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CHAPTER 1: SYSTEM OVERVIEW

1.1 GENERAL DESCRIPTION

The Navstar Global Positioning System (GPS) is a space-based radio-positioning and time-
transfer system. GPS provides accurate position, velocity, and time (PVT) information to an
unlimited number of suitably equipped ground, sea, air and space users. Passive PVT fixes are
available world-wide in al-weathers in a world-wide common grid system. Normaly GPS
contains features which limit the full accuracy of the service only to authorized users and
protection from spoofing (hostile imitation).

GPS comprises three major system segments, Space, Control, and User (see Figurell
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CONTROL SEGMENT
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Figure 1-1. Navstar GPS Mgor Segments

The Space Segment consists of a nomina constellation of 24 Navstar satellites. Each satellite
broadcasts RF ranging codes and a navigation data message. The Control Segment consists of a
network of monitoring and control facilities which are used to manage the satellite constellation
and update the satellite navigation data messages. The User Segment consists of a variety of
radio navigation receivers specificaly designed to receive, decode, and process the GPS satellite
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ranging codes and navigation data messages. The Space, Control, and User Segments are
described in more detail in paragraph 1.2.

The ranging codes broadcast by the satellites enable a GPS receiver to measure the transit time of
the signals and thereby determine the range between each satellite and the receiver. The
navigation data message enables a receiver to calculate the position of each satellite at the time
the signals were transmitted. The receiver then uses this information to determine its own
position, performing calculations smilar to those performed by other distance-measuring
navigation equipment. Conceptually, each range measurement defines a sphere centered on a
satellite. The common intersection point of the spheres on or near the earth's surface defines the
receiver position.

For GPS positioning, a minimum of four satellites are normally required to be smultaneoudy "in
view" of the receiver, thus providing four range measurements. This enables the receiver to
calculate the three unknown parameters representing its (3-D) position, as well as a fourth
parameter representing the user clock error. Treating the user clock error as an unknown enables
most receivers to be built with an inexpensive crystal oscillator rather than an expensive precision
oscillator or atomic clock. Precise time estimates are required for precise positioning, since atime
error of 3 nanoseconds is roughly equivalent to arange error of 1 metre. Less than four satellites
can be used by areceiver if time or dtitude is precisely known or if these parameters are available
from an external source. A more detailed explanation of the GPS theory of operation is provided
in paragraph 1.4.

1.2 SYSTEM OVERVIEW
1.2.1 Space Segment

The GPS Space Segment consists of 24 Navstar satellites in semi-synchronous (approximately 12-
hour) orbits. The satellites are arranged in six orbital planes with four satellites in each plane.
The orbital planes have an inclination angle of 55 degrees relative to the earth's equator. The
satellites have an average orbit atitude of 20200 kilometres (10900 nautical miles) above the
surface of the earth. Figure 1-2 illustrates the GPS satellite constellation.

The satellites complete one orbit in approximately 11 hours and 58 minutes. Since the earth is
rotating under the satellites, the satellites trace atrack over the earths surface which repeats every
23 hours and 56 minutes. A user at a fixed location on the ground will observe the same satellite
each day passing through the same track in the sky, but the satellite will rise and set four minutes
earlier each day, due to the 4 minute difference between the rotational period of the earth and two
orbital periods of a satellite. The satellites are positioned in the orbital planes so that four or more
satellites, with a good geometric relationship for positioning, will normally be observable at every
location on earth. The effect of geometric relationships on GPS positioning accuracy is explained
in further detail in Chapter 3
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Figure 1-2. GPS Satellite Constellation

The satellites transmit ranging signals on two D-band frequencies: Link 1 (LI ) at 1575.42 MHz
and Link 2 (L2) at 1227.6 MHz. The satellite signas are transmitted using spread-spectrum
techniques, employing two different ranging codes as spreading fictions, a 1.023 MHz
coarse/acquisition code (C/A-code) on L1 and a 10.23 MHz precision code (P-code) on both L1
and L2. Either the C/A-code or the P-code can be used to determine the range between the
satellite and the user, however, the P-code is normally encrypted and available only to authorized
users. When encrypted, the P-code is known as the Y-code. A 50 Hz navigation message is
superimposed on both the P(Y) -code and the C/A-code. The navigation message includes
satellite clock-bias data, satellite ephemeris (precise orbital) data for the transmitting satellite,
ionospheric signal-propagation correction data, and satellite almanac (coarse orbital) data for the
entire constellation. Refer to paragraph 1.4 for additional details regarding the ranging codes and
navigation message.

