three major functions of a generic GPS receiver are to
acquire and track the SV-broadcast PRN ranging codes, measure
the PR from each SV based on the received PRN ranging codes,
and demodulate the 50 Hz navigation messages. The primary
input used by the generic GPS receiver for these three functions
is the electrical signal provided by the L-band antenna. The
primary outputs of a generic GPS receiver are SV-specific PR
measurements and the 50 Hz navigation messages provided to the
data processor. There are also secondary inputs and outputs,
some of which will be covered in the following discussions. To
accomplish its three major functions, a generic GPS receiver will
typically include:

= A down converter
e A quartz clock/frequency synthesizer
+ One or more PM signal tracking channels

The down converter in a generic GPS receiver filters out
extraneous signals and converts the RF inputs from the L-band
antenna down to the particular internal intermediate frequency (IF)
at which the GPS receiver’s signal-tracking channels work. In an
L1 C/A-code receiver, the down converter will first filter out
everything outside of a 1575.42 +1.023 MHz frequency band and
then convert the remaining RF signal down to the internal IF. In
an L1/L2 P(Y)-code receiver, the down converter first splits the
incoming electrical signa!l in half. One half is filtered in an
analogous fashion over a 1575.42 +10.23 MHz frequency band
and down-converted to the IF while the other half is filtered over
a 1227.6+10.23 MHz frequency band and downconverted to the
same IF. Even though the two halves are down-converted to the
same frequency, the separate L1 IF and L2 IF signals cannot be
recombined. They will instead be accessed and used indepen-
dently—but identically—by the PM signal-tracking channels. In
certain UE set designs, the down converter will actually be
physically located in the AE unit instead of in the GPS receiver

unit. You can usually tell which GPS receivers are designed to
use an outboard down converter because there will be two coaxial
cables running from the AE unit to the GPS receiver, one for the
L1 IF and one for the L2 IF,

The quartz clock/frequency synthesizer in a generic GPS
receiver provides the internal master time pulse for generating PR
measurements and is the source of all reference frequencies within
the UE set. The quartz clock is basically a very low-noise crystal
oscillator placed inside an oven to guard against frequency and
time fluctuations caused by temperature changes. The oven is
typically a vacuum bottle with electric heaters to keep the quartz
crystal at a constant temperature near 100°C. [In many ways, this
ovenized quartz clock resembles a modern quartz wristwatch
which also keeps good time because it is protected from tempera-
ture changes by being worn tight against the skin of the wrist.
Although the quartz clock in a generic GPS receiver is not as
accurate as the atomic clocks in the SVs, it is far less expensive
and is adequate for the job. Because the reference frequencies
are generated from the output of the quartz clock, they are
extremely stable as well.

The PM signal-tracking channels in a generic GPS receiver use
the internal master time pulse along with the reference frequencies
from the quartz clock/frequency synthesizer to process the down-
converted L1/L2 signals at IF. Each channel can track only one
component of an SV’s signal at a time. To simultaneously track all
normal signal components from a particular SV would require
three channels: one to track the C/A-code from the L1 IF, one to
track the P(Y)-code from the L1 IF, and one to track the P(Y)-code
from the L2 IF. There are usually one, two, or five channels in a
GPS receiver, and all channels within a particular receiver are
identical (i.e., all are C/A-only channels or all are channeis with
both C/A- and P-code capabilities). The channels operate
independently under the control of the UE set’s data processor,
receiving their own individual signai-tracking orders as digital
inputs from the data processor and providing their own digital
outputs back to the data processor.
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The PM signal-tracking operations performed by a channel in
a generic "analog-type” GPS receiver illustrate many of the
principles that govern UE set operation (the channels in a "digital-
type" receiver operate in a similar, but slightly different manner).
A generic analog channel starts operating when it receives a
signal-tracking order from the UE set’s data processor. This order
tells the channel which PRN code to track and which IF input
signal to use. It also provides the channel with an initial estimate
(a guess) as to the PR from the SV and the Doppler shift on the IF
signal. (How these estimates are generated will be covered in the
section on generic data processors.)

An analog channel responds to the tracking order by perform-
ing the following sequence of steps. First, the channel connects
its IF input line to the desired IF signal (not necessary in L1-only
receivers). It then starts generating a copy of the desired PRN
code (C/A or P) based on the master time pulse from the quartz
clock. The channel next slews the generated replica PRN code
forward or backward from the master time pulse; the distance
slewed forward (advancing the code in time) or backward (retard-
ing the code) will be exactly equal to the data processor’s initial
guess at the expected PR value muitiplied by the speed of light.
The data processor’s initial guess at the expected Doppler shift is
likewise used to set up a nominal slewing rate that continually
advances or retards the code sequence. The acquisition finishes
with the channel slewing its replica PRN code forward and back-
ward in time while simultaneously adjusting the nominal slewing
rate faster and slower until the replica PRN code exactly matches
up with the desired PRN code in the IF signal. This matchup is
called “correlation.”

Once the channel is able to consistently maintain correlation
between its replica PRN code and the incoming PRN code, it wili
notify the data processor it has achieved "code lock". It then
starts outputting a value for the total amount of slewing required
to maintain correlation between the PRN codes. This amount-of-
slewing value is the channel’s PR measurement (i.e., the time
difference between the master time pulse and the incoming PRN
code time). The UE set data processor will normally sample the
PR measurements once per second.

After code lock is achieved, the data processor may also order
the channel to begin demodulating the 50 Hz navigation message
data added to the PRN code by the SV and to start outputting it
for data processor use. If it is a P(Y)-code-capable GPS receiver
and acquisition was on the C/A-code, the data processor may
also order the channel to hand over to P(Y) operation. In addition
to the outputting of 50 Hz navigation message data, a number of
other optional outputs can be ordered by the data processor.
Foremost amongst them are measurements relating to the power
ratio between interfering signals (e.g., jammers) and the SV
signals. This jammerto-signal (J/S) ratio information is very
important for a dual-frequency military GPS receiver operating in
a high-jamming environment. it can be used by the data
processor to decide whether the tracking should be on L1 or L2,
depending on which frequency has the lower jamming level, and
it can be output to the user for appropriate action. A commercial
GPS receiver may instead measure the ratio of the carrier power
to the noise level.

If the J/S level is not too high, the data processor may send
an additional order directing the channel to also begin phase-
tracking the down-converted L1 or |2 carrier wave. This is made
possible through the nature of the spread spectrum GPS wave-
form. Just as the L1 and L2 carrier waves were spread out when
the SV phase-modulated them with its PRN code, the tracking
channel can despread the incoming signal by using its exactly
correlating copy of the PRN code. This allows the channei to
recover the original L1 or L2 carrier wave (albeit down-converted
to IF). Comparing the phase of the despread carrier wave against
a nominal carrier wave is advantageous since the number of
carrier cycles during the measurement interval (typically one
second) can be precisely counted by the channel. Using this
carrier phase-iock technigue, a so-called "delta range” or DR value
(approximately equal to the average Doppler shift over that
interval) can be computed by the data processor to be used as a
velocity-type measurement in addition to the distance-type PR
measurement. Note this carrier phase-lock operation requires that
code-lock be achieved before phase-lock can start. And if the J/S
level gets too high, the tracking channel may lose phase-lock but
can still continue in code-lock operation.
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Now, let us consider how the PM signal-tracking operations
performed by an individual channel in a 5-channel GPS receiver
relate to operations performed by other channels in that receiver.
Several UE set operating principles that apply in a generic sense
to the 5-channel receiver also apply to the 1- and 2-channel
receivers.

With five channels available, four of them can be dedicated to
making PR and DR measurements continuously from four different
SVs. This will satisfy the data processor's need for a four-
equation /four-unknown position solution process. The choice of
which SVs should be tracked is made by the data processor
based on its own internal definition of what constitutes the best set
of four SVs (see paragraph 4.6). The SV-tracking assignments on
a per-channel basis can be made essentially at random by the
data processor since all channels in a GPS receiver are identical.
The choice of whether to track L1 C/A, L1 P(Y), or L2 P(Y) is
made by the data processor based first on GPS receiver capabili-
ties and second on jamming considerations. All things being
equal, the preferred mode is L1 P(Y)-code. With continuous
tracking of four SVs on four channels, the data processor can
sample PR/DR measurements as often as needed (typically once
per second).

The fifth channel is free to handle necessary "housekeeping”
activities. One such housekeeping activity is making PR/DR
measurements on the other frequency to support the dual-
frequency ionospheric measurement model (only if the receiver
has L1/L2 capabilities). A housekeeping activity unique to multi-
channel receivers is measuring the PR/DR from the same SV
simultaneously on two channels to calibrate interchannel delays
present in the receiver hardware. One of the most important
housekeeping activities is the "advance planning" acquisition and
tracking of SVs that are just rising at the UE set location. This is
done in order to collect their subframe 1/2/3 data and to check
their health prior to validating them as candidates for use in a four-
SV solution. [f a channel should lose lock on one of the four best
SVs because the SV is obscured by terrain or because the HV is
rolling and banking, then having a prevalidated candidate SV can
prevent UE set interruption.

A 1-channel GPS receiver cannot operate the same way a
5-channel receiver does. Most of the same functions must still be
performed, but a single channel is not enough to allow continuous
tracking on anything other than one SV. Normally, the data
processor uses the single channel to perform sequential tracking.
With the one-per-second operating rate, the channel will be
ordered to sequence among the four best SVs, generating one
PR/DR measurement pair per second and basically doing what the
four main channels do in a 5-channel GPS receiver.

This presents a problem. With only one PR measurement at
a time, if the UE set is moving, a four-equation/four-unknown
position solution is impossible. With position and CB unknowns
constantly changing from one second to the next, having only one
PR measurement poses the impossible task of trying to solve for
four unknowns using only one equation. Fortunately, there is a
clever way for the data processor to work around this problem as
long as the time span for the four measurements is not too long.
{(How a generic data processor does this is described in the next
section.)

In addition to the sequential tracking of four SVs, the fifth-
channel housekeeping activities must still be performed (except for
the interchannel delay calibration). The data processor does this
by periodically "stealing" tracking time. This lengthens the time
span for a set of four sequential measurements. The worst-case
condition occurs when the channel has to acquire a newly risen
SV. Since the subframe 1/2/3 data must be collected an entire
subframe at a time, the requisite six-second dwell to collect a sub-
frame of data will increase the time span required for four
sequential PR/DR measurements to 10 seconds.

One way to minimize the time span required for the four
PR/DR measurements without incurring the cost of five channels
is by using a 2-channel GPS receiver. This offers a reasonable
compromise in many circumstances. The two channels can aiter-
nate between two SVs each when in a sequential four-SV tracking
mode, and when required, one channel can handle the fifth-
channel housekeeping activities while the other acts like a single-
channel GPS receiver.
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5- vs 1-CHANNEL RECEIVER OPERATION

5-CHANNEL OPERATION

CHANNEL PRN #/OPERATION OVER TIME e
1 7/A T7T/IA 7/IA 7/A 7/A 7/A 7T/IA T7/A T/IA 7/A T7T/A 7/A T7/A 7/A 7T/IA T/IA 7IA T/IA 7/A 12/A 12/A
2 20/A 20/A 20/A 20/A 20/A 20/A 20/A 20/A 20/A 20/A 20/A 20/A 20/A 20/A 20/A 20/A 20/A 20/A 20/A 20/A 20/A
3 4/A  4/A 4/A 4/A 4/A 4/A 4/A 4/A 4/A 4/A 4/A 4/A 4/A 4A 4A 4/A 4/A 4/A 4/A 4/A 4/A
4 19/A 19/A 19/A 19/A 19/A 19/A 19/A 19/A 19/A 19/A 19/A 19/A 19/A 19/A 19/A 19/A 19/A 19/A 19/A 19/A 19/A
5 7/B 20/B 4B 19/B 7/A 20/A 4/A 19/A 7/B 12/C ———p 12/D 12/E 3 12/B 20/B

1-CHANNEL OPERATION

CHANNEL PRN #/OPERATION OVER TIME —_—

1 7/A  20/A 4/A 19/A 7/B 20/B 4/B 19/B 7/A 12/C w3 12/D 12/E = 20/A 4/A

CHANNEL OPERATION NOTES

Assume SV PRN #7, 20, 4, and 19 are visible and SY PRN #12 is rising.

A = L1, P-Code, PR/DR D = L1, C/A-to-P, Hand over
B = L2,P-Code, PR/DR E = L1, P-Code, PR/DR and 50-Hz Navigation Message
C = L1, C/A-Code, Acquisition

89




5.1.1.4 Generic Data Processor

In addition to providing the control functions for each PM
signal-tracking channel in the GPS receiver, a generic data
processor uses the resulting PR measurements, 50 Hz navigation
messages, and DR measurements (if available) to solve for the
PVT. Since everything in the data processor revolves around this
solution process, it is the focus of this discussion.

The four-equation/four-unknown position solution process
described previously is useful from a conceptual point of view, but
very few data processors actually operate this way. Instead, most
implement their PVT solution process using an advanced software
algorithm known as a "Kalman filter”. The mathematical theory
behind Kalman filters goes far beyond the scope of this overview,
but a general feeling for how they work in GPS and some of their
important features is essential to understanding why UE sets
operate the way they do.

The Kalman filter implemented by a generic data processor
uses a dynamic model and a set of user state estimates. In simple
terms, a dynamic model is no more than the standard equations
used for dead-reckoning navigation while user state estimates are
values for the user’s current position, velocity, and acceleration
(PVA) in all three dimensions plus the GPS receiver’s quartz clock
CB and clock drift (CD) values. What this dynamic model and set
of 11 user state estimates really means to the data processor is
that it will first have to initialize its Kalman filter with a startup value
for each of the user state estimates and then, at every succeeding
point in time, use the dead-reckoning equations from the dynamic
model to propagate the user state estimates from one time point
to the next. The dead-reckoning process is repeated over and
over again in an endless cycle, propagating from time point to
time point until inputs are available. As an example of how this
process works, if one were to initialize the Kalman filter with state
estimates which told it that it was moving from some starting point
with constant velocity in a particular direction and that there were
no accelerations, then the three velocity states would never
change and the three position states would propagate away from

their starting values along a straight line at a rate equal to the
velocity times the propagation time interval (typically one second).

Once the data processor begins receiving inputs from the
channels, it will add a user state update process at each time point
in the Kalman filter's cycle. immediately after propagating the user
state estimates to the new current time point, it performs a three-
step update process using the current input data. The two inputs
needed for the update process are 1) the 50 Hz navigation
message data for each SV, and 2) the PR (and DR) measurements
at the new current time point. The output of the updating process
is the updated (adjusted) user state estimates at the new current
time.

The first step in the three-step user state update process
requires computing expected PR (and expected DR) values for
each SV at the current point in time. The expected PR values are
computed by determining each SV's current position and clock
offset (which is where the 50 Hz navigation message data comes
in) and then figuring out what the PR value should be if the user
really were located at the dead-reckoning propagated position and
if the GPS receiver's clock bias really were equal to the dead-
reckoning propagated CB state estimate. The expected DRs are
computed in a similar manner.

The second step requires the data processor to subtract the
measured PRs (and DRs) from the expected PRs (and DRs). Any
errors in the dead-reckoning propagated user position and CB
state estimates will show up as non-zero “residuals” (mismatches)
between the measured and expected PRs. Non-zero residuals
between the measured and expected DRs means there are errors
in the propagated user velocity and CD state estimates.

The third processing step uses very advanced mathematical
equations to adjust (update) the various user state estimates so as
1o minimize the PR and DR residuats. We use the word "minimize”
because that is the best way to describe what the Kalman filter
does in this step. If the residuals are zero, then the dead-
reckoning equations are correctly modeling the user dynamics
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THE KALMAN FILTER IN THE DATA PROCESSOR
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and the minimizing process results in the updated state estimates
that are identical to the propagated state estimates. If the
residuals are non-zero, then the minimizing process will resuit in
the best possible updated state estimates based on all available
measurements.

By running the Kalman filter processes in a recursive algorithm
(propagating-then-updating ad infinitum), a generic data processor
can determine the user PVA plus CB and CD states far more
accurately than it could by simply performing a pair of four-
equation/four-unknown solutions (one solution with the PR
measurements for user position and CB plus one solution with the
DR measurements for user velocity and CD). The two beneficial
characteristics of the Kalman filter algorithm which improve the
state estimates so much are that it allows both noisy and/or partial
sets of measurements to be used in the update process.

The PR and DR measurements from the GPS receiver's PM
signal-tracking channels are normally subject to a fair amount of
noise (random UERE) caused by the signal environment and by
the channel hardware. Under jamming, this noise can grow quite
large. The Kalman filter algorithm will automatically monitor the
level of noise in the PR/DR measurement residuals and react by
deweighting them when the noise level goes up and reweighting
them more heavily when the noise level goes down. (The Kalman
filter's actions in this regard are almost human because the filter
judges how much to "believe" the measurements.) This charac-
teristic allows it to respond to true mismatches between the
measured and expected PRs and DRs caused by changes in the
user states while ignoring false mismatches caused by channel
noise. Thus, the effects of noise are essentially filtered out and not
allowed to affect the state estimate update. By contrast, the four-
equation/four-unknown solution process has no equivalent way of
doing this type of filtering, and its results simply bounce around
following the noise.

With a 1-channel GPS receiver, the set of PR and DR measure-
ments available is limited to only one PR and one DR measure-
ment at a time. This is not a sufficient number of measurements
to even attempt a four-equation/four-unknown solution. Kalman
filters are, however, ableto make full use of all information avail-

able, even from partial measurement sets. By sequentially
processing the PR/DR measurement pairs from each of four SVs
as soon as they come in (one measurement pair per SV at each
time point) and propagating the partially updated state estimates
between the time points, a Kalman filter with a 1-channel GPS
receiver is still able to achieve a better accuracy than would an
equivalent four-equation /four-unknown solution as long as the time
span for the four sequential measurement pairs is not too long.

The ability to operate with partial measurement sets obviously
also applies to the Kalman filter with a 2-channel GPS receiver.
Perhaps not so obvious is the application of this partial-measure-
ment-set ability in a Kalman filter with a 5-channel GPS receiver.
If one of the channels tracking the four SVs used in the solution
loses lock for some reason, the abilty to use a partial
measurement set will allow the filter to carry on with minimal upset
until an alternate SV can be acquired.