1.2.2 Control Segment

The Control Segment primarily consists of a Master Control Station (MCS), at Falcon Air Force
Base (AFB) in Colorado Springs, USA, plus monitor stations (MS) and ground antemas (GA) at
various locations around the world. The monitor stations are located at Falcon AFB, Hawaii,
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Kwajalein, Diego Garcia, and Ascension. All monitor stations except Hawaii and Falcon AFB are
also equipped with ground antennas (see Figure 1-3). The Control Segment includes a Prelaunch
Compatibility Station (PCS) located at Cape Canaveral, USA, and a back-up MCS capability.
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Figure 1-3. GPS Control Segment Locations

The MCS is the centra processing facility for the Control Segment and is responsible for
monitoring and managing the satellite constellation. The MCS functions include control of
satellite station-keeping maneuvers, reconfiguration of redundant satellite equipment, regularly
updating the navigation messages transmitted by the satellites, and various other satellite health
monitoring and maintenance activities. The monitor stations passively track all GPS satellites in
view, collecting ranging data from each satellite. This information is transmitted to the MCS
where the satellite ephemeris and clock parameters are estimated and predicted. The MCS uses
the ground antennas to periodically upload the ephemeris and clock data to each satellite for
retransmission in the navigation message. Communications between the MCS the MS and GA are
typically accomplished via the U.S. Defense Satellite Communication System (DSCS). The
navigation message update function is graphically depicted in Figure 1-4.
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Figure 1-4. Monitor Station and Ground Antenna

The PCS primarily operates under control of the MCS to support prelaunch compatibility testing
of GPS satellites via a cable interface. The PCS aso includes an RF transmit/receive capability
that can serve as a Control Segment ground antenna, if necessary. The U.S. Air Force Satellite
Control Network (AFSCN) consists of a multipurpose worldwide network of ground- and space-
based satellite control facilities. Various AFSCN resources are available to support GPS but are
not dedicated exclusively to GPS.

1.2.3 User Segment

The User Segment consists of receivers specifically designed to receive, decode, and process the
GPS satellite signals. Receivers can be stand-alone, integrated with or embedded into other
systems.  GPS receivers can vary sgnificantly in design and function, depending on their
application for navigation, accurate positioning, time transfer, surveying and attitude reference.
Chapter 2 provides a general description of GPS receiver types and intended applications.

1.3 GPS SERVICES

Two levels of service are provided by the GPS, the Precise Positioning Service (PPS) and the
Standard Positioning Service (SPS).

1.3.1 Precise Positioning Service

The PPS is an accurate positioning velocity and timing service which is available only to
authorized users. The PPS is primarily intended for military purposes. Authorization to use the
PPS is determined by the U.S. Department of Defense (DoD), based on internal U.S. defense
requirements or international defense commitments. Authorized users of the PPS include U.S.
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military users, NATO military users, and other selected military and civilian users such as the
Australian Defense Forces and the U.S. Defense Mapping Agency. The PPS is specified to
provide 16 metres Spherica Error Probable (SEP) (3-D, 50%) positioning accuracy and 100
nanosecond (one sigma) Universal Coordinated Time (UTC) time transfer accuracy to authorized
users. Thisis approximately equal to 37 metres (3-D, 95%) and 197 nanoseconds (95%) under
typica system operating conditions. PPS receivers can achieve 0.2 metres per second 3-D
velocity accuracy, but this is somewhat dependent on receiver design.

Access to the PPS is controlled by two features using cryptographic techniques, Selective
Availability (SA) and Anti-Spoofing (A-S). SA isused to reduce GPS position, velocity, and time
accuracy to the unauthorized users. SA operates by introducing pseudorandom errors into the
satellite signals. The A-S feature is activated on all satellites to negate potential spoofing of the
ranging signals. The technique encrypts the P-code into the Y-code. Users should note the C/A
code is not protected against spoofing.

Encryption keys and techniques are provided to PPS users which alow them to remove the
effects of SA and A-S and thereby attain the maximum accuracy of GPS. PPS receivers that have
not been loaded with a valid cryptographic key will have the performance of an SPS receiver.

PPS receivers can use either the P(Y)-code or C/A-code or both. Maximum GPS accuracy is
obtained using the P(Y)-code on both L1 and L2. P(Y)-code capable receivers commonly use the
C/A-code to initially acquire GPS satellites.

1.3.2 Standard Positioning Service

The SPS is a less accurate positioning and timing service which is available to al GPS users. In
peacetime, the level of SA is controlled to provide 100 metre (95%) horizontal accuracy which is
approximately equal to 156 metres 3D (95%). SPS receivers can achieve approximately 337
nanosecond (95%) UTC time transfer accuracy. System accuracy degradations can be increased
if it is necessary to do so, for example, to deny accuracy to a potential enemy in time of crisis or
war. Only the President of the United States, acting through the U.S. National Command
Authority, has the authority to change the level of SA to other than peacetime levels.

The SPS is primarily intended for civilian purposes, athough it has potential peacetime military
use. Refer to "Technical Characteristics of the Navstar GPS"* for additional details regarding SPS
performance characteristics.

1.4 GPS THEORY OF OPERATION

The ranging codes broadcast by the satellites enable a GPS receiver to measure the transit time
of the signals and thereby determine the range between a satellite and the user. The navigation
message provides data to calculate the position of each satellite at the time of signal transmission.

From this information, the user position coordinates and the user clock offset are calculated using
Simultaneous  equations. Four satellites ae normally required to be
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simultaneoudly "in view" of the receiver for 3-D positioning purposes. The following paragraphs
give adescription of the GPS satellite signals and GPS receiver operation.

1.4.1 GPS Satellite Signals
1.4.1.1 C/A-Code

The C/A-code consists of a 1023 bit pseudorandom noise (PRN) code with a clock rate of 1.023
MHz which repeats every 1 millisecond. The short length of the C/A-code sequence is designed
to enable areceiver to rapidly acquire the satellite signals which helps the receiver transition to the
longer P-code. A different PRN is assigned to each GPS satellite and selected from a set of codes
called Gold codes. The Gold codes are designed to minimize the probability that a receiver will
mistake one code for another (minimize the cross-correlation). The C/A-code is transmitted only
onL1. The C/A-codeis not encrypted and is therefore available to all users of GPS.

1.4.1.2 P(Y)-Code

The P-code is a 10.23 MHz PRN code sequence that is 267 days in length. Each of the GPS
satellites is assigned a unique seven-day segment of this code that restarts every Saturday/Sunday
midnight GPS time (GPS time is a continuous time scale maintained within 1 microsecond of
UTC, plus or minus a whole number of leap seconds). The P-code is normally encrypted into the
Y -code to protect the user from spoofing. Since the satellites have the capability to transmit
either the P- or Y-code, it is often referred to as the P(Y)-code. The P(Y)-code is transmitted by
each satellite on both L1 and L2. On L1, the P(Y)-code is 90 degrees out of carrier phase with
the C/A-code.

1.4.1.3 Navigation Message

A 50 Hz navigation message is superimposed on both the P(Y) code and the C/A-code. The
navigation message includes data unique to the transmitting satellite and data common to al
satellites. The data contains the time of transmission of the message, a Hand Over Word (HOW)
for the transition from C/A-code to P(Y)-code tracking, clock correction, ephemeris, and health
data for the transmitting satellite, amanac and health data for all satellites, coefficients for the
ionospheric delay model, and coefficients to calculate UTC.