The Kalman fiter's ability to use both noisy and partial
measurement sets will provide excellent accuracy most of the time,
but not always. The best accuracy will be achieved only so long
as the real-world dynamics correspond with the assumptions of
the dynamic model. The main problem occurs when the user’s
accelerations are not constant over the propagation interval as
assumed by the dynamic model. (The term used to describe the
changing user accelerations is “jerk”.) When this happens, the
dead-reckoning equations incorrectly propagate the state
estimates, and the subsequent update process has to use a large
fraction of the measurement information to estimate the changed
acceleration states instead of using the available information
primarily to refine the current position, velocity, and clock state
estimates. As a general rule, the position accuracy degrades by
a factor proportional to the jerk (acceleration change) divided by
the total number of measurements available. Once the accelera-
tion returns to a constant value, the accuracy will return to its
normal level. Also note that even though the Kalman filter is
capable of estimating acceleration states, their accuracy is quite
poor compared to the position and velocity state accuracy. This
is because the accelerations are inferred states whereas the
positions and velocities are observed states.
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TWO BENEFICIAL KALMAN FILTER CHARACTERISTICS
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There are many benefits of a generic data processor’s use of
a Kalman filter, but those benefits do not come without certain
drawbacks.

Kalman Filter Tuning

One drawback of Kalman filters arises because they must be
tuned to the real-world dynamics of the intended HV. With the
range of HVs running from very-high-jerk platforms like jet fighter
aircraft through medium-jerk platforms like helicopters to very-low-
jerk platforms like a soldier’s back, a truly generic "one-size-fits-all"
Kalman filter is not possible. To get the best accuracy, HVs need
to have slightly differently tuned Kalman filters. This is one reason
why the GPS data processors are categorized by their built-in
Kalman filter tuning design as high-dynamic (HD), medium-
dynamic (MD), and low-dynamic (LD) units. As a general rule to
minimize logistics costs, HD data processors are almost always
paired with 5-channel GPS receivers, MD data processors with
2-channel GPS receivers, and LD data processors with 1-channel
GPS receivers. There are significant exceptions to this rule,
however.

Kalman Filter initialization

A small logistics/maintenance drawback results from the
requirement to start up the Kalman filter with initialization values for
position, velocity, acceleration, and time (PVA&T) state estimates.
The data processor supports this requirement by always keeping
a certain part of its computer memory powered up (called the
"non-volatile memory" or NVM) and maintains its own ultra-low-
power clock (called the “low-power time source" or LPTS).
Because of the need to supply power to its NVM and LPTS at all
times, the data processor must use a keep-alive battery which
requires periodic replacement. This periodic keep-alive battery
replacement poses a small, but significant, logistics /maintenance
burden since it is usually the only preventative maintenance
required for most UE sets (required once every 6 months).

The data processor uses its NVM to save the most recent PVA
state estimates each time it is turned off. It also calibrates its

LPTS against the GPS receiver’s quartz clock while the UE set is
operating and saves the LPTS bias and drift parameters in NVM.
Thus, whenever the UE set is turned back on, the data processor
can initialize the Kalman filter with the PVA&T values remembered
from the last time it was used.

This automatic initialization feature works fine, except when the
UE set has been moved a long way since it was turned off, or if
maintenance has been performed and the keep-alive battery has
been removed or replaced. To handle these circumstances, a
generic data processor will always output its remembered PVA&T
values to the user during start-up for verification and resetting.
This minimizes the operational burden caused by the need to
initialize the data processor, since resetting the remembered
PVAG&T values is only required if they are significantly different from
the current/actual vaiues.

Kalman Filter Performance Monitoring

Although not really an operational drawback per se, the use of
Kalman filters means that data processors always have a PVT state
estimate available for output. And since there is always an output
available, it is difficuit for the user to know whether the output is
valid (based on a set of PR and DR measurements from four SVs)
or invalid (based on either propagated state estimates or on an
insufficient number of PR and DR measurements). Even if the PVT
output is valid, the user will not know whether the DOP for the set
of four SVs used was low and the solution is very accurate, or
whether the DOP was high and the soiution is not very accurate.
Additional outputs from a generic data processor are therefore
required to let the user know whether the PVT output is valid or
not and, if valid, how accurate the output is. The three perfor-
mance related outputs that the user should monitor are:

* A PVT valid/invalid warning flag
» A figure-of-merit (FOM) value in the range of 1 to 9

» Estimated UNE/UHNE /UVNE values
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Many of the Kalman filter designs implemented in the data
processors include an optional feature allowing them to process
information from an external source as an additional input.
Depending on the particular design, the external information that
can be used includes: HV acceleration, velocity, and attitude
measurements from an inertial measurement unit (IMU) or INS;
velocity measurements from a Doppler radar velocity sensor
(DRVS); altitude derived from a barometric (baro) altimeter or from
knowledge that the UE set is operating at sea level; and precise
time and/or frequency from an atomic clock. In manpack-type UE
sets, the external information comes from the user in the form of:
1) an operator-entered altitude, 2) an operator-entered indication
that the altitude is not changing (called "altitude-hold" mode), or 3)
an operator-entered indication that the UE set is stationary (i.e.,
acceleration and velocity are zero).

The use of this feature is optional in the sense that external
information is not required by the Kalman filter to generate its PVT
solutions and most HVs without an external information source
already installed do not need one added. This feature does,
however, offer three major benefits which recommend it over the
stand-alone mode of operation whenever a suitable source of
external information is available for use.

When external acceleration or velocity information from an
IMU/INS, DRVS, or operator input is available, it will be used for
propagating the Kalman fiiter's state estimates from one time point
to the next instead of the standard dead-reckoning equations from
the internal dynamic model. Since IMU/INS or DRVS measure-
ments are typically available at a much faster rate than the PR and
DR measurements from the channels in the GPS receiver (20-
50 Hz as opposed to 1 Hz), this enables the state estimate propa-
gation between successive time points 1o be much more reliable
and so avoids the jerk (non-constant acceleration) problem that
degrades the data processor's output PVT accuracy when
operating stand-alone in a high-dynamic environment. The
operator-input stationary indication can likewise be used to
improve the output PVT accuracy when the data processor
operates in a survey mode. This Kalman filter benefit is known as

"dynamic aiding" of the PVT output. Dynamic aiding, in turn, also
helps to improve the GPS receiver's resistance to jamming since
the tracking channels can hold on to the signals much tighter
without risk of losing lock due to unanticipated accelerations.

These external information sources all have very good short-
term stability but are subject to relatively large bias errors that can
grow over the long term. For example, the accelerometers in an
IMU can very accurately measure minute changes in the vehicle's
accelerations but their ability to resolve the direction of those
accelerations degrades over time due to the accumulated effect of
gyro misalignments. On the other hand, the PR and DR measure-
ments from the GPS receiver have a fairly high level of short-term
noise (especially under jamming), but are extremely accurate and
stable over the long term. The complementary nature of the two
information types allows the Kalman filter to calibrate the long-term
bias error in the external information source being used and also
allows better filtering of the short-term naoise in the PR and DR
measurements from the GPS receiver. This is the benefit known
as "external error calibration.” A significant operational benefit also
accrues for the user when the data processor outputs its calibra-
tion of the bias errors in the external information source, since this
output will enable the user to correct or reset the external source.

The third major benefit of using external information comes
into play whenever the GPS receiver loses track on one of the four
SV signals and is unable to produce the PR and DR measure-
ments needed for a solution. Because of the external error
calibration benefit just discussed, the Kalman filter is able to
compensate for the biases in the external source (strictly true only
inthe case of altitude or time/frequency) and then use the external
measurements in lieu of one pair of PR and DR measurements in
its state estimate update process. This has the effect of keeping
the user state estimates very accurate even though the three-SV
solution is technically invalid. This Kalman filter benefit is known
as "coasting" on the external source.
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OPERATING WITH EXTERNAL INFORMATION SOURCES

EXTERNAL
INFORMATION USER STATE KALMAN FILTER
SOURCE INPUT TYPE BENEFITS
ACCELERATION
DRVS DYNAMIC AIDING*
VELOCITY
RO/MSL
BARO/ EXTERNAL ERROR
LI
SOSITION __y»- CALIBRATION
—y> (ALTITUDE)
OPERATOR
COASTING
PRECISE TIME
ATOMIC CLOCK 3 AND/OR

FREQUENCY

*Will also improve the GPS receiver’s resistance to jamming
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In addition to running its Kalman filter, a generic data
processor must also perform several other critical functions.
Among these are converting the external source information for
internal use, controlling the GPS receiver PM signal-tracking
channels, formatting and outputting the PVT solution, and
performing BIT. Controlling the GPS receiver channels is the most
critical because of its overall importance to UE set operation. The
data processor provides this control automatically, both at start-up
and periodically during normal operation, by performing the
following steps.

1. At start-up, the data processor reads the LPTS to get
current data and time. It also reads the NVM to get the
most recent PVA state estimates, LPTS bias and drift terms,
and the SV almanac data saved from when the UE set was
last turned off.

2. Next, it outputs the remembered PVA&T values to be used
for initialization and waits for the user to verify or reset
them.

3. After user verification or entry of new initialization values, it
uses the resulting coarse position and time in conjunction
with information from the SV almanac data to determine
the approximate position of visible SVs in the sky
overhead. It then eliminates all SVs flagged in the almanac
data as unhealthy and those below the minimum elevation
mask angle from the list of visible candidate SVs.

4. Next, it examines all possible combinations of four SVs
from the candidate list to find the best combination.
(Different data processors use different "best” definitions
depending on their application.) For the selected SVs, it
generates expected PR/DR values using the initialization
PVA&T along with the SV's almanac data.

5. The data processor then generates and sends tracking
orders to the channels, directing them to track the selected
SVs. If it is a 1-channel GPS receiver, the tracking orders

will be sent one at a time and the data processor will wait
until the channel acquires the SV and returns the desired
data before sending the next order. in a 5-channel GPS
receiver, the data processor will send the tracking orders in
parallel. 2-channel GPS receivers operate between these
two extremes. Along with the tracking orders, the data
processor also sends the channel an estimate of the PR
and DR expected from the SV (the DR is scaled to the
Doppler on the IF signal) to aid in signal acquisition.

6. After the data processor gets the desired data back from
the channels, it uses its Kalman filter to solve for PVA&T.
it then formats the PVT results for output to the user. Along
with the PVT output, it also generates and outputs the
necessary performance monitor data to inform the user
about the quality of the PVT output. In a normal four-SV
tracking mode, these computations will typically be
repeated once every second. Every few minutes, the data
processor will also repeat steps 3 through 5 to account for
SVs rising and setting as well as the changing SV-to-user
geometry and DOP.

Fifth-channel housekeeping activities are conducted as needed
to collect fresh subframe 1/2/3 data from 50 Hz navigation
messages whenever the data changes or a new SV has risen, to
make PR/DR measurements on the non-prime frequency for use
in the dual-frequency ionospheric measurement model (if
possible), and to collect new SV almanac data to save in the NVM.
This slightly degrades the accuracy from 1- and 2-channel GPS
receivers, but has no effect on 5-channel GPS receivers.
(Handling these activities is the purpose of the fifth channel.)

Note that the expected PR and DR part of step 6 continues on
a routine once-per-second basis to help the channei maintain
tracking in case high jamming levels or dynamics are suddenly
encountered. (This is known as ‘receiver aiding” and is very
effective.) The expected PR and DR values used for receiver
aiding are no more than the Kaiman filter’s own expected PRs and
DRs computed as part of the update process.
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DATA PROCESSOR OPERATION

USER DATA PROCESSOR GPS RECEIVER

TURN UE SET ON e READ LPTS TO GET CURRENT DATE AND TIME ——3= WARM UP QUARTZ CLOCK
READ NVM TO GET REMEMBERED PVA, ETC.

:

EXAMINE PVA&T, <#@g—— OUTPUT INITIALIZATION PVA&T VALUES
VERIFY OR —_—
ENTER NEW VALUES

COMPUTE SV POSITIONS <&
CHECK SV HEALTH AND VISIBILITY

'

SELECT “BEST” SET OF FOUR SVs
GENERATE EXPECTED PR/DR VALUES

SEND TRACKING ORDERS e SEARCH FOR SVs
SEND EXPECTED PR/DR VALUES  =————3p ACQUIRE SVs
READ CHANNEL DATA <@¢—— GENERATE PR/DRs, ETC.
SOLVE FOR PVA&T €
USE PVT RESULTS <a@—— FORMAT AND OUTPUT PVT RESULTS

MONITOR PERFORMANCE  <ag—— OUTPUT PERFORMANCE MONITOR DATA
EVERY FEW MINUTES, REPEAT
SEND EXPECTED PR/DR VALUES ———3 CONTINUE TRACKING
READ CHANNEL DATA <@f— GENERATE PR/DRs, ETC.
REPEAT EVERY SECOND
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5.1.1.4 Generic Output (and input) Means

All UE sets must have some means to output their PVT
information to the end user. Most UE sets also support one or
more optional features, such as operating with an external
information source or performing navigation functions, which
require that they provide for both input and output of information.
Generically speaking, the output/input means provided by each
UE set—as well as the information flow back and forth across
them-—are known as its "user interfaces”. There are many different
types of user interfaces available, and UE set designs often
incorporate several of them in parallel.

The specific user interfaces built into each UE set are intended
to satisfy a broad range of user needs while minimizing costly one-
of-a-kind customization. For some users, all that is needed is a
simple digital output to supply the PVT solution results to a
navigation computer. Other users require a user-friendly
output/input device (a CDU) to interface directly with the human
operator (driver, pilot, navigator, etc.). And still others need an
interactive digital link (both output and input) between their on-
board HV navigation suite and the UE set to enable the primary
navigation system computer to directly control UE set operation
and utilize the full range of its capabilities (such as its ability to
calibrate an external information source). This wide range of user
needs would be unmanageable if not for the adoption of standard-
ized user interfaces.

For digital output and input, the UE set standardized user
interfaces are designed to be compatible with a wide range of
common military and commercial interface characteristics while
supporting the unique capabilities of the UE set. As a represen-
tative example, most UE sets designed for aircraft installation will
implement a configurable (A or B version) MIL-STD-1553 data bus
that allows the HV to set up bi-directional communications

between the UE set and any other remote terminal on that bus.
This digital user interface is able to handle all the interactive
message traffic required for operation of the UE set, including but
not limited to:

¢ Qutput of automatic PVA&T initialization data for user
display and input of verification status or new data.

* Qutput of PVT results for user display or other HV use.

¢ Qutput of performance monitoring data for user display or
HV use.

« Input of external source information for Kalman filter
dynamic aiding, external error calibration, and coasting,
along with output of external source calibration data for HV
correction or reset of the external source.

« If a PPS-capable UE set, input of PPS keys and output of
PPS status information for user display or HV use.

» |If 2 MILSPEC UE set, output measured J/S power ratio for
user display or HV use.

» Qutput of BIT results along with other UE set status.

The standardized user interfaces are documented in a series
of ICDs that describe the particular characteristics of each
interface along with the message traffic they support. For interface
characteristics and specific message traffic not supported by one
of the existing standardized user interfaces, the use of HVIA will be
required (an example of which is discussed in paragraph 5.2).
Because of the complexity of these standardized user interfaces,
an engineering design effort known as an "integration study” will
normally be required to develop the HV-specific concept for
exploiting UE set capabilities and to plan out the HV modifications
necessary to install the UE set.
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GENERIC OUTPUT (AND INPUT) MEANS - DIGITAL AND ANALOG

STANDARD USER INTERFACE

PURPOSE

AN/ASN-128

Doppler Radar Velocity Sensor

ARINC Characteristic 429

Digital Flight Instruments

ARINC Characteristic 572

Barometric Altimeter

ARINC Characteristic 575

Dual INS (LTN-72 Type)

AQL/CHAALS Guardrail Aircraft
CAROUSEL IV Commercial INS
HAVEQUICK Precise Time

INSTRUMENTATION PORT

UE Set Instrumentation

MIL-STD-1397 A

Multi-Purpose Data Bus (Seaborne)

MIL-STD-1553 A/B

Multi-Purpose Data Bus (Airborne)

PTTI

Precise Time and Time Interval

SYNCHRO

Analog Pitch/Roll/Heading/Water Speed
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UE sets provide their direct user interface to/from a human
operator by way of a CDU. Depending on the particular UE set,
the CDU may be used instead of the standardized digital interfaces
or it may be used in conjunction with those interfaces to provide
an alternate path for information flow. Generic CDUs may be
implemented as an integral part of the UE set, as a detachable
hand-held component, or as an entirely separate LRU. Some
important features of nearly all UE set CDUs are:

* A switch to control the UE set operating modes (OFF, INIT,
NAV, and TEST are the generic modes).

e Automatic display of PVA&T initialization data followed by
a prompt to the user for verification or input of new data.

e Operator-selectable coordinate system, map datum, and
units for display of PVT data. (Despite GPS’s common
grid, many users employ other coordinate systems and use
maps with different Earth references; this feature allows the
user to tailor the output to be consistent.)

= Display of PVT results in the as-selected format.

e Display of performance monitoring information as a PVT
valid/invalid warning, a FOM value in the range of 1 10 S,
and set of expected accuracy values (UNE /UHNE /UVNE).

¢ Provisions for operator input of external information
(aititude value, altitude-hold mode indication, or stationary
indication) for Kalman filter dynamic aiding, external error
calibration, and coasting.

= |f a PPS-capable UE set, provisions for operator input of
PPS keys and display of PPS status information.

» Display of measured J/S power ratio (MILSPEC equip-
ment) or carrier-to-noise power ratio (NDI equipment)

« QOutput of BIT results

A very important feature of nearly all CDUs, and certain digital
user interfaces, is the ability to accept the input of a "waypoint*
(i.e., coordinates of some defined point in space) and then to
respond back with UE-generated steering information relative to
that waypoint. This is where the navigation application for UE set
positioning comes into play.

The waypoints for a generic CDU are usually defined along
with an associated mnemonic identifier (i.e., a name) and a desired
track angle (DTK) in addition to their coordinates. The mnemonic
name is used to facilitate operator selection of the correct
waypoint from among those stored in memory (data for over 200
waypoints can be stored and accessed with most CDUs). The
DTK is used to define the desired direction for approach to (or
departure from) the waypoint. Depending on the particular UE set,
moving waypoints may be supported as well as waypoints defined
by range (RNG) and bearing (BRG) from the present UE set posi-
tion, waypoints with an associated vertical glide slope, and
waypoints with an automatic DTK based on the previous/next way-
points (TO-TO navigation).

Once the operator initiates waypoint-based navigation by
selecting a waypoint mnemonic and deciding whether "TO" or
"FROM" steering is needed, a generic COU will respond with
regularly updated displays of:

« RNG and BRG to/from the waypoint based on the great
circle distance from present position and the operator-
selected north reference (true or magnetic).