The navigation message consists of 25 frames of data, each frame consisting of 1,500 bits. Each
frame is divided into 5 subframes of 300 bits each (see Figure 1-5). At the 50 Hz transmission
rate, it takes 6 seconds to receive a subframe, 30 seconds to receive one data frame, and 12.5
minutes to receive al 25 frames. Subframes 1, 2, and 3 have the same data format for all 25
frames. This allows the recelver to obtain critical satellite-specific data within 30 seconds.
Subframe 1 contains the clock correction for the transmitting satellite, as well as parameters
describing the accuracy and health of the broadcast signal. Subframes 2 and 3 contain ephemeris
(precise orbital) parameters used to compute the location of the satellite for the positioning
equations.
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Figure 1-5. The Navigation Message

Subframes 4 and 5 have data which cycle through the 25 data frames. They contain data which is
common to all satellites and less critical for a recelver to acquire quickly. Subframes 4 and 5
contain almanac (coarse orbital) data and low-precision clock corrections, smplified health and
configuration status for every satellite, user text messages, and the coefficients for the ionospheric
model and UTC calculation. A comprehensive description of the navigation message is provided
in "Technical Characteristics of the Navstar GPS", together with the standard algorithms needed
to use the data correctly.

1.4.1.4 Satellite Signal Modulation

The L1 carrier is BPSK modulated by both the C/A- and P(Y)-codes plus the navigation message
superimposed on both codes. The L2 carrier is BPSK modulated by the P(Y)-code superimposed
with the navigation message. The BPSK technique reverses the carrier phase when the
modulating code changes from logicOto 1 or 1to 0. On L1, the C/A-code is 90 degrees out of
phase with the P(Y)-code. Figure 1-6 shows this modulation scheme in schematic form.
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Figure 1-6. Satellite Signal Modulation

The BPSK modulation spreads the RF signals by the code bandwidth. The result is a symmetrical
spreading of the signal around the L1 and L2 carriers. The C/A-code spreadsthe L1 signal power
over a 2.046 MHz bandwidth centered at 1575.42 MHz. The P(Y)-code spreads the L1 and L2
signal powers over a 20.46 MHz bandwidth centered about 1575.42 MHz on L1 and 1227.6 MHz
on L2. Figure 1-7 showsthe L1 and L2 signal spectrum as it appears at the O dB gain receiver
antenna at the Earth's surface. The C/A-code component of L1 signal has a power of -160 dBW
(decibels with respect to one watt), the L1 P(Y)-code signal has a power of -163 dBW, and the
L2 P(Y)-code signal has a power of -166 dBW.

1.4.2 GPS Receiver Operation
In order for the GPS receiver to calculate a PV T solution, it must:

Search for aPRN C/A code lock

C/A code track, carrier track

Obtain bit synchronization with the navigation message
Obtain frame synchronization, ie obtain HOW and Z count
Decode GUV or CVw

Remove SA

Transition to P(Y)-code, -code lock, -carrier lock

Datalock on P(Y) code

Search, acquire and track 2nd to 4th SV's, up to all in view

1-9



THE L, SIGNAL |

PidBWI
——— —— 2.0456 MHZz

|
C/A CODE

160 P CODE

183

1 |Hzi

1575.42 MHz

—~— 20.46 MHz

| THE L, SIGNAL |

P CODE

i =72
|
1

PldB W!

1 Mz

~e—— 20.456 MHz ——e—

Figure 1-7. GPS Signal Frequency Spectrum

Take range and range rate measuements

Solve for range equations

P(Y) code measurements L2 to remove ionospheric delays and refine navigation
solution.

Details of the operations are expanded below.

1.4.2.1 Satellite Selection

A typica satellite tracking sequence begins with the recelver determining which satellites are
visible for it to track. If the receiver can immediately determine satellite visibility, the receiver will
target a satellite to track and begin the acquisition process. Satellite visibility is determined based
on the GPS satellite amanac and the initial receiver estimate (or user input) of time and position.

If the receiver does not have the amanac and position information stored, the receiver enters a
"search the sky" operation that systematically searches the PRN codes until lock is obtained on
one of the satellites in view. Once one satellite is successfully tracked, the receiver can
demodulate the navigation message data stream and acquire the current amanac as well as the
health status of all the other satellites in the constellation.