» Ground speed (GS) and time-to-go (TTG) relative to the
waypoint.

e Course deviation information with respect to the desired
track, either as a cross-track distance (XTK) or as an
angular track error (TKE).
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GENERIC OUTPUT (AND INPUT) MEANS - CDUS

INTEGRAL: NAVIGATION OUTPUT AND INPUT
N
FROM . i DTK
/ )
10 // |
‘ A WAYPOINT
/ COORDINATES

DESIRED
TRACK
TO/FROM
WAYPOINT

PRESENT
POSITION
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5.1.2 Generic Operation and Maintenance Characteristics

5.1.2.1 Startup and Normal Operations

GPS UE sets are designed with operational simplicity in mind.
For the generic UE set with a CDU only, a short sequence of
actions by the operator is needed to bring the equipment up to its
normal operating mode. In UE sets where there is no CDU and all
user interaction occurs by way of the standardized digital inter-
faces, additional HV-unique startup steps may be required. In
either case, once normal operation begins, the UE set will function
autonomously and require little other than periodic checks to
ensure its continued nominal performance. A typical sequence of
operator actions for starting up a generic UE set with a CDU is as
follows:

1. The operator first turns the CDU mode control switch from
OFF to INIT (initialize), which energizes the UE set
electronics. The data processor will use its internal LPTS
to automatically set the date and time. The SV almanac
data saved in NVM will be accessed, as will the
remembered PVA from the last time the UE set was turned
off. The ovenized quartz clock, which provides the UE
set’s internal master time pulse, will also start warming up.
(Depending on the start temperature, it takes anywhere
from 2 to 5 minutes for this oven to reach its normal
operating point for UE sets without an "instant on" feature.)

2. While in the INIT mode, the automatic initialization PVA&T
data will be displayed and the operator will be prompted to
verify or reset them as necessary. The UE set also per-
forms a short (less than 3-minute) self test to detect most
faults and to warn the operator if the internal keep-alive
battery is low. The operator can select the coordinate
system, map datum, or units used for output at this time.
Likewise, if it is a PPS-capable UE set and the operator has
PPS keys, then this is the time to insert them into the UE
set.

3. After the initialization process is complete, the operator will

be prompted to turn the CDU mode control switch from
INIT to NAV (navigate). With most CDUs, the operator will
then have an option to select a display that shows the UE
set’'s SV signal acquisition status. After some time
(typically 2.0 to 5.0 minutes) the CDU will begin displaying
PVT results with full accuracy. The 2.0 to 5.0 minutes
between the switch from INIT to NAV and the first full-
accuracy PVT output derived from four SVs is defined as
the UE set’s “Time To First Fix" (TTFF). The total elapsed
time between the switch from OFF to INIT and the first full-
accuracy PVT output is defined as the "reaction” (REAC)
time. The difference between these two times is the
additional 3 to 5 minutes allocated to REAC for operator
initialization and warmup of the quartz clock’s oven prior to
the switch from INIT to NAV. Each UE set has its own
individual TTFF and REAC characteristics.

. Once the UE set is in the normal NAV mode, the operator

can view the desired PVT results and, by entering the
coordinates for a waypoint, obtain navigation information
relative to that waypoint. During NAV mode operations, the
operator should also check the PVT (navigation) valid/
invalid warning flag, the FOM, and the expected accuracy
values on a periodic basis. If the performance monitoring
data indicates unanticipated poor performance, the
operator may wish to verify the antenna is properly cabled
and that the antenna has an unobstructed view of the sky.
(Particularly in the man-portable UE sets, SV signal
obstructions from buildings and/or the operator's body
often cause problems.) If the poor performance persists,
selecting the CDU status display that shows the received
J/S ratio may indicate the problem is due to high jamming
levels. If so, then shading the UE set from the jammer by
moving behind a hill or to a position farther away should
cure the SV tracking problem.

. If all else fails, turning the CDU mode switch to TEST will

run the BIT diagnostics to identify the cause of the
problem.
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GENERIC UE SET OPERATING MODES

MODES STARTUP AND NORMAL OPERATOR ACTIONS
~——-» OFF * Turn Mode Control Switch from OFF to INIT
Y . o
e Verify or Reset Initialization PVA&T
INIT e If Desired, Select Coordinate System, etc.
o If Appropriate, Insert PPS Keys
e Turn Mode Control Switch from INIT to NAV
e If Desired, Monitor SV Signal Acquisition
y .
Lee—ea NAV . Vlev.v PVT Results _ .
e Optionally, Enter Waypoint Coordinates and

e Check Performance Monitor Data

* Obtain Navigation Information

i

= e Turn Mode Control Switch OFF When Done
{

TEST e Turn Mode Control Switch from NAV to Test
in order to Run BIT to Diagnose Faults
e Turn Mode Control Switch back to NAV
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5.1.2.2 Other Startup Characteristics

The normal startup sequence just described is known as a
*normal start”. It requires three conditions: the LPTS has been
kept running since the last time the UE set was operated; the NVM
contains a reasonably recent copy of the SV almanacs; and the
UE set has a good estimate of the current PVA. For a normal
start, the LPTS must be within 20 seconds or so of GPS time, the
reasonably recent copy of the SV almanacs must be one obtained
from the on-orbit SVs anytime within the last few weeks, and the
"good” estimate of current PVA is defined as being within 100 kilo-
meters for position and within 25 meters/sec for velocity. Under
these conditions, the UE set's REAC time will usually be in the
7.0 to 10.5 minute range while the TTFF will be in the 2.0 to
5.5 minute range.

One special condition with regard to the normal start REAC
and TTFF times needs to be mentioned. For PPS UE sets that use
a Group Unique Variable (GUV) PPS key, the normal REAC and
TTFF times will apply, but only with regard to an SPS accuracy for
the PVT output. The full PPS accuracy takes an additional period
of time to be realized. The reason for this delay is the GUV PPS

"key requires certain information from the SV 50 Hz navigation
messages in order to become activated. This information is not
used by UE sets operating in an SPS mode nor is it required by
PPS UE sets operating with the other type of PPS key (the "weekly
key” or CVw). With the GUV PPS key, the UE sets will first achieve
an SPS level of accuracy, then seamlessly transition to full-
accuracy PPS operation once they acquire the appropriate
information to activate their GUV keys from the SV-broadcast
50 Hz navigation messages.

A "cold start" occurs whenever there is a problem with the
date and time from the LPTS or the SV almanacs in the NVM. This
often occurs when the internal keep-alive battery has been
removed for some reason. Under these conditions, the UE set
has no way to determine which SVs are currently visible in the sky

overhead. When this happens, the UE set must enter a cold start
acquisition process, randomly trying to acquire an SV's C/A-code
signal to set its date/time and retrieve a current copy of the SV
almanacs. Once the new set of SV almanacs is collected, the UE
set can then switch over to completing a normal TTFF sequence.
The net effect of performing a cold start is to delay the REAC and
TTFF times by about 15 minutes.

Certain UE sets are able to take advantage of an optional set
of startup conditions that resuit in short REAC and TTFF times.
This is known as a “hot start™. A hot start requires that the UE set
have: a very accurate input of GPS time from an external clock
{(on the order of a few microseconds); recent subframe 1/2/3 data
for each SV to be tracked (normally input from an external
source); and very good PVA data for initialization (10 kilometers for
position and negligible errors for velocity). Under these condi-
tions, the UE sets will be able to acquire the P-code directly and
can decrease the REAC and TTFF times to the bare minimums.
Because of the special conditions needed, these times are desig-
nated as REAC-2 and TTFF-2, and are on the order of 4.5 minutes
and 0.5 minutes respectively. This UE hot start capability is most
often used on submarines, which already have external atomic
clocks on board and need to minimize the above-surface exposure
time of the UE set antenna.

"Hot restarts" occur under a special set of conditions
supported by certain battery-powered UE sets. To save battery
life, these UE sets implement a STANDBY feature that turns off all
internal functions except for the ovenized precision clock and the
main data processor memory. When the operator switches the UE
set from NAV to STANDBY, the ovenized quartz clock continues
to maintain GPS time and the current subframe 1/2/3 data for
each SV is stored in main UE set memory. When switched back
from STANDBY to NAV, the hot restart capabilities aliow the UE
set to rapidly reacquire the SV signals and generate a new PVT fix.
The elapsed time between the switch from STANDBY to NAV and
the next full accuracy fix is known as "Time to Subsequent Fix"
(TTSF) and is on the order of 10 seconds.
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GENERIC UE SET STARTUP CONDITIONS

PVT AVAILABLE:

STANDBY
FIRST FULL- INTERRUPTION
OFF TO INIT INIT TO NAV FiX ACCURACY PERIOD

M TIME

\ Vs J TTSF
\ TTFF /
Y

REAC

NORMAL START
e Normal Condition, Nominal REAC and TTFF Times
e LPTS is OK, Current SV Almanacs in NVM, Good PVA for INIT

COLD START
e Abnormal Condition, Very Long REAC and TTFF Times
e LPTS is Out, No SV Almanacs in NVM, Good PVA for INIT

HOT START
e Optional Condition, Very Short REAC and TTFF times
e External Clock Instead of LPTS, Recent Subframes 1/2/3, Very Good PVA

HOT RESTART
e Condition After “STANDBY” Interruptions, Very Short TTSF
e Internal Ovenized Quartz Clock Instead of LPTS, Current Subframes 1/2/3, Very Good PVA
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5.1.2.3 Reliability and Maintenance Characteristics

The MILSPEC requirements for UE set reliability and maintain-
ability were established to emphasize high reliability and ease of
maintenance. The reliability requirements for generic types of
MILSPEC UE sets are defined in terms of the mean time between
failure (MTBF) values provided on the accompanying table. The
maintainability values for mean corrective maintenance time (M)
and maximum corrective maintenance time (M5, CT) are also
listed on the table. Most NDI UE sets have no formal requirements
for reliability or maintainability other than a goal of "very reliable”.
The NDI manpack MTBF value on the accompanying table is
based on manufacturer-supplied data and is provided for reference
only.

Generic UE sets (both MILSPEC and NDI) incorporate on-line
performance monitoring features that provide an indication of
operational readiness, warn of degraded performance, and facili-
tate maintenance actions. The on-line self-test capabilities of
MILSPEC UE sets will indicate equipment malfunctions for at ieast
90 percent of all failure modes. For malfunctions indicated by the
self-test capabilities, the false alarm rate will not exceed 5 percent.

LRU fault isolation using the MILSPEC UE set off-line BIT
features may be initiated either by the operator or by maintenance
personnel. Operator-initiated test results will be saved by the UE
set in NVM for later review by maintenance personnel.

5.1.2.4 Maintenance Support Concept

Each of the U.S. military services established organic
maintenance concepts for the MILSPEC UE sets. These concepts
include two or three levels of maintenance, depending on the
service and particular HVY. Initial organic maintenance by the
services is scheduled to start in October 1992, when the
contractor support provided by Rockwell-Collins under the terms
of a performance reliability warranty (PRW) will end.

The Army maintenance concept for manpack and ground
vehicle UE sets includes three levels of maintenance: unit, inter-

mediate (forward and rear), and depot. Unit-level personnel will
identify failed LRUs through the use of the TEST-mode BIT
features. The UE set will be repaired by removal/replacement of
the faulty LRU. The faulty LRU will then be sent to an intermediate
(forward) facility, which will use an Intermediate Test Set (ITS) to
isolate to the faulty shop replaceable unit (SRU).

The LRU is repaired by removal and replacement of the failed
SRU, and the SRU is then sent to the intermediate (rear) level for
repair. The intermediate (rear) level diagnoses selected faulty
SRUs through the use of automatic test equipment (ATE). Repair
actions that cannot be accomplished at the lower ievels will be
performed at the depot level. The ITS and ATE are SE items
discussed further in paragraph 5.4.

The Army maintenance concept for airborne UE sets also
consists of three levels: Aviation unit maintenance (AVUM),
aviation intermediate maintenance (AVIM), and depot. The
maintenance concept for these three levels is the same as the
three levels for manpack and ground vehicle UE sets.

Most Air Force and Navy aircraft also employ a three-level
maintenance concept. At the organizational (unit) level, the faulty
LRUs are replaced based on BIT indications and repaired at the
intermediate level by SRU replacement. Failed SRUs at the
intermediate level are then sent to the depot for repair.

Navy shipboard UE sets follow a two-level maintenance
concept whereby failed SRUs are identified using off-line built-in
test equipment (BITE) contained within those UE sets (no ITS is
required) and are replaced from the ship’s stores. The failed SRUs
are then sent to the depot for repair.

The maintenance concept for the NDI UE sets has so far
consisted solely of returning the failed equipment to the
manufacturer for repair or replacement. No organic support is
currently envisioned by any of the military services for the ND! UE
sets. This is subject to change in the future, however.
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UE SET RELIABILITY AND MAINTAINABILITY

Reliability Maintainability
Mature Organizational Level Intermediate Level
MTBF
(hr) McT MmaxCT McT MmaxCT
(hr) (hr) (hr) (hr)

MILSPEC 2,000 0.25 0.33 0.75 1.50
Manpack
MILSPEC UE set for 929 0.25 0.33 0.75 1.50
Helicopters
MILSPEC UE set for 1,000 0.33 0.50 1.00 2.00
Fighter Aircraft
MILSPEC UE set for 680 1.50 N/A 1.50 N/A
Ships and Submarines
NDI Manpack >15,000 N/A N/A N/A N/A
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5.1.3 The Various UE Sets

There is already a wide variety of UE set types in the DoD
inventory and the number will undoubtably continue to grow as
new applications are developed. This section covers only the
specific UE sets now available or available soon through the GPS
JPO. The accompanying table summarizes these UE sets. For
information on other types of UE sets, you should either refer to
the manufacturer’s literature or contact the developing organi-
zation. For example, to find information on UE sets designed for
test range applications, one would contact the Range Applications
Joint Program Office (RAJPO) located at the U.S. Air Force’s
Munitions Systems Division (MSD) at Eglin AFB, FL.

The JPO-procured UE sets all have their GPS receiver and
data processor functions combined into one LRU. Because of this
architectural design, the various UE set types addressed herein are
identified by the name of the LRU that forms the central element
of each UE set. This LRU is often referred to as the receiver/
processor unit (RPU) or simply as the receiver (RCVR). We will
use RCVR in this section. There is also a U.S. military nomen-
clature for most of the MILSPEC UE set configurations; the military
nomenclature is given in the accompanying table along with the
common RCVR name.

Unless otherwise specified, all of the UE set components
described herein should be assumed fully qualified for use in their
intended operational environments. For airborne UE set LRUs, this
means compliance with MIL-E-5400R. For seaborne and ground-
borne LRUs, the compliance specifications are MIL-E-16400G and
MIL-E-4158 respectively. When UE set LRUs such as the standard

CDU (STD CDU) or certain antenna and AE units are identified as
being used in both air and sea, sea and ground, or air and ground
applications, the component should be assumed as qualified for
the worst-case environmental conditions.

The dimensions for the airborne RCVR LRUs are commonly
referred to in terms of a fractional ATR unit. The use of this
fractional ATR sizing is fairly common in both military and
commercial avionics. Within the military, "ATR" is taken as the
acronym for Air Transport Racking per DoD-STD-1788. Within
commercial aviation, "ATR" has been standardized as the acronym
for Austin Trimble Radio per ARINC Characteristic 404A. Regard-
less of the acronym sources, a "1 ATR long" unit has a height of
7.62 inches, a width of 10.12 inches, and a length of 19.52 inches.
A “1 ATR short” unit has the same height and width as the 1 ATR
long unit, but is exactly 7 inches shorter in fength. The long and
short iength dimensions are the same for all fractional ATR units,
as are the height dimensions. The only dimension that changes
with the fractional unit sizes is the width. A 3/4 ATR long unit has
height-width-length (HWL) dimensions of 7.62 inches by
7.50 inches by 19.52 inches while a 3/8 ATR short unit has HWL
dimensions of 7.62 inches by 3.56 inches by 12.52 inches.

The airborne MILSPEC RCVRs all include a "doghouse” (as
defined by ARINC Characteristic 404A) on the front of the unit.
The doghouse, which extends approximately 2.5 inches beyond
the ATR lengths given above, contains the keep-alive batteries for
the NVM/LPTS, a time totalizing meter, and a handle to enable
removal and installation of the RCVR unit. Having the keep-alive
batteries in this location facilitates their once-every-six-month
replacement.
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VARIOUS JPO/JSSMO UE SETS

UE TYPE UE SET COMMON NAME DEVELOPED/
CATEGORY AND TYPE DESIGNATOR BUILT BY REMARKS
Airborne UE RCVR-3A, AN/ARN-151(V) Rockwell-Collins* Production Start — 1986

RCVR-UH, AN/ASN-149(V)1

Rockwell-Collins*

Production Start — 1986

RCVR-OH, AN/ASN-149(V)2

Rockwell-Collins*

Production Start — 1986

RCVR-C4, AN/ASN-149(V)3

Rockwell-Collins*

Production Start - 1986

MAGR, TBD

Rockwell-Colling**

Contract Award ~ Nov 1990

Seaborne UE

RCVR-3S, AN/WRN-6(V)

Rockwell-Collins*

Production Start — 1986

Groundborne UE

RPU-1. AN/PSN-8 Rockwell-Collins Production Start — 1986
'’ AN/VSN-8
TI-420. AN/PSN-9 Texas Instruments** | Production Start — 1987
" AN/VSN-9 Production End - 1989
SLGR, AN/PSN-10 Trimble Navigation** | First Buy — 1988
Second Buy - 1990
PLGR TBD TBD Concept Definition — 1990

*Design and initial production by Rockwell-Collins, continuing production by SCI Technology
**Non-developmental item (NDI)
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5.1.3.1 The RCVR-3A UE Set

The RCVR-3A is the central LRU in the MILSPEC UE set
currently used for high-dynamic aircraft applications. Typical HVs
include the B-52, F-16, A-6, FB-111, and F-14. For reasons of
commonality, RCVR-3A UE sets are also used on some medium-
dynamic fixed-wing platforms like the C-130 series of aircraft, and
on Air Force and Navy rotary wing aircraft. The Army also uses
the RCVR-3A in its LCAC (Landing Craft, Air Cushioned)

RCVR LRU

The RCVR-3A is a 5-channel HD RCVR (i.e., a 5-channel GPS
receiver teamed with a HD data processor). The RCVR-3A is
designed for ATR rack mounting with HWL dimensions of 7.6
inches by 7.5 inches by 17.0 inches (slightly shorter in size than a
3/4 ATR long). It weighs 39 pounds (17.7 kilograms). It is a full-
function PPS-capable RCVR with five independent SV signal-
tracking channels, each able to continually track L1 or L2 with
either the C/A-, P-, or Y-codes. The Kalman filter in the RCVR-3A
data processor is dual-tuned for HD operation in either an aided
or unaided mode. In the aided mode with external inputs from an
INS, the 12 Kalman filter states are: user position and velocity in
three axes, CB, CD, altimeter bias error, and three inertial piatform
tiit errors. In an unaided mode, the 12 states are: user PVA in
three axes, CB, CD, and altimeter bias error. (The RCVR-3A is
designed to always accept input from a barometric altimeter, if
available.) In addition to its PVT and navigation functions, the
RCVR-3A includes an optional feature allowing calibration of the
external INS to support in-air alignment and reset of the inertial
platform.