Depending on its architecture, a receiver selects either a "best” subset of the visible satellites to
track or uses al healthy satellites in view to determine an "adl-in-view" PVT solution. The al-in-
view solution is usualy more accurate than a four satellite solution athough it requires a
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more complex receiver and recelver processing. The all-in-view solution is also more robust,
since the temporary loss of a satellite signal (for example due to a physical obstruction near the
receiver) does not disrupt the flow of PVT data while the receiver attempts to reacquire the lost
sgna. Many receivers will track more than four satellites, but less than al-in-view, as a
compromise between complexity, accuracy, and robustness. Receivers that select a "best" subset
do so based on geometry, estimated accuracy, or integrity. More detailed discussion of specific
satellite selection criteriais provided in Chapter 6.

1.4.2.2 Satellite Signal Acquisition

The satellite signal power at or near the earth's surface is less than the receivers thermal (natural)
noise level, due to the spread spectrum modulation of the signal, orbital height and transmitting
power of the satellite. To extract the satellite signal the receiver uses code correlation techniques.
An interna replica of the incoming signal is generated and aligned with the received satellite
signa. The receiver shifts the replica code to match the incoming code from the satellite. When
the codes match, the satellite signal is compressed back into the original carrier frequency band.
This processisillustrated in Figure 1-8.
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Figure 1-8. Spread Spectrum Generation and Reconstruction
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The delay in the recelver's code is a measure of the transit time of the signals between the satellite
and the receiver's antenna and hence, the range between the satellite position and receiver
position. This measurement is called a pseudorange measurement, rather than a range
measurement, because the receiver's clock bias has not been removed.

Recelvers typically use phase-locked-loop techniques to synchronize the receiver's internally
generated code and carrier with the received satellite signal. A code tracking loop is used to track
the C/A- and P-code signals while a carrier tracking loop is used to track the carrier frequency.
The two tracking loops work together in an interactive process, aiding each other, in order to
acquire and track the satellite signals. A generic GPS receiver tracking system is illustrated in
Figure 1-9.
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Figure 1-9. Generic GPS Receiver Tracking System

1.4.2.3 Down Conversion

The received RF signal is converted, usually through two intermediate frequencies (1F), down to a
frequency near the code baseband, that can be sampled by an analogue to digital (A/D) converter.
Inphase and quadrature digital samples are taken to preserve the phase information inthe
received signal. The samples are usually two bits to reduce conversion losses. The sampling rate
must be higher than the code chipping rate for a non return to zero code, that is, greater than
10.23 MHz for the P(Y)-code. To ensure the phase of the received signal is maintained, al local
oscillators are derived from, and phased locked through, a series of synthesizers derived from the
receiver's master oscillator. Following the A/D conversion there
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isa fina phase rotation circuit that enables the doppler in the satellite signa to be precisely
tracked.

1.4.2.4 Code Tracking

The code tracking loop is used to make pseudorange measurements between the GPS satellites
and the GPS receiver. The receiver's code tracking loop generates a replica of the C/A-code of
the targeted satellite. The estimated doppler is removed by the phase rotation circuit prior to the
correlator.

In order to align the received signal with the internally generated replica, the internally generated
code is systematically slewed past the recelved signal. Typically the output of the correlator is
integrated over 1 to 10 ms. If correlation is not detected the phase of the internaly generated
code is advanced by one chip. If correlation is not detected after the whole code has been
searched the doppler is adjusted and the process repeated until correlation is achieved. Code
synchronization is initially maintained by also correlating the received signal with half chip early
and late codes. A simple feedback system keeps the prompt ("on time") code correctly positioned.
To extract the carrier which is till modulated by the navigation message, the prompt code is
subtracted from the incoming signal. The delay that the receiver must add to the replica code to
achieve synchronization (correlation), multiplied by the speed of light, is the pseudorange
measurement. Once the carrier is reconstructed, the center frequency of the replica code is
adjusted using Doppler measurements from the carrier tracking loop to achieve a precise
frequency lock to the incoming signal, thereby allowing more precise pseudorange measurements.
The bandwidth of the code tracking loop is typically 0.1 Hz, which implies that independent
measurements are available at approximately 10 sintervals.