Other LRUs

RCVR-3A UE sets may include a 7-element CRPA system
because of an anticipated jamming threat. For most HVs in which
jamming is not a concern, RCVR-3A UE sets are configured with
a FRPA system. Very few RCVR-3A UE sets include a STD CDU,
since most HV integration concepts call for interfacing the RCVR-
3A directly with the existing on-board navigation systems via the
standard digital user interfaces.

Standard Digital User Interfaces

The primary method used for interfacing the RCVR-3A with on-
board HV systems is with the MIL-STD-1553 A/B data bus. With
this interface activated, the RCVR-3A is able to accept aiding data
from an INS, airspeed and altitude from a central air data
computer (CADC), and position/velocity/attitude from an altitude
and heading reference system (AHRS) or other HV system. Out-
puts via the MIL-STD-1553 A/B data bus include the full range of
information defined in ICD-GPS-059.

As alternatives to the MIL-STD-1553 A/B data bus, the RCVR-
3A includes two other primary interfaces: the ARINC Character-
istic 575 interface for use with a commercial INS as per ICD-GPS-
070 and the ARINC Characteristic 429 interface to couple directly
with an electronic flight instrumentation system (EFIS) as per
ICD-GPS-073. In addition to these primary HV interfaces, the
RCVR-3A also has an interface to receive barometric altimeter data
(ARINC Characteristic 572) and a PTTI port (ICD-GPS-060) able to
provide high-accuracy UTC time data to HV subsystems such as
HAVEQUICK and JTIDS.

Other Interfaces

An AME interface for a data loader system (see paragraph 5.3)
is provided by the RCVR-3A for bulk entry of mission-dependent
data. The RCVR-3A also provides an AME interface with the KOI-
18 and KYK-13 cryptokey loader devices. An RS-422 instrumen-
tation port provides access to RCVR data during bench-test with
the SE (see paragraph 5.4) and enables collection of internal data
during flight testing. This instrumentation port also provides
additional functions per ICD-GPS-150.

Power

Since the RCVR-3A UE set is intended for installation in air-
craft, it is designed to operate from 115 Vac, 400 Hz single-phase
power per MIL-STD-704. The RCVR-3A includes all necessary
power conversion and distribution for the other LRUs that make up
the RCVR-3A UE set.
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5.1.3.2 The RCVR-UH UE Set

The RCVR-UH is the central LRU in the MILSPEC UE set used
for medium-dynamic Army helicopters. Typical HVs include the
UH-60A, AH-1S(FM), and CH-47D. The RCVR-UH UE set has a
great deal in common with both the RCVR-OH and RCVR-C4 UE
sets. Its unique feature is its ability to interface directly with the
AN/ASN-128 DRVS.

RCVR LRU

The RCVR-UH is a 2-channel MD RCVR (a 2-channel GPS
receiver teamed with a MD data processor). It is designed for ATR
mounting, with HWL dimensions of 7.6 inches by 7.5 inches by
12.6 inches (slightly longer than a 3/4 ATR short). Unlike the
RCVR-3A, which uses rear-mounted rack connectors, the RCVR-
UH has all of its connectors on the front plate. It weighs
25 pounds (11.4 kilograms). It is a full-function PPS-capable RCVR
having two independent SV signal tracking channels, each able to
sequentially track L1 or L2 with either the C/A-, P-, or Y-codes.
The Kalman filter in the RCVR-UH data processor operates similar
to the RCVR-3A with dynamic states tuned for MD operation in
either aided or unaided modes. In an aided mode with velocity
inputs from the DRVS, the nine Kalman filter states are: user
position and velocity in three axes, CB, CD, and altimeter bias
error. {n an unaided mode, the 12 states are: user PVA in three
axes, CB, CD, and altimeter bias error. (Like the RCVR-3A, the
RCVR-UH always accepts barometric altimeter inputs.)

In addition to its standard PVT and navigation functions, the
RCVR-UH includes a special feature that allows the pilot to con-
figure the RCVR for GPS-DRVS hybrid operation (aided), GPS-only
operation (unaided), or DRVS-only operation (no use whatsoever
of PR/DR from the GPS receiver whatsoever). The normal config-
uration is a GPS-DRVS hybrid. The pilot will usually switch to
GPS-only or DRVS-only operation only when a failure is suspected.

Other LRUs

RCVR-UH UE sets almost always include FRPA and AE LRUs.
All RCVR-UH UE sets include a STD CDU since the integration
concept calls for removing the AN/ASN-128 control head,
connecting the DRVS to the RCVR-UH, and then using the STD
CDU to control the operation of both the RCVR-UH and the DRVS
LRUs. The STD CDU used in the RCVR-UH UE set is identical to
the STD CDU used in other aircraft except the front panel is modi-
fied with Aviator's Night Vision Imaging System (ANVIS) green
displays instead of the standard red, enabling the display to be
read with AN/AVS-6 night vision goggles.

Standard Digital User Interfaces

The main RCVR-UH digital user interface is the point-to-point
link between the RCVR and the DRVS. This interface is described
by MIL-N-49098(EL) and ICD-GPS-106. The barometric altimeter
interface (gray code) is per ARINC Characteristic 572 and ICD-
GPS-106. The RCVR-UH has no bus-type interface for user input/
output. It also does not have a full-function PTT! port, but does
provide the precise time output for HAVEQUICK per ICD-GPS-060.

Other Interfaces

Like most other MILSPEC UE sets, the RCVR-UH has standard
UE set interfaces, including those for the data ioader system, the
KOI-18/KYK-13 cryptokey loader devices, and the RS-422 instru-
mentation port.

Power

The RCVR-UH UE set is intended for installation in aircraft and
is designed to operate from 115 Vac, 400-Hz single-phase power
per MIL-STD-704. The RCVR-UH includes all necessary power
conversion and distribution for the other LRUs that make up the
RCVR-UH UE set except for the STD CDU front pane! (ANVIS),
which should be tied into the cockpit display lighting bus at a
nominal 115 Vac, 400 Hz (7 watts).
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RCVR-UH UE SET (MILSPEC)
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5.1.3.3 The RCVR-OH UE Set

The RCVR-OH is the central LRU in the MILSPEC UE set used
by the Army for medium-dynamic Special Operations Force (SOF)
helicopter applications. Typical HVs include the OH-58D, MH-60,
and MH-47D. It shares a great deal of commonality with both the
RCVR-UH and RCVR-C4 UE sets. Its unique feature is its almost
total reliance on its MIL-STD-1553 data bus for user interfacing.

RCVR LRU

The RCVR-OH is a 2-channel MD RCVR (a 2-channel GPS
receiver teamed with a MD data processor). The RCVR-OH LRU
is designed for ATR rack mounting, with HWL dimensions of 7.6
inches by 7.5 inches by 12.6 inches (slightly longer than a 3/4
ATR short). It weighs 30 pounds (13.6 kilograms). It is a full-
function PPS-capable RCVR having two independent SV signal-
tracking channels, each able to sequentially track L1 and L2 with
either the C/A-, P-, or Y-codes. The Kalman filter in the RCVR-OH
data processor operates very similar to the RCVR-34; it is dual-
tuned for MD operation in either aided or unaided modes. In an
aided mode with external inputs from an INS, the 12 Kalman filter
states are: user position and velocity in three axes, CB, CD,
altimeter bias error, and inertial platform tilt errors. In an unaided
mode, the 12 states are: user PVA in three axes, CB, CD, and
altimeter bias errar. Like the RCVR-3A, the RCVR-OH includes the
optional feature allowing calibration of the external INS.

Physically aimost identical to the RCVR-UH, the RCVR-OH has
its connectors on the front plate rather than using rear-mounted
rack connectors. It also has a front-mounted doghouse above the
connectors to hold the keep-alive batteries and a time totalizing
meter.

Other LRUs

RCVR-OH UE sets always include FRPA and AE LRUs. They
do not include a STD CDU since the normal integration concept
uses the HV’s existing control and display capabilities by
interfacing them with the RCVR-OH LRU via the MIL-STD-1553
data bus.

Standard Digital User Interfaces

The prime RCVR-OH digital user interface is the MIL-STD-1553
data bus. This interface is described by ICD-GPS-104. It supports
the input of INS acceleration data as well as Doppler velocities,
AHRS attitude and heading, and baro altimeter altitude to the
RCVR-OH for aiding. Like the RCVR-UH, the RCVR-OH also
provides a precise time output for HAVEQUICK per ICD-GPS-060,
but not the full-function PTTI port.

Other Interfaces

The RCVR-OH includes the standard UE set interfaces for the
GPS data loader system, the KOI-18/KYK-13 cryptokey loader
devices, and the R§-422 instrumentation port.

Power
The RCVR-OH UE set is designed to operate from 115 Vac,

400-Hz single-phase power per MIL-STD-704. The RCVR-OH LRU
provides the power conversion and distribution for the AE.
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RCVR-OH UE SET (MILSPEC)
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5.1.3.4 The RCVR-C4 UE Set

The RCVR-C4 is the central LRU in the MILSPEC UE set used
by the Army in medium-dynamic Special Electronic Mission Aircraft
(SEMA) applications. Typical HVs include the RC-12, RU-21, and
other SEMA HVs. The RCVR-C4 UE set shares a great deal of
commonality with both the RCVR-UH and RCVR-OH UE sets. Its
unique features are its output interfaces to support the Advanced
Quick-Look (AQL) receiver and the Coherent High-Accuracy
Airborne Location System (CHAALS).

RCVR LRU

The RCVR-C4 is a 2-channel MD RCVR (a 2-channel GPS
receiver teamed with a MD data processor) designed for ATR rack
mounting, with HWL dimensions of 7.6 inches by 7.5 inches by
12.6 inches (slightly longer than a 3/4 ATR short). It weighs 30
pounds (13.6 kg). It is a full-function PPS-capable RCVR having
two independent SV signal tracking channels, each able to
sequentially track L1 or [2 with either the C/A-, P-, or Y-codes.
The Kalman filter in the RCVR-C4 data processor operates in a
manner very similar to those in the RCVR-3A and RCVR-OH. ltis
dual-tuned for MD operation in either aided or unaided modes. In
an aided mode with external inputs from an INS, the 12 Kalman
filter states are: user position and velocity in three axes, CB, CD,
altimeter bias error, and inertial platform tilt errors. In an unaided
mode, the 12 states are: user PVA in three axes, CB, CD, and
altimeter bias error. Like the RCVR-3A and RCVR-OH, the
RCVR-C4 includes the optional feature that enables calibration of
the external INS.

Physically almost identical to the RCVR-UH and RCVR-OH, the
RCVR-C4 has its connectors on the front instead of the rear. It
also has a front-mounted doghouse abave the connectors to hold
the keep-alive batteries and a time-totalizing meter.

Other LRUs

RCVR-C4 UE sets almost always include FRPA and AE LRUs,
but may be configured with a CRPA system if required. They also
include a STD CDU to provide an alternate navigation capability for
the HV.

Standard Digital User interfaces

The RCVR-C4 provides several digital user interfaces. It uses
the standard ARINC Characteristic 575 interface for input from and
output to commercial-type INSs (ICD-GPS-070). In support of HV
mission equipment, it provides a pair of timemark discretes and an
RS-422 digital data interface to the AQL receiver and the CHAALS.
It supports input of altitude from a barometric altimeter per ARINC
Characteristic 572. Like the RCVR-UH and RCVR-OH, the RCVR-
C4 provides a precise time output for HAVEQUICK, but not the
full-function PTTI port.

Other Interfaces

The RCVR-C4 includes the standard UE set interfaces for the
GPS data loader system, the KOI-18/KYK-13 cryptokey loader
devices, and the RS422 instrumentation port.

Power

The RCVR-C4 UE set is designed to operate from 115 Vac,
400-Hz single-phase power per MIL-STD-704. The RCVR-C4
includes all necessary power conversion and distribution for the
other LRUs that make up the RCVR-C4 UE set except for the STD
CDU front panel (red display), which should be tied into the
cockpit display lighting bus at a nominal 5 Vac, 400 Hz (10 watts).
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RCVR-C4 UE SET (MILSPEC)
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5.1.3.5 The MAGR UE Set

The MAGR is an NDIi RCVR for future high- or medium-
dynamic aircraft where the size, weight, or power considerations
preclude the use of a RCVR-3A. Because the MAGR is still early
in the acquisition phase, it has not yet been given a U.S. military
nomenclature. Typical HVs identified so far for a MAGR-based UE
set include the F/A-18, F-117, and the AH-64.

RCVR LRU

There are actually two, slightly different versions of the MAGR
LRU. One of them (the IF version) has the same antenna inter-
faces as the RCVR 3A. The IF MAGR is thus compatibie with the
standard MILSPEC FRPA and CRPA systems which perform out-
board downconversion of the L1/L2 SV signals from RF to IF. The
RF version of the MAGR does the RF-to-IF downconversion
internally and is not compatible with the standard MILSPEC FRPA
and CRPA systems. The RF MAGR is designed for use with
external L-band antenna systems.

Like the RCVR-3A, the MAGRs are 5-channel HD RCVRs. They
are single LRUs with HWL dimensions of 6.8 inches by 3.2 inches
by 12.0 inches (slightly narrower than a 3/8 ATR short), and are
only about 1/3 the size of the RCVR-3A LRU. They weigh about
13 pounds (6 kilograms). They are full function PPS units like the
RCVR-3A, with five independent SV signal tracking channels
capable of continuous L1 or L2 operation with either the C/A-, P-,
or Y-codes. Unlike the RCVR-3A, however, their SA/A-S functions
are designed around the use of a PPS security module (PPS-SM),
which enables the MAGRs to remain unclassified even when the
PPS keys are inserted. Their Kalman filters will operate in a
manner very similar to the RCVR-3A as will their navigation and
external sensor calibration functions.

Other LRUs

The IF MAGR UE sets include the same antenna system LRUs
as RCVR-3A UE sets. RF MAGR UE sets do not include any
antenna system LRUs. Neither version normally includes a STD
CDU, since current HV integration concepts call for directly inter-

facing with existing HV navigation systems via the standard digital
user interfaces.

Standard Digital User Interfaces

Like the RCVR-3A, the main MAGR digital interface will be the
MIL-STD-1553A/B data bus. By use of connector strapping, this
interface can be activated in one of two modes: either with Air
Force/Navy standard message traffic and protocols per ICD-GPS-
059 or using Army standard message traffic and protocols per
ICD-GPS-104. The MAGR RCVRs will also include the ARINC
Characteristic 429 EFIS output port per ICD-GPS-073. The main
difference between the MAGRs and the RCVR-3A is that the
MAGRs do not have the ARINC Characteristic 575 interface with
commercial INSs. They still have the PPTI port per ICD-GPS-060.

Other Interfaces

Also like the RCVR-3A, the MAGRs will include standard UE set
interfaces for the KOI-18/KYK-13 cryptokey loader devices and the
RS-422 instrumentation port. They do not have an interface for the
GPS data loader system. (All data loading functions can still be
accomplished via the MIL-STD-1553 data bus, however.)

A novel feature planned for the MAGRs is the capability to
reprogram the data processor software by way of the RS-422 inter-
face. This should minimize the overall logistics support costs for
the MAGRs because they can be reprogrammed in the field, using
a properly equipped laptop computer, instead of being returned to
the factory.

Power

In addition to being smaller and lighter than the RCVR-3A, the
MAGRs will use an advanced low-power design to minimize their
impact on the aircraft’'s power system. They are both expected to
draw only about 28 watts of HV 115 Vac, 400-Hz single-phase
power. The MAGRs will provide the power conversion and distri-
bution to other LRUs that make up the MAGR UE set.
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5.1.3.6 The RCVR-3S UE Set

The RCVR-3S is the central LRU in the MILSPEC UE set used
for surface ships and for submarines where very rapid signal
acquisition is required. Most ballistic missile submarines use a
different type of UE set because of the need to interface with
missile launch and controi systems. Cenain early installations
have used the WRN-25 UE set, which is a commercial Transit-
Omega-GPS integrated set without PPS capabilities, instead of the
RCVR-3S. The RCVR-3S UE sets are also used in certain Army
watercraft applications.

RCVR LRU

The RCVR-3S is a 5-channel LD RCVR designed for 19-inch
rack or tray mounting. lts HWL dimensions, including connectors,
are 12.2 inches by 16.8 inches by 12.0 inches. It weighs 50
pounds (23 kilograms). It is a full-function PPS RCVR having five
independent SV signal tracking channels, each able to continually
track L1 or L2 with either the C/A-, P-, or Y-codes. The Kalman
filter in the data processor supports 12 states and is tuned for LD
operation with external aiding inputs of acceleration from the
shipboard INS (SINS), heading/pitch/roll from a ship’s gyros, and
velocity (water speed) from a ship’s log. When external aiding
inputs are not available, the RCVR-3S automatically reverts to
unaided operation. The RCVR-3S operates at constant MSL
altitude for aiding purposes. In addition to its PVT and navigation
functions, it allows calibration of the external INS to support at-sea
alignment and reset of the inertial platform. A special feature of
the RCVR-3S, not shared by other RCVRs, is its BITE, which
enables it to perform off-line fault isolation to the failed SRU for
itself and for other LRUs which make up the RCVR-3S UE set.

Other LRUs

The RCVR-3S UE sets for surface ship applications use a
FRPA-ground plane (FRPA-GP) and AE LRUs instead of a CRPA
system. The FRPA-GP is a combined FRPA/ground plane unit
which houses the AE and is used for mast-mounted installations.

The RCVR-3S UE sets for submarine applications omit the FRPA-
GP, instead using a modified version of the existing BRA-34
antenna {or equivalent) in one of the extendable masts. For these
installations, the AE LRU is still needed. RCVR-3S UE sets always
include at least one CDU and often two. [n dual CDU instaliations,
one of the CDUs functions as the master for controliing UE set
operation while the other functions as the slave and can only
display selected data. Each CDU is housed within its own HVIA
to allow overhead or table-top mounting at distances up to 100
meters away from the RCVR-3S LRU.

Standard Digital User Interfaces

The RCVR-3S provides shipborne point-to-point interfaces per
MIL-STD-1397, both the Naval Tactical Data System (NTDS) Type
A (SLOW) and Type B (FAST), as detailed in ICD-GPS-176. In
addition to the NTDS digital interfaces, the RCVR-3S also supports
analog interfaces for input of ship’s attitude and water speed.