1.4.2.5 Carrier Tracking and Data Detection

The receiver tracks the satellite carrier by adjusting the frequency synthesizers to produce a
stationary phase at the output of the code tracking loop. The inphase and quadrature components
are used to calculate the carrier's phase and doppler. A data bit is detected by a sudden change in
the phase of the detected signal. The bandwidth of the carrier tracking loop is typically 6 Hz for a
military airborne receiver, resulting in independent measurements being available every 150 ms.

Doppler is measured to provide an estimate of the relative velocity between the receiver and the
satellite. These measurements are typically termed pseudorange rate measurements or they can be
integrated over regular time intervals to produce deltarange measurements.

The receiver uses the doppler measurements from four (or more) satellites to determine the
receiver velocity (in three dimensions) plus the receiver's master oscillator frequency bias. The
deltarange measurements of the carrier tracking loop are also used to aid the code tracking loop
to ensure code tracking is maintained during dynamic maneuvers where the smple code tracking
system would be unable to maintain lock.
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1.4.2.6 Data Demodulation

Once the carrier tracking loop is locked, the 50 Hz navigation data message can be read. Each
subframe of the navigation message begins with a preamble contained in the Telemetry Word,
enabling the receiver to detect the beginning of each subframe. Each subframe isidentified by bits
contained in the Handover Word (HOW), enabling the receiver to properly decode the subframe
data.

1.4.2.7 P(Y)-Code Signal Acquisition

The one millisecond C/A-code length permits a relatively narrow search window for code
correlation even if the receiver must "search the sky" to find the first satellite. However the week
long P(Y)-code sequence at 10.23 MHz does not allow the same technique to be used. Precise
time must be known by the receiver in order to start the code generator within a few hundred
chips of the correlation point of the incoming signa. The HOW contained in the GPS navigation
message provides satellite time and hence the P(Y)-code phase information. A P(Y)-code
receiver may attempt to acquire the P(Y)-code directly, without first acquiring the C/A-code, if it
has accurate knowledge of position, time and satellite ephemeris from a recent navigation
solution. External aiding and/or an enhanced acquisition technique are usualy required to
perform direct P(Y }code acquisition.

1.4.2.8 PVT Calculations

When the receiver has collected pseudorange measurements, deltarange measurements, and
navigation data from four (or more) satellites, it calculates the navigation solution, PVT. Each
navigation data message contains precise orbital (ephemeris) parameters for the transmitting
satellite, enabling a receiver to calculate the position of each satellite at the time the signals were
transmitted. The ephemeris data is normally valid and can be used for precise navigation for a
period of four hours following issue of a new data set by the satellite. New ephemeris data is
transmitted by the satellites every two hours.

As illugtrated in Figure 1-10, the recelver solves a minimum of four simultaneous pseudorange
eguations, with the receiver (3-D) position and clock offset as the four unknown variables. Each
eguation is an expression of the principle that the true range (the difference between the
pseudorange and the receiver clock offset) is equal to the distance between the known satellite
position and the unknown receiver position. This principle is expressed below mathematically
using the same notation as Figure 1-10.

R-Cs =cDt- Cg = \/(x- Ux)? + (Y- Uy)? + (Z - Uy)?

These are simplified versions of the equations actually used by GPS receivers. A receiver aso
obtains corrections derived from the navigation messages which it applies to the pseudoranges.
These include corrections for the satellite clock offset, relativistic effects, ionospheric signd
propagation delays. Dua frequency receivers can measure the delay between the L1 and L2
P(Y)-codes, if available, to calculate an ionospheric correction. Single frequency (either C/A-
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or P(Y)-code) receivers use parameters transmitted in the navigation message to be used in an
ionospheric model. The receiver (3-D) velocity and frequency offset are calculated using similar
equations, using deltaranges instead of pseudoranges.

The PVT calculations described here result in a series of individual point solutions. For receivers
that are required to provide a navigation solution under dynamic conditions a smoothed or filtered
solution that is less senditive to measurement noise is employed. One of the most common types
of filters used in GPS receivers is the Kaman filter. Kaman filtering is described in detail in
Chapter 9.