A special application for the PTTI port is found on many sub-
marines with an on-board atomic clock. This bi-directional inter-
face not only allows synchronization of the atomic clock to UTC
as determined by the RCVR-3S, but it also enables the RCVR-3S
to keep itself precisely synchronized to UTC as accurately
maintained by the atomic clock. This cross-synchronization
scheme is used to support the low time initialization uncertainty
required for hot starts and thus minimizes the submarine’s antenna
exposure time when the antenna pops up for a PVT fix (i.e., the
REAC-2 and TTFF-2 times apply).

Other Interfaces

The RCVR-3S includes the same additional interfaces as the
RCVR-3A.

Power
The RCVR-3S UE set is designed to operate from standard

115 Vac, 60-Hz power. The RCVR-3S does all power conversion
and distribution except for CDU lighting.
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5.1.3.7 The RPU-1 UE Set

The RPU-1 is the central LRU in the MILSPEC UE set used for
manpack (AN/PSN-8) and vehicular (AN/VSN-8) applications. In
a manpack configuration, there is no HV per se (other than the
operator). In a vehicular configuration, typical groundborne HVs
include the M998 High-Mobility Multipurpose Wheeled Vehicle
(HMMWV) and the M1009 Commercial Utility Cargo Vehicle
(CUCV), while typical waterborne HVs are most Army watercraft.
A unique feature of the RPU-1 is its ability to work from an internal
prime power battery in a manpack configuration. in the vehicular
configuration, an HVIA will generally be required to convert HV
power instead of relying on the internal battery.

RCVR LRU

The RPU-1 is a 1-channel LD RCVR designed to be mounted
on a pack frame or HVIA but it can also be carried in a rucksack.
its HWL dimensions (including handles) are 10.2 inches by 5.0
inches by 11.9 inches. Including the prime power battery, but not
the CDU or antenna, the RPU-1 weighs 15.3 pounds (7.9 kilo-
grams). It is a full-function PPS-capable RCVR employing a single
tracking channel able to sequentially track on L1 or L2 with either
the C/A-, P-, or Y-codes. The Kalman filter in the data processor
is tuned for LD operation in an unaided mode. The eight dynamic
states are: user position and velocity in three axes, plus CB and
CD. The RPU-1 does, however, support quasi-aided operation,
allowing the operator to indicate the unit is stationary or is
operating at a constant altitude. When the stationary indication is
made, the RPU-1 enters a survey mode, using the fact that the
velocities are zero to alter the Kalman filter into a five-state
operation (position plus CB and CD), and thereby improves
position-fixing accuracy and resistance to jamming. The RPU-1
supports navigation as well as PVT determination, but its capacity
for waypoint storage is limited to 38 stationary points/marks.

Other LRUs

RPU-1 UE sets include a collapsible FRPA that does not
require the use of an AE LRU, but should be located within
24 inches of the RPU-1 in vehicle installations. In manpack
applications, the FRPA antenna attaches directly to the RPU-1
case via a flexible extender. The RPU-1 UE set also includes a
hand-held manpack/vehicular (M/V) CDU featuring pushbutton
operation and a liquid crystal display. The display provides
integral backlighting for night operation and can be used with
night vision goggles. In vehicular applications, the M/V CDU can
be remotely located using an extension cable. In manpack appli-
cations, the M/V CDU plugs directly into the RPU-1 using a
39-inch-ong pendant cable. This M/V CDU (as well as the STD
CDU for air and sea applications) is compatible with position
coordinate entry/display in the standard Military Grid Reference
System (MGRS).

Standard Digital User Interfaces

The RPU-1 provides only one standard digital user interface.
Like the 2-channel RCVRs, it provides the precise time output for
HAVEQUICK, but not the full-function PTTI port.

Other Interfaces

The RPU-1 includes the interfaces for the KOI-18/KYK-13
cryptokey loader devices and the RS-422 instrumentation port. It
has no provision for the GPS data loader system.

Power

The RPU-1 UE set is designed to operate using a BA5590 or
a BB590 battery as its prime power source. In vehicular appli-
cations, this battery may be replaced with a source of 28-Vdc
power (nominally via an HVIA). The expected life of the prime
power battery in continuous operation is 12 hours. In intermittent
operation (i.e., when TTSF applies), the expected life is 36 hours
for a one-to-nine duty cycle (NAV-to-STANDBY ratio). The RPU-1
also uses keep-alive battery.
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5.1.3.8 The TI-420 UE Set

The Ti-420 is the commercial name of the central LRU in an
NDI UE set for manpack (AN/PSN-8)} and vehicular (AN/VSN-9)
applications. This was the first UE set procured under the GPS
NDI program. Candidate M/V applications for this UE set are
basically the same as for the RPU-1 UE set. Like the RPU-1 UE
set, the TI-420 UE set is able to work from an internal prime power
battery (BA6598 or BA5598 or equivalent) in a manpack configu-
ration. In the vehicular configuration an HVIA will be required to
convert HV power instead of relying on the internal battery.

RCVR LRU

The T1-420 is a 5-channel MD RCVR (a 5-channel GPS receiver
teamed with a MD data processor). It is designed to be mounted
on a pack frame or HVIA but can also be carried in a rucksack.
Its HWL dimensions are 6.5 inches by 8.7 inches by 5.3 inches.
Including the prime power battery, CDU, and antenna, the T!-420
RCVR weighs 10.4 pounds (4.7 kilograms). It is a partial-PPS-
capable (SA but not A-S) RCVR employing five SV tracking
channels, each able to continuously track the L1 signal with C/A-
code (no P- or Y-code tracking). The Kalman filter in the data
processor is tuned for MD operation in an unaided mode. The
eight dynamic states are user position and velocity in three axes,
plus CB and CD. Like the RPU-1, the TI-420 RCVR supports
quasi-aided operation by enabling the operator to indicate
stationary or constant-altitude operation. The TI-420 RCVR
supports navigation as well as PVT determination. Its capacity for
waypoint storage is greater than the RPU-1, with up to 100
stationary points and up to 4 courses of 10 points each supported.
A significant difference between the RPU-1 and Ti-420 RCVRs is
the latter does not require a warm-up period for its internal quartz
clock; the TI-420 begins outputting PVT fixes within 2 minutes of
set turn-on.

Other LRUs

The Ti-420 UE set includes an integrated FRPA/AE LRU that
can be located up to 100 feet away from the TI420 RCVR in
vehicle installations. In manpack applications, the FRPA/AE
system attaches directly to the TI-420 case in a low-profile config-
uration. The TI-420 UE set includes a separate hand-held CDU
featuring pushbutton operation and a liquid crystal display. The
display provides integral backlighting for night operation and can
be used with night vision goggles. In vehicular applications, the
CDU can be remotely located using an extension cable. In man-
pack applications, the CDU plugs directly into the RPU-1 using a
pendant cable, and can be stored in a recessed area in the RCVR
case. This CDU is also compatible with MGRS position coordinate
entry and display.

Standard Digital User Interfaces

The TI-420 LRU provides none of the standard digital user
interfaces.

Other Interfaces

The TI-420 includes the standard interfaces for the
KOI-18/KYK-13 cryptokey loader devices and an RS-422 instru-
mentation port. ‘

Power

The Ti-420 UE set is designed to operate using a BA6598 or
a BA5598 battery as its prime power source. In vehicular appli-
cations, this battery may be replaced with a source of 28-Vdc
power (nominally via an HVIA). The expected life of the prime
power battery in continuous operation is 20 hours. In intermittent
operation (i.e., when TTSF applies), the expected life is 160 hours
for a one-to-eight duty cycle (NAV-to-STANDBY ratio).
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5.1.3.9 The SLGR UE Set

SLGR is the generic name of the only LRU in the very light-
weight NDI UE sets for M/V use. Candidate HVs for these UE sets
are basically the same as for the RPU-1 UE set. Like the RPU-1
UE set, the SLGR UE set is able to work from prime power bat-
teries (see below) in a manpack configuration. In the vehicular
configuration, the use of an HVIA is usually not required to convert
HV power for use. SLGRs may be procured from a range of differ-
ent manufacturers; the one discussed here is the TRIMPACK unit
built by Trimble Navigation. It is representative of the majority of
SLGR UE sets procured so far, but there can be significant differ-
ences between this unit and others (e.g., the SLGR unit built by
Magellan Systems).

RCVR LRU

The TRIMPACK SLGR is a 3-channel LD RCVR. It is designed
for hand-held operation but may be mounted on flat surfaces with
the use of an HVIA bracket. The SLGR RCVR is integrated with a
FRPA and a CDU in a single LRU package. The combined HWL
dimensions—including battery pack—are 2.0 inches by 5.4 inches
by 9.5 inches. The total weight for the combined package is 4.2
pounds (1.9 kg). It is strictly an SPS-only RCVR (no PPS capabil-
ities) employing three tracking channels able to sequentially track
up to six SVs on L1 with the C/A-code. The Kalman filter in the
data processor portion of the SLGR RCVR is tuned for LD opera-
tion in an unaided mode. The eight dynamic states are: user
position and velocity in three axes, plus CB and CD. It implements
an automatic stationary mode when not moving and an automatic
altitude hold mode when there are less than four SVs visible. The
SLGR supports navigation functions as well as PVT determination.
Its waypoint storage capacity of up to 1,089 stationary points is
greater than both the RPU-1 and Ti-420 RCVRs. An instant-on
feature similar to that of the T1-420 allows the SLGR RCVR to begin
outputting PVT fixes within about 2.5 minutes after set turn-on.

Other LRUs

The TRIMPACK SLGR can use an optional external FRPA/AE
unit that can be located up to 20 feet away in vehicle installations
(even farther away with low-loss cabling). The SLGR's integral
CDU features a front-mounted rotary switch plus snap-action data
levers for data entry along with a liquid crystal display. The
display provides integral backlighting for night operation and can
be read with night vision goggles. It is compatible with MGRS
position coordinate entry and display along with latitude and
longitude for horizontal operations.

Standard Digital User Interfaces
SLGRs provide none of the standard digital user interfaces.
Other Interfaces

SLGRs also provide none of the other typical UE interfaces.
The TRIMPACK SLGR does, however, include a data port for trans-
ferring data to/from other SLGR units or for use with an instrumen-
tation system. SLGR also offers a one-pulse-per-second timing
output.

Power

The SLGR is designed to operate using a wide range of
battery packs as its prime power source. It is compatible with a
twin-pack containing either two BA5800 (military) or two D cell
(commercial} lithium batteries. It is also capable of operation
using rechargeable nickel-cadmium (NiCad) batteries in a built-in
case or using an eight-pack of AA cells. The expected life of the
prime power battery packs at 23°C are: 21 hours for BA5800, 18
hours for commercial D cells, 6 hours for NiCad, and 4 hours for
AA cells. [n vehicular applications, the battery packs may be
replaced with a source of 9 to 32 Vdc power at 5 watts.
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5.1.3.10 The PLGR UE Set

PLGR is the generic name for the only LRU in a follow-on
effort to procure a very lightweight NDI UE set with PPS capabil-
ities for M/V use. The PLGR is still in the early acquisition phase
of the GPS NDI program. Candidate HVs for this UE set are
basically the same as for the SLGR.

The current concept for the PGLR is much like the SLGR—
except with PPS capabilities. This will, as a minimum, include SA.
The decision on whether the PLGR will require A-S capability
has not yet been made. Like the SLGR, the PLGR will be required

to work from a prime power battery in a manpack configuration.
In a vehicle configuration, the PLGR will operate from available HVY
power.

A feature which is very similar to one found in the MAGR, the
PLGR software will also be field reprogrammable to minimize
overall logistics costs over its life cycle.

The PLGR may be procured from one or more different
manufacturers. Under the current PLGR schedule, the request for
proposals should be sent to industry in the fall of 1991 with
contract awards the following spring. Further information on the
PLGR will be available from the GPS JPO at that time.
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5.2 HOST VEHICLE INTERFACE ADAPTORS

The HVIA comprise those items of the User Segment which
mechanically and electrically adapt the particular UE set to the
particular HV and its mission, but which cannot be considered a
direct part of the UE set or the HV. Common HVIA include equip-
ment mounts, connectors, and specialized electronic units needed
to convert between the input-output used by the UE set and those
used by the HV. In standard U.S. Air Force terminology, the HVIA
are referred to as the "Group A kit" items, and the UE set LRUs as
the "Group B kit" items.

In airborne applications, HVIA commonly consist of one of a
number of shock-isolated ATR racks. All of the airborne ATR racks
include a pair of front-mounted holddowns to engage the RCVR
LRU’s MS 14108-12C hooks and enable the unit to be mounted in
either an upright or inverted orientation. (Vertical mounting of the
RCVR LRU is not possible because of constraints associated with
its ovenized quartz clock.) The ATR racks for the RCVR-3A have
rear enclosures to enable connection between the unit’'s rear-
mounted DOD-C-83527 rack-to-panel interface connectors and the
HV wiring harness. The typical weight for these HVIA is about
7 pounds (3 kilograms). Connector strapping to activate the
various standardized digital user interfaces is normally handled by
jumpers in the HV wiring harness instead of by the HVIA.

In seaborne applications, the HVIA usually consist of enclo-
sures or consoles for the LRUs that make up the UE set. A
remote console unit (RCU) is used to house the primary CDU as
well as a secondary CDU whenever called for by the ship’s
integration concept. The RCUs enable the CDUs to be mounted
in several orientations: table-top, overhead, and bulkhead. The
RCU provides additional environmental protection for the CDUs,
particulary with respect to hull shock and dripping water.

Ground vehicle HVIA consist of a wide range of brackets for
mounting the MILSPEC manpack CDU and antenna LRUs on a

variety of surfaces as well as a vehicular power adaptor (VPA) and
a vehicle mount (VM). The VPA transforms and filters ground
vehicle (HMMWYV, CUCV, etc.) power to generate the regulated
voltages needed by the UE set when HV power is used instead of
relying on the UE set’s internal battery. The VM provides the
holddown mechanism for the RCVR LRU and the VPA in ground
vehicle applications. There are also NDI HVIA components for
ground vehicle use.

In certain airborne applications, a specialized HVIA unit is used
to drive analog flight instruments using a RCVR’s ARINC 429
digital interface output. This HVIA is known as the GPS "Digital-to-
Analog Converter" or DAC. The GPS DAC is a separate avionics
LRU in its own right. Procurement of the GPS DAC from Harris is
being managed by the U.S. Air Force Aeronautical Systems Divi-
sion (ASD) at Wright-Patterson AFB, OH. Paired with the DAC, the
UE-generated navigation outputs relative to a waypoint can be
converted to drive an aircraft's analog flight instruments and
annunciators in a manner emulating an ARN-118 TACAN receiver.
The TACAN output emulation is close enough (including conver-
sions from true to magnetic heading) such that users are able to
switch back and forth between GPS and TACAN as the source of
navigation information display almost without notice. The
operational differences between navigating with the UE-DAC
versus the TACAN are:

» GPS waypoint data entry/selection must be performed
using the UE set CDU instead of the TACAN frequency-
selection knob and horizontal situation indicator (HSI)
desired course set knob.

» The UE set can use a variety of RNAV routes, including
TO-TO and those defined by a moving waypoint, instead of
just the TACAN’s FROM-TO routes.

» The UE-DAC can provide vertical navigation information to
attitude director instruments whereas the TACAN is limited
to horizontal navigation only.
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5.3 AUXILIARY MISSION EQUIPMENT

Like HVIA, AME comprise User Segment items that are not
part of the UE set or the HV. instead, they are ancillary equipment
used to simplify UE set operation or to enhance the mission utility
of the GPS PVT information. The range of AME includes waypoint
data management systems, PPS cryptokey loading devices, and
mission planning systems. None of the AME items are absolutely
required, but most users find them nearly indispensable.

For the UE set to perform its navigation functions, the data
defining a waypoint must first be entered into the UE set’s
memory. Both the digital and CDU UE set user interfaces allow
the entry of waypoint data one point at a time. But entering the
waypoint data one point at a time is not very convenient,
especially if one tries to read the waypoint information from a map
or a chart and then key it in using the CDU in the cockpit in
midflight. As a result, the normal process for handling waypoint
data is for the user to enter the data for every waypoint that might
be needed for the mission into the UE set memory before
departure and then, during the mission, selecting the desired
waypoint using its mnemonic identifier.

However, consider the pre-mission workload this scheme
imposes on the driver, pilot, navigator, crew chief, etc. Since UE
sets can hold data for 200 waypoints (more in some NDI units),
manually entering the data for every waypoint that might be
needed is a tedious task and prone to keystroke errors. To
simplify the waypoint data entry process, an AME system known
as the "GPS data loader” was created. It consists of a loader
terminal, data modules, and receptacles. The loader terminal is a
computer-based workstation designed to facilitate waypoint
management (data entry, modification, and validation) in a user-
friendly manner. The data modules are solid-state memory
cartridges which can be plugged into both the loader terminal and
the receptacles. When a data module is plugged into the loader
terminal, the operator is able to select the desired waypoints,
then build and download an entire set of waypoint data into the

module. Once the download is complete, the data module can be
removed from the loader terminal, carried out to the aircraft, and
plugged into the receptacle installed in the cockpit. Since the
receptacies are normally wired directly to the UE sets, the module-
receptacle combination becomes sort of an external UE set
memory. And with waypoint data already preloaded in the data
module, the UE set can automatically read in the necessary
information at turn-on.

As an alternative to the GPS data ioader system, UE sets with
a MIL-STD-1553 digital user interface are capable of using the HV’s
own data loader system to enter the waypoint data into the UE set
memory via the 1553 interface.

Other data needed by the UE set are also often entered via the
GPS or HV data loader systems in addition to waypoint data. This
includes lever arm distances from the UE set antenna to the HV
navigation reference point (e.g., its center of gravity or INS), SV
almanac data, and the PPS keys. Fault isolation results from the
UE set BIT can also be loaded back into the data loader system
memory (GPS data module or HV memory device) to support
post-mission maintenance.

Much like a miniature data loading system, PPS cryptokey
loading devices are AME used to facilitate the entry of PPS keys
into PPS-capable UE sets. Even though PPS keys can be
manually entered via the CDU or by certain standard digital user
interfaces, use of a PPS key loading devices is preferred since it
makes the entry much easier, preventing keystroke errors as well
as providing an additional ievel of security. All PPS-capable UE
sets have an external connector that interfaces with either of the
two common PPS key loading devices: the KOI-18 tape reader or
the KYK-13 electronic key loader. As with other AME, these
devices are not part of the UE set. They are separate and distinct.
If you are authorized to receive PPS keys, you may obtain your
KOI-18 and KYK-13 devices by ordering them through COMSEC
channels. They are not available through the GPS JPO.
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The AME for mission planning provides the user end of the
Control-to-User interface described in paragraph 3.4.5 (ORMS). It
typically consists of a general-purpose desktop computer along
with various software programs to forecast the PVT accuracy and
related performance quantities for a particular type of UE set over
a geographic region or a specific location during a user-defined
time window.

These performance forecasts are needed by both mission
planning and UE set maintenance personnel. Mission planners
need the forecast information in advance to ensure adequate GPS
coverage for missions relying on GPS as the primary HV naviga-
tion aid. If the forecast indicates a DOP hole will be present over
the mission region during the planned mission time, then the
planner will need to examine just how deep the DOP hole will be
and whether the expected GPS accuracy will still satisfy the
required navigation accuracy for the mission phase planned for
that region/time. This awareness of the planned mission phase is
critical since much greater accuracy is required for navigating a
narrow channel on a foggy, moonless night than for navigating the
open seas on a sunny day. [f the forecast DOP hole is shallow
and the resulting accuracy is still sufficient, then the mission
planner need do nothing. But if the DOP hole is deep and the
forecast GPS accuracy is not adequate to safely perform the
particular mission phase, the mission planner will be faced with
three options:

1. Plan the mission based on the use of an alternate source
of navigation information for the location/time of the DOP
hole (visual sightings, coasting on an INS, altimeter aiding
of the UE set, etc.).

2. Reroute the mission to avoid the geographic area of the
DOP hole (just like routing around a storm).

3. Adjust the mission phase start/end times to avoid the
period of the DOP hole (often the easiest, since it may take
no more than adjusting the critical mission phase time a
few minutes earlier or later).

Another use of in-advance forecasting is to determine the
"best-time-on-target”. This application is common when planning
weapon delivery missions, but it can aiso be needed in other cir-
cumstances which also require maximum accuracy. In this type
of forecasting, the target coordinates are normally entered into the
mission-planning software and an accuracy forecast is generated
covering the total potential time window at the specific location.
The best (most accurate) times are then found by visually examin-
ing the forecast accuracy results. Mission planners will often be
able to choose from several different time periods that offer nearly
equal maximum accuracy during a day.

After-the-fact GPS performance forecasts are needed by UE
maintenance personnel to distinguish between user-reported
performance problems caused by UE set malfunctions and those
caused by SV malfunctions. Many post-mission maintenance
actions can be avoided altogether by judicious use of after-the-fact
forecasting. If an SV suddenly fails on orbit, then user reports of
unexpectedly poor UE set performance should be anticipated from
affected regions of the world beginning at the SV failure time.
None of these reports should result in UE set maintenance. But
when the user reports a problem and an after-the-fact GPS
accuracy forecast indicates no SV-related reason for the problem,
the UE set should be checked since it has most likely mal-
functioned.

There are important parallels between what the UE set soft-
ware does for real-time performance monitoring versus what the
mission-planning software does for in-advance and after-the-fact
forecasting. The UE set gets its SV almanac data directly from the
broadcast SiS and observes SV status in real time. The mission-
planning system gets its SV almanac-type data and scheduled/
unscheduled SV status change information from an ORMS node.
Since these inputs are functionally equivalent, the mission-planning
software can use the same basic algorithms as the particular type
of UE set to generate high-fidelity forecasts for its PVT valid /invalid
warning flag, FOM, and expected UNE/UHNE JUVNE values as
well as DOP hole depth for the selected set of four SVs. The main
limitation on the forecast fidelity is the inability of mission planning
software to predict UE-localized phenomena such as UE set LRU
failures, jamming, and antenna misorientation.
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5.4 SUPPORT EQUIPMENT

GPS SE comprise those User Segment items needed for
supporting the UE sets. SE includes intermediate-level and depot-
level maintenance equipment. SE can also include those items
needed to support integration of the UE sets into the various HVs
and to enable their initial checkout in the HV’s Systems Integration
Laboratory (SIL) and follow-on flight/sea/field trials. And, although
not really equipment per se, the technical manuals (TMs) needed
to support the UE sets are included in this category because of
their importance.

As described eadier, the MILSPEC UE set concept for organi-
zational maintenance relies primarily on the UE set’s internal BIT
to identify the failed LRU. At the next level up (intermediate
maintenance), fault isolation to the failed SRU is based on the use
of an ITS. There are three different ITS units, known as ITS-A, ITS-
B, and ITS-C. Each of the three ITSs consists of a mainframe unit
that is common to all and a series of plug-in modules that are
peculiar to each. The ITS-A has a plug-in module to support SRU
fault isolation for the three main LRUs that make up the AN/PSN-8
and AN/VSN-8 UE sets and their associated HVIA (the RPU-1, the
manpack CDU, and the VPA). The manpack FRPA LRU is con-
sidered a non-repairable assembly that does not require further
fault isolation. The ITS-B has a plug-in module to support SRU
fault isolation for the three 2-channel RCVRs (the RCVR-UH, RCVR-
OH, and RCVR-C4), the STD CDU, and the AE used with FRPAs
in airborne platforms. The ITS-C has the plug-in module for the
RCVR-3A, the STD CDU, and the AEs used with CRPAs and
FRPAs in airborne platforms. No ITS is required for the RCVR-3S
UE set components since the RCVR-3S has its own internal BITE
to accomplish SRU fault isolation. The [TSs do their own internal
fault isolation to prevent erroneous results. In addition to the [TSs,
which are peculiar to GPS, the AN/USM-486 muitimeter, the
AN/USM-488 oscilloscope, and a battery charger are common
support equipment (CSE) needed for intermediate maintenance.

The next level up from intermediate maintenance is depot
maintenance. This is where fault isolation to the failed hardware
component is performed and the repair/discard decision is made.
It has been decided there will be muitiple organic depots for the
MILSPEC equipment. They will each use the U.S. Army’s Inte-
grated Family of Test Equipment (IFTE) as depot-level ATE.
WR-ALC will be the Air Force depot and will develop the common
test program sets (TPSs). Tobyhanna Army Depot (TOAD), PA will
be the Army depot and will develop Army-unique TPSs. The Navy
will not establish a depot capability. These depots should reach
their initial operational capability (IOC) by September 1992 when
Rockwell-Collins’ PRW expires for the LRIP equipment. After I0C,
MILSPEC LRUs for which an organic repair capability has not yet
been established at the depots with their SE will be processed via
interim contractor support (ICS) arrangements with Rockwell-
Collins.

Just as with the MILSPEC hardware, the MILSPEC UE and ITS
software also requires support. WR-ALC has been selected as the
site for an ISF to provide this organic capability. This ISF will
contain the full range of SE needed to support the MILSPEC soft-
ware over the long term.

The SE necessary for UE integration, SIL checkout, and follow-
on flight/sea/field trials is dependent on the particular HV. Typical
SE required for these functions inciudes specialized UE set inter-
face emulators, single-channel signal generators (SCSGs), GPS
antenna couplers, buffer boxes (for interfacing the UE set RS-422
instrumentation port to various data collection and analysis
systems), data tape recorders, telemetry systems, jammers, and
data analysis stations (DASs) for quick-look examination. Select-
ing and obtaining the right SE is difficult; most HV managers
should thus refer to a service-specific integration/test agency for
assistance. For Air Force HVs, one such source is 6585th Test
Group at Holloman AFB, NM; for Navy HVs, the Naval Air Develop-
ment Center (NADC), PA is often used; and for Army HVs, the
Army DPM at the GPS JPO is a good starting point.
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6.0 USER EQUIPMENT TEST PROGRAM

6.1 PHASE |

6.1.1 Phasge | Test Activities

During Phase |, the concept validation phase of the GPS UE
program, engineering development models of UE sets were built
and tested by four contractors. Both in-plant and field DT&E
activities were performed by each contractor. The overall test
objectives were to validate the GPS concept, to identify preferred
set requirements, to define and bound systemn costs, and to
demonstrate GPS military and commercial UE set applicability.

In-plant testing was conducted at each contractor's facility.
Field testing was performed at YPG. Test activities were
coordinated by the GPS Joint Test Team under the direction of the
GPS JPO.

6.1.2 Phase | Test Results

Phase | testing began in March 1977. Since initial testing of
UE demonstration models began before any satellites were in
place, an inverted range was constructed at YPG to simulate four
GPS satellites using four ground transmitters.

A precision automated tracking system (PATS) consisting of
three ground-based laser trackers was used to precisely determine
HYV trajectories and the exact location of the UE set antenna over
the YPG test range. The PATS at YPG was one of the very few
systems in the world with sufficient accuracy to test GPS against.
As a rule-of-thumb, the evaluation system should be at least ten
times more accurate than the system under test. The real time
estimate (RTE) from the PATS met this objective with a position
accuracy of better than 1 meter. Although not an order of
magnitude better, the PATS RTE velocity accuracy of better than
0.1 meters per second was considered adequate for test range
use.

The four Phase | contractors developed various types of
demonstration UE sets that were uitimately hosted by a total of 11
test vehicles. The accompanying figure lists those UE sets, their
key characteristics, and their Phase | HVs.

During Phase | testing, excellent positioning, navigation, and
time transfer results were obtained. Some of these test resuits are
highlighted below:

* In mid-1978, using a mix of Block | satellites and ground
transmitters, the Magnavox manpack sets and the Texas
Instruments M/V UE sets were tested onboard an M-35
truck at speeds of up to 45 miles per hour. Mean north
position error was less than 2 meters and mean east
position error was less than 3 meters.

s Later in 1978, a Magnavox 4-channel X-set was tested on
a landing craft off San Clemente Island using three
developmental satellites and vertical (MSL) aiding. The
mean horizontal navigation error was less than 10 meters.

e Tests of the Texas Instruments HDUE set in a UH-1 hell-
copter with four-satellite coverage yielded mean horizontal
errors of 5 meters or less in early January 1979.

¢ Magnavox 1-channel Y-set tests conducted on the UH-1
yielded mean horizontal errors in the 10-meter range.
Again, a constellation of four satellites was in view.

Additional tests designed to demonstrate GPS capability inlanding
approach, vehicle rendezvous, harbor navigation, clock synchroni-
zation, and weapon delivery yielded Impressive resuits.
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PHASE | USER EQUIPMENT AND HOST VEHICLES

No. of
User Set Frequency Code Channels Contractor Host Vehicles
X L1 &L2 P 4 General Dynamics/ Mobile test van; landing craft; frigate;
C/A Magnavox truck; UH-1 helicopter; C-141, P3, F4
aircraft
Y L1 &L2 P 1 General Dynamics/ Landing craft; frigate; UH-1 helicopter;
C/A Magnavox C-141, P3 aircraft
z L1 C/A 1 General Dynamics/ C-141, P3 aircraft
Magnavox
GDM L1&L2 P 5 Rockwell-Collins C-141 aircraft
C/A
HDUE L1 &L2 P 5 Texas Instruments M-35 truck, UH-1 helicopter, C-141
C/A aircraft
MP L1&lL2 P 1 General Dynamics/ Foot soldier, armored personnel carrier,
C/A Magnavox truck, jeep, UH-1 helicopter
MVUE L1 &L2 P 1 Texas instruments Foot soldier, armored personnel carrier,
C/A truck, jeep, UH-1 helicopter
NOTES: GDM — General Development Model

HDUE — High-Dynamic User Equipment

MP  — Manpack

MVUE — Manpack/Vehicular User Equipment
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6.2 PHASE N
6.2.1 Phase il Test Activities

The Phase 1B User Segment development effort began in 1979
and continued through 1986. The Government selected two of the
Phase lIA contractors, Rockwell-Collins and Magnavox, to each
build a family of Phase Il UE sets and SE that were tested head-to-
head in competition for the follow-on production contract.

Like Phase |, the Phase il testing effort was divided into a
period of DT&E followed by a period of IOT&E. Both portions of
DT&E, in-plant and field test, were conducted primarily by the
individual contractors. Much of the in-plant testing was
accomplished using their prototype SE, such as satellite signal
generators and software simulators, which were developed during
Phase ll. In-plant DT&E also took place in the SiLs for several of
the HVs in order to check out the integration concepts and the
interfaces. The majority of the field DT&E was performed at the
YPG test range between 1982 and 1985. The two contractors’
equipment (plus instrumentation systems) were each installed on
their own individual paliets, and flown side-by-side in the cargo
bay of a C-141 aircraft or driven over the test range in identical
shelters carried on the back of a pair of M-35 trucks to preserve
the competitive environment.

For Phase Il IOT&E, the UE sets buiit by each contractor were
integrated with and tested on seven representative military HVs
(see the accompanying figure). The IOT&E testing was conducted
with military operators and the test data was analyzed by
Government personnel. The responsible test organization (RTO)
for Air Force testing was AFOTEC; for Navy testing, OPTEVFOR,;
and for Army testing, it was OPTEC. Only a small portion of
IOT&E could be conducted at YPG because of the need to
evaluate the equipment in operational scenarios and because of
the inability of YPG to support some of the HVs.

In the Air Force portion of IOT&E, the 5-channel UE sets built
by Rockwell-Collins and by Magnavox—both of which had a

configurable MIL-STD-1553A/B data bus and an in-air INS
alignment capability—were installed and tested on the F-16 fighter
and the B-52 bomber. The Air Force also tested the two 1-channel
manpack UE sets to determine their utility as a positioning aid in
forward air controlier (FAC) missions.

in the Navy portion of IOT&E, a 5-channel UE set from each
contractor was tested on an A-6E attack aircraft. These UE sets
interfaced with the onboard IMU, bomb/nav computer, navigation
flight instruments, and automatic carrier landing system. One
unique feature of these A-6E UE sets was their ability to perform
the ballistic (gravity) weapon delivery computations using a hybrid
GPS/IMU solution and then to drive the flight instruments toward
the drop point and issue the release signal when the closest point
of impact was reached. Testing of the A-6E integration was also
focused on demonstrating accurate 'iLS type" instrument
approaches and en route navigation. Other Navy testing included
5-channel UE sets installed on an attack submarine. Aithough
these UE sets were not interfaced with the sub’s inertial systems,
they did have an interface with the onboard atomic clock system.
They could therefore be used in testing the rapid signal acquisition
capabilities (i.e., REAC-2 and TTFF-2). Intesting aboard an aircraft
carrier, 2-channel UE sets were configured to interface with the
SINS, the Mk 19 gyrocompass, and the NTDS. The 1-channel UE
sets were also tested in marine and special operations mission
applications.

In the Army portion of IOT&E, OPTEC tested 2-channel UE
sets integrated into UH-60 helicopters. These UE sets were sub-
stantially different from the 2-channel UE sets used in the Navy's
aircraft carrier testing. These UE sets were designed for integra-
tion with the UH-60’s AN/ASN-128 DRVS and were capable of
operating in GPS-only, DRVS-only, and GPS-DRVS hybrid modes
(very similar to the Phase ill RCVR-UH). The Army also performed
extensive testing on the 1-channel UE sets in M/V applications.
The main vehicle used was the M-60 tank, although operations on
several other platforms, including a number of Army watercraft,
were also evaluated.
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PHASE Il USER EQUIPMENT AND HOST VEHICLES

HV and No. of Phase Ili
User Set' Frequency Code Channels Contractors? Special Features Legacy
F-16 and B-52 L1 & L2 P 5 Rockwell-Collins, MIL-STD-1553 interface with RCVR-3A

C/A Magnavox pinselectable configurations
A-6E L1 &L2 P 5 Rockwell-Collins, Extra computer in UE for None
C/A Magnavox weapon delivery computations
Submarine L1 &12 P 5 Rockwell Collins, Atomic clock, SING, NTDS, RCVR-3S
(SSN-688 C/A Magnavox synchro Interfaces
Class)
Carrier (CV-64 L1 & L2 P 2 Rockwell-Caollins, SINS, NTDS, synchro RCVR-3S
Class) C/A Magnavox interfaces
UH-60 L1&L2 P 2 Rockwell-Collins, AN/ASN-128 DRVS functions RCVR-UH
C/A Magnavox
Manpack, M- L1 &L2 P 1 Rockwell-Collins, Manpack and vehicular RPU-1
60 C/A Magnavox operation
NOTES: 1 The Phase Il UE sets were designed specifically for their HV(s)

The two contractors built almost identical families of UE sets

3 SINS, NTDS, and synchro interfaces were not used during Phase ||
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6.2.2 Phase Il Test Results

The Phase Il test objectives were grouped into several areas.
UE set performance tests focused on PVT accuracy as well as on
REAC, TTFF, TTSF, and signal reacquisition times. The integration
of the UE sets into their respective HVs in a production look-alike
manner provided test data relative to external aiding concepts,
IMU/INS alignment applications, aircraft approach and landing,
point-to-point navigation, rendezvous, and weapon delivery
enhancements. The UE sets were subjected to simulated elec-
tronic warfare and nuclear threats to measure performance in
hostile environments. Adverse environmental tests were also
conducted to validate ruggedness in military operations and to
assess reliability. Throughout the Phase Il test program, operator
proficiency was monitored to evaluate the adequacy of the
selected military occupational specialty/skill levels and the training
program. Overall suitability was another major objective which
covered many of the ™ility" aspects of the UE program.

6.2.2.1 Performance and Integration Test Results

The Phase Il testing proved the operational merits of GPS.
The UE sets consistently provided accurate resuits, even under
high dynamics and in adverse conditions. In stand-alone
operation, the high-quality PVT and related navigation data
substantially enhanced the combat commander’s ability to perform
his or her mission. And when synergistically integrated with an
HV's on-board systems, the UE-derived information improved
overall mission success with significant gains in both navigation
and weapon delivery effectiveness. A summary of the Phase Il UE
set positioning accuracy achieved with the various HV integrations
is given on the accompanying figure.

In Air Force testing, successful in-flight INS alignment and drift
corrections were performed on the F-16 and B-52. In these HV
integrations, the GPS position and velocity data were sent via the
MIL-STD-1553 data bus to the main HV navigation computer where
they were then weighted and combined with the INS-derived data
in the HV Kalman filter. The integrated Kalman filter output data

was used to update the INS. Ground gyrocompass alignment of
the INS was also successfully performed using the same basic
procedure. The UE-derived waypoint steering feature was tested
in RNAV operations as was the capability of the F-16 integration to
use the GPS PVT for non-precision approaches with an airborne
instrument landing system aid onboard the aircraft. The GPS
rendezvous ability was also demonstrated in F-16 testing, allowing
the aircraft to fly a converging path to a moving waypoint.

The FAC scenario tests performed during Phase |l proved that
when a FAC is equipped with a 1-channel M/V UE set, self-
location and navigation capabilities were vastly improved. This, in
turn, will lead to an improvement in the target coordinates
provided to associated close air support aircraft.