The rate at which GPS receivers calculate the PV T solution is governed by their application. For
flight control applications a 10 Hz rate is required whereas in handheld equipment a fix may only
be required once every 4 to 5 seconds or at even longer intervals. A 1 Hz rate is typical for many
equipments. In this scenario pseudorange measurements are typically only made every 4 to 5
seconds; pseudorange rate measurements are made more frequently and can be used to propagate
the filter solution between updates. If a Kalman filter is used the measurements may be
incorporated independently into the filter removing the requirement for symmetrica
measurements from all channels. The filter aso allows the solution to be extrapolated if
measurements are interrupted, or data is available from other navigation sensors.

A minimum of four satellites are normally required to be smultaneoudy "in view" of the receiver,
thus providing four pseudorange and four deltarange measurements. Treating the user clock
errors as unknowns enable most receivers to be built with an inexpensive crystal oscillator rather
than an expensive precision oscillator or atomic clock. Less than four satellites can be used by a
receiver if time or dtitude are precisely known or if these parameters are available from an
external source.

GPS receivers perform initial position and velocity calculations using an earth-centered earth-
fixed (ECEF) coordinate system. Results may be converted to an earth model (geoid) defined by
the World Geodetic System 1984 (WGS 84). WGS 84 provides a worldwide common grid
system that may be trandated into local coordinate systems or map datums. (Loca map datums
are a best fit to the local shape of the earth and not valid worldwide.) For more details regarding
WGS 84, refer to Annex B. For more details regarding how a recelver uses WGS 84, refer to
"Technical Characteristics of the Navstar GPS".

For navigation purposes, it is usually necessary for a GPS receiver to output positions in terms of
magnetic North rather than true North as defined by WGS 84. For details regarding how the
receiver calculates the magnetic variation from true North, refer to "Technical Characteristics of
the Navstar GPS".
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1.4.2.9 Degraded Operation and Aiding

During periods of high levels of jamming, the receiver may not be able to maintain both code and
carrier tracking. The receiver normally has the capability to maintain code tracking even when
carrier tracking is no longer possible. If only code tracking is available, the receiver will dew the
locally generated carrier and code signals based on predicted rather than measured Doppler shifts.
These predictions are performed by the receiver processor, which may have additiona PVT
information available from an external aiding source. See Chapter 7 for additional discussion of
GPS receiver aiding.

1.5 PROGRAM MANAGEMENT
1.5.1 System Development and Management

The United States Air Force (USAF), Air Force Materiel Command, Space and Missile Center
(SMC), Navstar GPS Joint Program Office (JPO) has total system responsibility for the GPS.
The SMC and GPS JPO are located at the Los Angeles Air Force Base (AFB) in Los Angeles,
Cdifornia. The GPS JPO is manned by personnd from the USAF, US Navy, US Army, US
Marine Corps, US Department of Transportation, US Defense Mapping Agency. NATO Nations
and Australia may have representatives stationed at the JPO. The GPS JPO was responsible for
development of the Control and Space Segments and is responsible for acquisition of
replenishment satellites and common user equipment (UE) for al military services. The GPS JPO
also provides technical support, security guidance, technical specification development, interface
control documents, and implementation guidelines. NATO and other alied Nations have
established Memoranda of Understanding with the United States which provides access to PPS,
interchange of technical information, and the ability to purchase or locally manufacture PPS GPS
UE.

The GPS JPO is supported by the Launch Vehicle System Program Office (SPO) and the
Network SPO, also located at the SMC. The Launch Vehicle SPO provides the expendable
boosters used to launch the Navstar satellites. The Network SPO is responsible for continuing
development of the multi-use AFSCN. GPS JPO program management operations are also
supported by the User Equipment Support Program Manager located at the Warner-Robbins Air
Logistics Center in Warner Robbins, Georgia and by Detachment 25 (from the Sacramento Air
Logistics Center) located at Colorado Springs, Colorado.