In Navy testing, the A-6E integration concept for a very tight
coupling between the RCVR and the IMU allowed extremely
accurate results to be achieved. This tight coupling scheme was
tested on the A-6 partially because of the availability of high-rate
data from the A-6 IMU and partially because the A-6 UE set RCVR
had an extra computer inside of it which was able to take
advantage of the extra accuracy for application in its ballistic
weapon delivery computations. (Weapon delivery results for the
A-6 as well as the F-16 and B-52 will be addressed later). The
instrument landing trials conducted with the A-6 proved GPS
capabilities to be more than adequate for nonprecision
approaches.

During testing of the 2-channel UE sets on the Navy aircraft
carrier (CV), operations evaluated included: navigation in harbors,
precision anchoring, man overboard, and point-to-point navigation.
Both contractor's UE sets demonstrated excellent position
accuracy and added long-term stability to the SINS output. The
continuously updated position data enhanced mission capabilities
in all areas tested. Similar results were obtained during tests
conducted onboard the submarine (SSN) with the 5-channel UE
sets configured in a stand-alone mode. Signal acquisition trials
demonstrated satisfactory REAC-2 and TTFF-2 times.
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PHASE Il GPS HV INTEGRATION TESTS
SUMMARY OF POSITION ACCURACY

LATE IN
TEST PROGRAM

SSN
CHRONOLOGICAL
ORDER OF
F-16 INTEGRATION
MV
UH-60
EARLY IN
Ccv TEST PROGRAM
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Operational usability tests of the 1-channel M/V UE sets were
conducted by the Navy in a marine environment aboard the Sea
Fox boat. To avoid duplication with Army tests of the same
equipment, only Navy-unique scenarios were conducted. The
main objective was to determine GPS mission enhancement. in
its stand-alone configuration, the set met all planned objectives,
providing better than 12-meter accuracy in all environments and
greatly enhancing those missions for which it was tested.

Army Phase Il IOT&E was conducted in two subphases. The
developmental testing (DT-liA) was completed on the 2-channel
and 1-channel UE sets. Both UE sets from each contractor were
deemed capable of meeting the technical performance criteria
established for the fully operational system. The operational
testing (OT-ll) was conducted with the 1-channel UE sets in
various M/V configurations and the 2-channel UE sets installed in
the UH-60. Major test issues addressed during OT-il included
mission performance, EMI/EMC, vulnerability, and reliability /avail-
ability/maintainability (RAM). OT-li also yielded additional data
relative to logistics, training, doctrine, deployment, human factors,
and safety. Some of the most critical results to come from these
tests were an observed mean time between operational mission
failure (MTBOMF) of 45 hours for the Rockwell-Collins M/V UE set
and 108 hours for the Rockwell-Collins UH-60 UE set. The
MTBOMF values for the two Magnavox UE sets were similarly iow.

6.2.2.2 Weapon Delivery Results

Weapon delivery was significantly enhanced by integrating
GPS with the aircraft's bomb/nav systems. The accompanying
figure shows the bombing results for a series of low-level, passive,
ballistic (gravity) weapon delivery sorties. For each aircraft, these
are the unedited results (all drops shown) for the particular test
sequence. For comparison, the radar baseline (active emission)
accuracies are also shown.

These weapon delivery tests were generally accomplished by
using the 1-channel M/V UE sets to determine the exact
coordinates of a survey marker located at random on the test
range. The coordinates of the marker were then relayed to the
aircraft as its intended target. This was much the same way that
a GPS-guided FAC would radio up target coordinates to a close
air support aircraft.

In addition to these low-level bombing tests, many other
weapon delivery applications were tested. These included high-
altitude drops, high-drag munitions, and toss bombing appli-
cations. One of the most notable weapon delivery enhancements
was found in the area of guided (smart) munitions where target
handoff and acquisition were greatly improved using the very
accurate position data from GPS.

6.2.2.3 Phase Il Summary

Phase Il revalidated GPS technology, feasibility, and the
significant enhancements the system offers to military users. It
also allowed seiecting one contractor's UE set designs over
another based on the head-to-head competition. The Phase Hl
testing ended, however, with a number of deficiencies still present
in the winning contractor's equipment. Among the conclusions
reached from the analysis of these deficiencies were: the UE set
software did not fully mature during Phase Il; the reliability was not
satisfactory; the technical data, TMs, and SE were inadequate to
operate and support the UE sets (although they did not prevent
the completion of testing); and there were varying degrees of
success with the Phase Il UE/HV integrations. As a result of these
findings—in particular, the low reliability—several hardware and
software improvements were identified, along with repackaging
requirements, for inclusion in the LRIP effort and for retest during
Phase Il
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GPS LOW-LEVEL BALLISTIC WEAPON DELIVERY

B-52G
1200/6500 AGL* F-16A 1500 AGL* A-6E 1000 AGL*
18 RELEASES 46 RELEASES 24 RELEASES
RADAR RADAR RADAR
BASELINE BASELINE BASELINE

AGL* = ABOVE GROUND LEVEL (FT)
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6.3 PHASE i
6.3.1 Phase lll Test Activities

The GPS UE Phase IIl LRIP effort began in 1985 and will
continue through 1992. Rockwell-Collins was the winner of the
Phase II competition and is the Phase il LRIP contractor.

The MILSPEC UE set configurations selected for production
during Phase 1l differ somewhat from those originally developed
during Phase li. The most visible differences are the result of
repackaging decisions, but there are also many internal hardware
and software improvements to remedy deficiencies found by the
Phase |l testing. The F-16/B-52 UE set developed in Phase Il
stayed basically the same and is how the RCVR-3A UE set. The
A-6E UE set was dropped from the Phase Ill production because
it was found to be more cost effective to upgrade existing HV
bomb/nav computers to take advantage of GPS accuracies than
to continue with unigue airborne UE set configurations. The
separately configured submarine and aircraft carrier UE sets from
Phase |l were combined to make the RCVR-3S UE set (i.e, the
5-channel receiver and atomic clock interfaces from the SSN set
plus the external antenna, dual CDU, and digital interface
capabilities from the CV set). This minimized the logistics costs by
having a single shipborne configuration to support. The UH-60
and M/V UE sets from Phase li changed little to become the
RCVR-UH and RPU-1 UE sets of Phase llil. The two new RCVR
configurations of Phase lll came about in two different ways: the
genesis of the RCVR-OH was much like combining the 2-channel
RCVR-UH with the MIL-STD-1553 interface from the RCVR-3A,
whereas the RCVR-C4 was a nearly new development in order to
respond to HV-unique requirements.

Because of the changes in the Phase Il UE sets, a major
retest effort was undertaken on the redesigned equipment. To
permit the collection of sufficient data to demonstrate reliability
growth, a large part of the testing in Phase lll was (and continues

to be) dedicated to verifying reliability-related design improve-
ments. The Phase lil test program is being conducted in accor-
dance with an integrated muitiservice test and evaluation master
plan coordinated through each of the military services.

There are two types of testing in Phase lil. The first was
continued DT&E which consisted of in-plant, HV SIL, modification
center, specialized Government laboratory, and field testing.
Unlike Phase | and i, the in-plant testing was focused on an
intensive test, analyze, and fix (TAAF) program to ensure the
adequacy of the Phase Il problem fixes and technology improve-
ments in the Phase il pre-production equipment before it ieft the
factory. Field DT&E was done with operational HVs using produc-
tion integrations. The Phase Il DT&E program managed by the
GPS JPO, began in 1987 and was completed in 1989. The resuits
are described in paragraph 6.3.2.

The second type of Phase Ill testing is operational test and
evaluation (OT&E). This includes both the follow-on OT&E
(FOT&E) for those items initially covered during Phase Il as well as
IOT&E for the new items developed during Phase 1ll. As during
Phase Il, the RTOs for Air Force, Navy, and Army OT&E are
AFQTEC, OPTEVFOR, and OPTEC. The scope of the Phase iil
OT&E effort is iliustrated by the accompanying table. 1t will be
completed in time for the Milestone IiIB full-rate production
decision. FOT&E after Milestone liIB may be continued by the
individual services as required.

The NDI UE sets were not incorporated into the Phase il
program. Instead, they are subject to their own individualized
evaluation programs since it is not appropriate to test them against
the MILSPEC requirements. The scope of these evaluation
programs has been to verify the equipment performs as claimed
by the manufacturer and will satisfy the intended military mission.
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6.3.2 Phase lil DT&E Results

The primary goals of Phase lll DT&E were to evaluate the
technical characteristics of the equipment, ensure compliance with
the specifications, and verify the correction of Phase Il defi-
ciencies. Towards these goals, a set of eight specific DT&E
objectives were developed:

1. Measure functional performance of the equipment to
verify specification compliance.

2. Validate the LRIP contractor correction of Phase i
deficiencies.

3. Verify GPS UE compatibility, integration, and interoper-
ability with the HV and operating environment.

4. Gather reliability data to identify design/parts deficiencies
and verify the contractual reliability specifications by
projecting demonstrated results to system maturity.

5. Verify the ability of the UE sets to be maintained using
TMs, BIT/BITE, and SE.

6. Gather data to validate the TMs.

7. Verify physical design requirements of the UE sets with
respect to nuclear, biological, and chemical (NBC)
contamination.

8. Measure UE performance under the specified jamming
conditions and evaluate compliance.

Within each of these specific DT&E objectives, there were
many individual test criteria for each major MILSPEC equipment
item tested. For example, every one of the deficiencies identified
in Phase il was a criterion for evaluation under DT&E objective 2.

Due to the detailed technical nature of several Phase ill DT&E
objectives, much of the testing was accomplished by specialized
government laboratories. For the field test portion, specialized
HVs were also used in the early part of the program. They
included a rocket sled for high-dynamic testing of the RCVR-3A
and an instrumented bus for testing of the RCVR-3S on shore.
The formal field tests were all done with the operational HVs using
production integrations. The HVs used for RCVR-3A testing were
the F-16 and SH-60B aircraft. The HVs for the RCVR-3S were the
CG-28 and FFG-20 ships along with the SSN-665 submarine. The
RCVR-UH was tested on the UH-60. The RPU-1 was tested in the
manpack configuration as a stand-alone unit and in the vehicle
configuration on the HMMWYV, the CUCYV, and the Sea Fox boat.
The ITS units were tested by maintenance personnel in an
operational setting.

Easily the most significant result from Phase {li DT&E was the
successful correction of most Phase il deficiencies related to UE
set reliability (@ combination of objectives 2 and 4). These
reliability deficiencies were, after all, the main reason that Phase lli
started as an LRIP effort instead of going directly into full-rate
production. For the RCVR-3A UE set, all of the Phase 1l deficien-
cies against it (both those related to reliability and otherwise) were
fixed and verified during DT&E. Correspondingly, none of the
RCVR-3A UE sets had an operational mission failure during a total
of 375.4 hours of accumulated flight test time. Likewise, all of the
RCVR-3S UE set deficiencies were closed out and the tested units
suffered only 9 failures in 10,191 operating hours to give an
MTBOMF of 1,132 hours—already above its mature specification
value. The demonstrated reliability of the ITS units were aiso well
over the required 1,000-hour MTBOMF.

Correcting the Phase Il deficiencies against the RCVR-UH and
RPU-1 UE sets also improved their reliability over the Phase li
figures, but not enough. During Phase lil DT&E, the RCVR-UH UE
sets were only able to achieve an MTBOMF of 128 hours while the
RPU-1 UE sets demonstrated 79 hours MTBOMF. Subsequent
analysis found most of these operational mission failures were due
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primarily to a small number of residual software bugs that
reoccurred repeatedly under certain field test conditions. These
bugs have been fixed, and the reliability of these UE sets is under
retest during Phase Il OT&E.

The functional performance testing conducted during Phase Ili
DT&E (objective 1) has generally continued to show the same
better-than-specification performance found during Phase II. In
testing against the required 16 meter SEP accuracy, RCVR-3A UE
sets achieved 11 to 15 meter SEP, RCVR-3S UE sets achieved 5.5
meters SEP, RCVR-UH UE sets achieved 10 to 12 meter SEP, and
RPU-1 UE sets achieved 9 to 12 meter SEP. The same type of
better-than-specification performance was found for other technical
criteria such as the UTC time accuracy and REAC/TTFF. One
area in which all tested UE sets fell short was in their velocity
accuracy under high dynamics ("high" being relative to the
individual requirements for each type of UE set). These velocity
determination problems are being addressed in Phase Iil OT&E.
The 1TSs were also found to perform well, with only a few minor
exceptions found in the ITS-B and ITS-A.

As noted earlier, the Phase Il deficiencies related to reliability
were tested successfuily. The same was true for almost ail other
Phase Il deficiencies (objective 2). The only notable exceptions
occurred in the case of the RPU-1 UE sets where some problems
remain in the environmental, EMC, and NBC contamination areas.
However, none of these problems were considered severe enough
to impact the start of Phase I OT&E.

For the DT&E objective of verifying GPS UE compatibility,
integration, and interoperability (objective 3), the HV integration
concepts and designs were as much the focus of the test as the
particular UE sets. The results for the RCVR-3A UE set integrated
into both the F-16 and the SH-60B were very good. The accom-
panying figure shows the results from a representative test flight
with the F-16. The particular HV integration concept here is for the
GPS data to be used by the F-16's fire control computer (FCC) in
conjunction with data from the INS to develop a "best estimate"

on-board position solution. As can be seen, the FCC solution
follows the GPS solution very well. Another aspect of this
particular integration concept can be seen in the long-term drift of
the INS. Since this particular design called for the INS to be
periodically reset rather than calibrated using data from the UE set,
the drift-reset sawtooth behavior of the INS shown here is a
characteristic of this type of integration. Similar results were also
found with the RCVR-3S in integrated configurations with various
shipboard INSs. Resets and at-sea calibrations of the INSs were
also performed successfully. Other than the RPU-1 problems
noted earlier in the EMC area (which also affected its operation in
vehicles), only minor integration probiems were found during
DT&E. These problems have been fixed, and are under retest
during OT&E.

The Phase lll DT&E results for maintainability (objective 5)
were very favorable, with all items either meeting or exceeding
requirements. The TM results (objective 6) were also positive, with
every TM being validated (except for the depot-level TMs, which
were still in development). The results of the physical design
requirement verifications (objective 7) were generally acceptable
except that antennas were rated marginal, and the already known
RPU-1 NBC deficiency. The UE set results under jamming
(objective 8) were within specification whenever a FRPA system
was used. With both a CRPA system and INS aiding, the RCVR-
3A UE set achieved an outstanding robustness against the
jamming threat.

Based on the overall results from Phase lil DT&E, the various
equipment items tested were each certified by the GPS JPO as
ready to proceed on to OT&E between mid-1989 and early 1990.
These certifications included the two 5-channel UE sets (the
RCVR-3A and RCVR-3S), the 2-channel UE set for helicopter use
(the RCVR-UH), and the 1-channel UE set (the RPU-1). Also
centified for inclusion in OT&E were the three ITS units (the ITS-C,
ITS-B, and ITS-A).
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F-16 FLIGHT TEST DATA PORTRAYAL

15 NOVEMBER 1988
GPS AVERAGE HORIZONTAL ERROR (CEP)
GPS AVERAGE VERTICAL ERROR (LEP)

70-
60
50-
404
@
o w 30
6 &
s 20
10-
0 T 1 s T T U 14 ¥ LY LY | S ] 1 1] 1 1 1] 1 + 1 Rl L 1 N 1 i) T ]
15:30 15:40 15:50 16:00
& FIRE CONTROL + INS ¢ GPS

153




6.3.3 Phase Il OT&E Results

Phase Il OT&E for the various UE sets and ITS units began
soon after each equipment item was certified ready by the GPS
JPO. The two 5-channel sets were the first to start OT&E in mid-
1989 along with the ITS-C. Then the 1-channel UE set was
sequentially certified for Air Force, Navy, and Army testing along
with the ITS-A. The final JPO certifications were for the 2-channel
UH-60 set and the ITS-B in early 1890. UE set configurations and
HV integrations evaluated during OT&E were basically the same as
DT&E, but with several hardware and software updates
incorporated to resolve previously identified problems.

The Phase Il OT&E programs initially ran from three to six
months on each HV. They were independently conducted by the
same test and evaluation organizations that performed Phase i
IOT&E. Aithough conducted independently, a great deal of multi-
service coordination between the RTOs and the JPO occurred to
minimize the duplication of scenarios and to maximize test data
collected across a broad spectrum of operational missions.

Air Force testing of the RCVR-3A UE set in the F-16 and the
RPU-1 UE set was conducted by AFOTEC. The F-16 testing
began with operational pilots verifying GPS enhancement of the
F-16’s navigation capabilities and in-flight INS alignment. Combat
control teams tested the RPU-1 performance by parachuting from
an aircraft and using the set to guide them to a predetermined
location where they used it successfully to lay out an austere
runway.

Navy tests of the RCVR-3S UE set aboard a CG and a SSN,
the RCVR-3A UE set in the SH-60B, and the RPU-1 UE set on a
Sea Fox were conducted by OPTEVFOR. Mission scenarios for
the RCVR-3S included all operations conducted by the HVs while
on routine deployment (e.g., open ocean transit, harbor piloting,
weapon targeting) in the normal EMI environment. The SH-60B
testing also addressed UE compatibility in routine HV operations.
The Sea Fox scenarios focused on missions such as reconnais-
sance, infiltration, and amphibious landings.

Army OT&E for the RPU-1 UE set by OPTEC concentrated on
Army-unique tactical scenarios. These included: Signal Battalion
troops using the set in M/V configurations to navigate to
preplanned locations for positioning of communication equipment
and relays; Artillery Battalion troops updating position and azimuth
determining system (PADS) equipment and supporting field
artillery and air defense (Patriot) site selection; Rangers and
Special Forces surveying sites for Trailblazer, Teampack, and other
intelligence collection assets; and Army watercraft navigation. The
tests of the RCVR-UH UE set aboard the UH-60 at Ft. Huachuca,
AZ and Ft. Lewis, WA were the last OT&E program completed.
These tests exercised the fully integrated capabilities of the UH-60
helicopter in a'wide variety of short- and fong-range tactical and
support missions. Corridor, moving waypoint, linkup, and emer-
gency instrument approach missions were validated.

The results from Phase Il OT&E clearly demonstrated satisfac-
tory GPS operational effectiveness. This finding covers the criteria
of functional performance, survivability, mission enhancement, and
UE compatibility/interoperability. These results, however, did not
demonstrate satisfactory GPS operational suitability. As before,
the RPU-1 and RCVR-UH UE sets failed to meet their reliability
requirements. There were also certain suitability issues that were
not fully evaluated on the RCVR-3A UE set.

in response to the unsatisfactory operational suitability finding
from OT&E, another TAAF effort was conducted on the UE sets
through the end of 1990. An additional Phase lil period of
extended operational testing (EOT) began at the start of 1991 to
verify correction of the operational suitability issues. This EOT is
currently going on with a scheduled completion date before Mile-
stone llIB. To streamline the evaluations, the Air Force is only
testing RCVR-3A UE sets while the Navy tests the RCVR-3S UE
sets and the Army tests the RPU-1 and RCVR-UH UE sets. To
maximize the number of flight test hours, the scope of the Air
Force EOT has been expanded to include the B-52, MH-53, and
RC-135, as well as the F-16. The scope of Navy testing likewise
now includes a CV, an FFG, and an SSN.
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6.4 OTHER TESTING

In addition to the formal Phase I/11/1ll UE set test programs,
a number of other tests have demonstrated the robustness of the
system, expanded the range of potential applications, or showed
the practical utility of GPS.

In order to check the interoperability of the Block il SVs with
the existing OCS and UE sets prior to the first launch (to prevent
a "Hubble Telescope” mistake), a series of system level interface
compatibility (SLIC) tests were conducted at Cape Canaveral AFS
with a Block Il SV powered up and transmitting while still on the
ground. For these tests, a Block il SV was connected to a hemi-
spherical broadcast antenna and was sent a data upload from the
OCS to make it behave as if it were in a geosynchronous orbit
located over Cape Canaveral. The various types of UE sets
(MILSPEC, NDI, and civilian) then attempted to track its L-band
signals, as well as those from on-orbit Block | SVs, for interface
compatibility evaluation. An added complexity of the SLIC tests
was that they were the first opportunities to test many SA and A-S
features end-to-end with the operational equipment. Even with this
unusual test setup, the system interfaces worked exactly as
designed and the tests were successfully completed. Based upon
the SLIC test results, the way was cleared for the first Biock Il SV
launch in February 1989.

For certifying GPS as a primary instrument for en route and
approach-to-landing navigation, the Air Force Instrument Flight
Center (IFC) is developing the terminal instrument procedures
(TERPS), aircrew procedures, and charting requirements (e.g.,
FLIP products) for DoD use of GPS in the NAS. The baseline plan
for using GPS in the NAS is to use it to emulate existing radio-
navigation systems (TACAN, VOR/DME, etc.). To test this emula-
tion capability along with the newly developed procedures and
charts, the IFC is integrating the RCVR-3A and the DAC with the
existing flight instruments on a pair of T-39 aircraft. The first part
of the T-39 testing has already demonstrated GPS capabilities to
emulate ground-based systems at YPG. The second part of the
testing will examine potential improvements in instrument proce-
dure design and will expand to cover several NAS locations

through 1992. The results of this effort may flow back into the
ongoing negotiations between civilian users, the DoD, the DoT,
and ICAQ, ultimately leading to the approval of GPS for general
aviation use as a sole-means-of-navigation system.

In actual military applications, GPS played only a minor role in
operations of the 1980s. The small humber of available UE sets
plus the short satellite coverage windows limited GPS use in
operations such as those in Grenada and Panama to relatively low
levels. However, the rapidly growing number of UE sets now in
the DoD inventory (particularly SLGRs) and the tremendous
increase in satellite coverage afforded by the Block 1l SV launches
are combining to make the 1990s the decade of GPS. Nowhere
has this been demonstrated more forcefully than the recent conflict
in Southwest Asia.

During Operations Desert Shield and Desert Storm in 1990-
1991, GPS proved its practical utility in a major way. Almost every
available UE set was sent over to support the troops where GPS
was called “the single most important piece of new gear in the
desert". Although this was not a true test, it is hard to imagine a
more realistic scenario in which to demonstrate/validate the
military use of GPS. The system found its way into nearly every
operation conducted by allied forces. Some of the more inter-
esting unclassified ground applications were:

e Locating and patrolling international borders that are
literaily no more than lines in the sand.

» Establishing and returning to clandestine refuel and rearm
supply points.

= Noting the coordinates of a vehicle breakdown and later
using GPS to return to those same coordinates to retrieve
the vehicle and the troops left to guard it.

* Preventing supply trucks from getting lost either because
drivers cannot read road signs written in Arabic or
because there simply are no roads.
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7.0 SUMMARY

From the foregoing system overview, it should be recognized
that the Navstar Global Positioning System has evolved into a
highly accurate (16-meter, 3-D position accuracy), worldwide, all-
weather navigation system applicable to the needs of both the
military and civil communities. The results from Phase | verified
that the system operated as conceptualized and that the accuracy
goals established were achievable in a variety of HVs—in the air,
on land, and at sea. Phase i of the program further substantiated
this verification process by ensuring that the system operates
successfully in a military environment under various mission-
oriented conditions. Phase [l is producing a family of RCVR and
other LRUs that can be configured by a prospective user into a UE
set that fits his/her particular application.

Rockwell-Collins (LRIP/CLRP), SCI Technology/E-Systems
(CLRP), and other manufacturers are now producing a family of
MILSPEC LRUs in limited quantities. Deliveries to the participating
services and agencies began in October 1988. Full-scale produc-
tion will begin after the Milestone lIB.

In addition to the MILSPEC LRU production, NDI efforts
currently under way will provide alternatives in GPS UE set
technology, design, and capabilities. This multifaceted approach
to GPS UE development was established to meet the broad range
of user requirements as well as achieving low life-cycle and
maintenance support costs.

Consequently, GPS has been selected by the U.S. Govern-
ment to supplement and/or replace other radionavigation systems
currently in use. To support this selection, the DoD has deter-
mined that all GPS UE-equipped military aircraft will use the PPS
for flight in the NAS and will require its use in any other direct
combat support operations. Furthermore, the DoD and DoT have
established a policy to guarantee civil access to the GPS. The
SPS users will be able to determine their positions to within 100
meters (2 drms) once the system becomes operational. Selected
civil users may also qualify to get PPS access to full system
accuracy. This overall DoD policy on civil access was established
to balance the national security needs against the practical
requirements of civil aviation, maritime, and ground-based users.
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GPS - FOR TODAY AND TOMORROW

GPS IS THE ONLY NAVIGATION SYSTEM THAT WILL
FULFILL ALL OF THESE AND OTHER USER NEEDS

CLOSE SUPPORT, COMMON
GRID COORDINATION

ENROUTE NAUTICAL AND
AERONAUTICAL NAVIGATION

TIME TRANSFER

MINE LAYING AND
SENSOR DELIVERY

RANGE INSTRUMENTATION

FIELD ARTILLERY AND
SHORE BOMBARDMENT

PHOTOMAPPING,
PHOTOTARGETING,
COORDINATE BOMBING

PRECISE RENDEZVOUS,
REFUELING, RESCUE, RESUPPLY

ANTI-SUBMARINE WARFARE

HARBOR CONTROL

ALL WEATHER LANDING
APPROACH AIDS

RIVERINE AND SMALL
CRAFT OPERATIONS

GEODESY AND SURVEY

VTOL, STOL, AND HELICOPTER
TAKEOFF, LANDING, AND
CRUISE OPERATIONS
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AE

AFB
AFLC
AFOTEC
AFS
AFSC
AFSPACECOM
AHRS
ALC

AM

AME
ANM
ANVIS
AQL

A-S

ASD
ATE

ATR

ATR
AUTONAV
AVIM
AVUM

Baro
BIT
BITE
BRA-34
BRG

C/A-code
CADC

8.0 ABBREVIATIONS AND ACRONYMS

Antenna Electronics

Air Force Base

Air Force Logistics Command

Air Force Operational Test and Evaluation Center
Air Force Station

Air Force Systems Command

Air Force Space Command

Attitude and Heading Reference System
Air Logistics Center

Amplitude Modulation

Ancillary Mission Equipment

Automated Notice to Mariner

Aviator’s Night Vision Imaging System
Advanced Quick-Look

Anti-Spoofing

Aeronautical Systems Division (AFSC)
Automatic Test Equipment

Austin Trumbuli Radio

Air Transport Racking

Autonomously Navigate; Autonomous Navigation
Aviation Intermediate Maintenance
Aviation Unit Maintenance

Barometric (Altimeter)
Built-In Test

Built-In Test Equipment

A type of submarine antenna
Bearing

Coarse Acquisition Code

Central Air Data Computer

Clock Bias

Clock Drift

Code Division Multiple Access
Control Display Unit

Circular Error Probable
Composite Global Sample Space

CHAALS

CLRP
COMSEC
CRPA
CSE
CSOC
Cucv

cv

CVw

2-D
3-D
DAB
DAC
DAS
dBwW
DGPS
DMA
DME
DNSS
DoD
DOP
DoT
DPM
DR
drms
2 drms
DRVS
DSARC
DT
DT&E
DTK

EDOP
EFIS

Coherent High-Accuracy Airborne Location
System

Continuing Low-Rate Production

Communications Security

Controlled Reception Pattern Antenna

Common Support Equipment

Consolidated Space Operations Center

Commercial Utility Cargo Vehicle

Cryptographic Variable;

Designator for an Aircraft Carrier

Weekly Cryptographic Variable

Two-Dimensional
Three-Dimensional

Defense Acquisition Board
Digital-to-Analog Converter

Data Analysis Station

Decibels with Respect to One Watt
Differential GPS

Defense Mapping Agency

Distance Measuring Equipment
Defense Navigation Sateliite System
Department of Defense

Dilution of Precision

Department of Transportation
Deputy Program Manager

Delta Range

Distance Root Mean Square

Twice the Distance Root Mean Square
Doppler Radar Velocity Sensor
Defense Systems Acquisition Review Council
Developmental Testing
Developmental Test and Evaluation
Desired Track Angle

East DOP
Electronic Flight Instrumentation System
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EMC
EMI

EMP
EOT

FAC
FAFB
FCC
FFG
FLIP
FM
FOC
FOM
FOT&E
FRP
FRPA
FRPA-GP

GA

GDOP
GLONASS
GPS
GPSIC

GS

GUV

HD
HDOP
HDUE
HMMWV
HSI

HV

HVIA
HWL

Hz

ICAO
ICD
ICS
ICS

Electromagnetic Compatibility
Electromagnetic Interference
Electromagnetic Pulse
Extended Operational Testing

Forward Air Controller

Falcon AFB

Fire Control Computer
Designator for a Fast Frigate
Flight Information Publication
Frequency Modulation

Full Operational Capability
Figure Of Merit

Follow-on Operational Test and Evaluation
Federal Radionavigation Plan
Fixed Reception Pattern Antenna
FRPA Ground Plane

Ground Antenna

Geometric DOP

Global Navigation Satellite System

Global Positioning System

GPS Information Center (U.S. Coast Guard)
Ground Speed

Group Unique Variable

High-Dynamic

Horizontal DOP

High-Dynamics UE

High-Mobility Multipurpose Wheeled Vehicle
Horizontal Situation Indicator

Host Vehicle

HV Interface Adaptors

Height-Width-Length

Hertz

International Civil Aviation Organization
Interface Control Document

Initial Control Segment

Interim Contractor Support

IF
IFC
IFTE
ILS
IMU
INIT
INS
I0C
10T&E
ISF
ITS

J/8
JPO
JRMB
JSSMO
JTIDS

L1

L2
LAAFB
L-Band
LCAC
LD
LEP
Loran
LPTS
LRIP
LRU

m

m/sec
MAGR
MCS

M

M3
MGRS
MILSPEC

MLS
MLV

Intermediate Frequency

Instrument Flight Center (Air Force)
Integrated Family of Test Equipment
Instrument Landing System

Inertial Measurement Unit

Initialize

Inertial Navigation System

Initial Operational Capability

Initial Operational Test and Evaluation
Integration Support Facility
Intermediate Test Set

Jammer-to-Signal

Joint Program Office

Joint Requirements Management Board
Joint Service System Management Office
Joint Tactical Information Distribution System

Link 1 (L-Band Signal)

Link 2 (L-Band Signal)

Los Angeles AFB

Traditional Designator for 1000-2000 MHz Radar
Landing Craft, Air Cushioned
Low-Dynamic

Linear Error Probable

A radionavigation system
Low-Power Time Source
Low-Rate Initial Production
Line Replaceable Unit

Meters

Meters per Second

Miniature Airborne GPS Receiver
Master Control Station

Mean Corrective Maintenance Time
Medium-Dynamic

Military Grid Reference System
Military Specification

Microwave Landing System
Medium Launch Vehicle
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M .. CT
MOO
MS
MSD
MSL

MTBF
MTBOMF

M/V

N/A
NAC
NADC
NAS
NATO
NAV
NBC
NDI
NDOP
NOTAM
NRL
nsec
NTDS
NTS
NVM

0OCSs
Omega
OPSCAP
OPTEC
OPTEVFOR
ORMS

oT

OTEA

OT&E

PADS
PATS
P-code
PCS

Maximum Corrective Maintenance Time
Memorandum of Understanding

Monitor Station

Munitions Systems Division (AFSC)

Mean Sea Level

Mean Time Between Failure

Mean Time Between Operational Mission Failure
Manpack/Vehicular

Not Applicable; Not Available
Naval Avionics Center

Naval Air Development Center
National Airspace System
North Atlantic Treaty Organization
Navigation

Nuclear, Biological, Chemical
Non-Developmental ltem

North DOP

Notice to Airmen

Naval Research Laboratory
Nanoseconds

Naval Tactical Data System
Navigation Technology Satellite
Non-Volatile Memory

Operational Contro! System

A Radionavigation System

Operational Capability

Operational Test and Evaluation Command

Operational Test and Evaluation Force

OPSCAP Reporting and Management System

Operational Testing

Operational Test and Evaluation Agency (now
OPTEC)

Operational Test and Evaluation

Position and Azimuth Determining System
Precision Automated Tracking System
Precision Code

Prelaunch Compatibility Station

PD
PDOP
PLGR
PM
PMRT
POS/NAV
PPS
PPS-SM
PR

PRN
PRW
PSK
PTTI
PVA
PVA&T
PVT

RAJPO
RAFB
RAM
RCU
RCVR
RDT
REAC
RF
rms
RNAV
RNG
RPU
rss
RTE
RTO

SA
28CS
SCSG
SE
sec
SEMA
SEP

Program Director

Position DOP

Precise Lightweight GPS Receiver
Phase Modulation

Program Management Responsibility Transfer
Position/Navigation

Precise Positioning Service

PPS Security Module
Pseudorange

Pseudorandom Noise
Performance Reliability Warranty
Phase Shift Keying

. Precise Time and Time Interval

Position, Velocity, and Acceleration
Position, Velocity, Acceleration, and Time
Position, Velocity, and Time

Range Applications JPO

Robins AFB

Reliability /Availability/Maintainability
Remote Console Unit

(GPS) Receiver

Reliability Demonstration Testing
Reaction (Time)

Radio Frequency

Root Mean Square

Area Navigation

Range

Receiver/Processor Unit

Root Sum Square

Real Time Estimate

Responsible Test Organization

Selective Availability

Second Satellite Control Squadron
Singte-Channel Signal Generator
Support Equipment

Second(s)

Special Electronic Mission Aircraft
Spherical Error Probable
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SEP

SiL
SINS
SIS
SLGR
SLIC
SM-ALC
SOF
SPS
SRU
SSD
SSN
STANAG
STD

SV

TAAF
TACAN
TDOP
TEP
TERPS
TKE
™
TOA
TOAD
TPS
Transit
TTDOP
TTFF

Spherical Error Probable

Systems integration Laboratory
Shipboard INS

Signal-In-Space

Small Lightweight GPS Receiver
System-Level Interface Compatibility
Sacramento ALC

Special Operations Forces
Standard Positioning Service

Shop Replaceable Unit

Space Systems Division (AFSC)
Designator for an Attack Submarine
Standardization Agreement
Standard (e.g., CDU)

Space Vehicle

Test, Analyze, and Fix
Tactical Air Navigation System
Time DOP

Time Error Probable

Terminal Instrument Procedures
Angular Track Error

Technical Manual

Time Of Arrival

Tobyhanna Army Depot

Test Program Set

A Radionavigation System
Time Transfer DOP

Time To First Fix

TTG
TTSF

UE
UERE
UHNE
UNE
URA
utc
UTE
UVNE

Vac
VAFB
Vdc
VDOP

VOR
VPA

WGS-84
WR-ALC

XTK
xXY,Z

Y-code
YPG

Time To Go
Time To Subsequent Fix

User Equipment

User Equivalent Range Error
User Horizontal Navigation Error
User Navigation Error

User Range Accuracy
Coordinated Universal Time
User Time Error

User Vertical Navigation Error

Volts, Alternating Current
Vandenberg AFB

Volts, Direct Current

Vertical DOP

Vehicle Mount
Very-High-Frequency Omnirange
Vehicle Power Adaptor

World Geodetic System 1984
Warner Robins ALC

Cross-Track

Earth Centered, Earth-Fixed Coordinates

Encrypted P-code
Yuma Proving Ground
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9.0 INFORMATION DIRECTORY

Further details of GPS activities can be obtained from the following National Coordinators.

AUSTRALIA

Department of Defence
Alr Force Office OR NAV
Russell Offices A-9-18

Canberra ACT 2600, Australia

DENMARK

CHOD Denmark

Attn: MM 109

PO 202

DK-2950, Vedbaek, Denmark

ITALY

Stato Maggiore Asronautica
Viale dell Universita 4
00185 Rome, Italy

SPAIN
Ministerio De Defensa
DGAM

i3

28046 Madrid, Spain

Paseo De La Castellana, 109

BELGIUM
MOD Belgium
Air Force Staff/

Avlonics Branch (VDT/B) |

Quartier Relne Elisabeth
1 Rue D’Evere
1140 Brussels, Belgium

FRANCE

STCAN

8 Boulevard Victor
75732 Paris, France

THE NETHERLANDS I l .
Office of Material Development

Kalvermarkt 28

Postbus 20701

2500ES The Hague,
The Netherlands

UNITED KINGDOM

MODUK PE (A D/A Radio 2)

St. Giles Court

1-13 St. Giles High Street

London WC2H BLD
United Kingdom

CANADA

National Defence Headquarters
Attn: DCDS/DAR 3

101 Colonel By Drive

Ottawa, Ontario K1A OK2, Canada

FEDERAL REPUBLIC OF GERMANY
GMOD Rue Vi 3

Postfach 1328

5300 Bonn, West Germany

NORWAY

Hq Defence Command
CANDE

OSLO MIL

Oslo 1, Norway

UNITED STATES

DoD and Allied Miiitary:
0ASD (C¥)/T&TC3
Pentagon 3D174
Washington,DC 20301-3040

Civil/Commerclai:
Commanding Officer
U.S. Coast Guard ONSCEN
7323 Telegraph Road
Alexandria, VA 22310-3998
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