1.5.2 System Requirements, Planning, and Operations

The USAF Space Command (AFSPC) is responsible for GPS requirements, planning, and
operations. Headquarters of the AFSPC and the requirements and planning functions are located
at Peterson AFB in Colorado Springs, Colorado. Various agencies within the USAF Space
Command (AFSPC) operate and maintain the Control Segment, prepare and launch the Navstar
satellites, manage the operational constellation, and interface with the GPS user community.
Elements of the AFSPC Fiftieth Space Wing (50SPW) are responsible for launch, early orbit
support, and continued day-to-day operations of the GPS satellites.
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The First Space Operations Squadron (1SOPS) of the 50SPW, located at Falcon AFB in
Colorado Springs, Colorado, provides launch and early-orbit support for the GPS satellites. The
early orbit support includes control of the Navstar satellites to deploy solar arrays, perform
stabilization maneuvers, and complete other procedures to make the satellites ready for service.
The 1SOPS can also provide backup capability for critical day-to-day commanding procedures if
necessary. When a satellite is ready for service, command is transferred to the Second Space
Operations Squadron (2SOPS) of the 50SPW for payload turn-on and continued operations. The
2SOPS has responsibility for day-to-day operations and overall constellation management. The
2SOPS is also located at Falcon AFB.

The Forty-Fifth Space Wing (45SPW) of the AFSPC is responsible for management of Navstar
pre-launch operations, including receiving of the satellites, storage on the ground if necessary,
mating to the launch vehicle, and integration and compatibility testing. The 45SPW is located at
Cape Canaveral Air Force Station, Florida, which is the launch site for the GPS satellites.

1.6 GPS PROGRAM HISTORY
1.6.1 Pre-Concept Validation (1960s-1972)

Since the early 1960s various U.S. agencies have had navigation satellite programs. The John
Hopkins Applied Research Laboratory sponsored the TRANSIT program and the U.S. Navy
(USN) sponsored the TIMATION (TIMe navigATION) program. TIMATION was a program to
advance the state of the art for two-dimensional (latitude and longitude) navigation. TRANSIT
became operational in 1964 and is currently providing navigation service to low dynamic vehicles
such as ships. It is scheduled to be phased out in 1996. The USAF conducted concept studies to
assess a threedimensional (latitude, longitude, and altitude) navigationstgm called 621B.

1.6.2 Phase | - Concept Validation (1973-1979)

A memorandum issued by the US Deputy Secretary of Defense on 17 April 1973 designated the
USAF as the executive service to consolidate the TIMATION and 621B concepts into a compre-
hensve dl-weather navigation system named Navstar GPS. The Navstar GPS JPO was
established on 1 July 1973.

Two experimental Navigation Technology Satellites (NTS) were built and launched to support
concept validation of the GPS. The first true GPS signals from space came from NTS-2. NTS-2
was launched on an Atlas booster from Vandenberg AFB in June 1977 but malfunctioned after
only 8 months. The first Navstar GPS Block | (research and development) satellite was launched
in February 1978. A total of 11 Block | satellites were launched between 1978 and 1985. All of
the Block | satellites were launched from Vandenberg AFB using the Atlas booster. Block |
satellites did not incorporate SA or A-S features. As of June 1995 only one Block | satellite
remained operational. Table 1-1 contains the launch dates and status (as of June 1995) of the
NTS and Block | satellites.
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Table 1-1. NTS and Block | Satdllite Launch Dates and Status

Navstar Space PRN Code

Number | Vehicle No. Number Launch Date Status (June 95)
(SVN)

NTS-1 - - 14 Jul 74 Deactivated

NTS-2 - - 23 Jun 77 Deactivated Jan 78

I-1 1 22 Feb 78 Deactivated 25 Jan 80

-2 2 12 May 78 Deactivated 30 Aug 80

-3 3 06 Oct 78 Deactivated 19 Apr 92

-4 4 11 Dec 78 Deactivated 06 Sep 86

I-5 5 09 Feb 80 Deactivated 28 Nov 83

I-6 6 26 Apr 80 Deactivated 05 Mar 91

I-7 7 18 Dec 81 Launch Failure

-8 8 14 Jul 83 Deactivated 4 May 93

-9 9 13 Jun 84 Deactivated 28 Feb 94

[-10 10 12 08 Sep 84 Operational

-11 11 09 Oct 85 Deactivated 14 Apr 94

The first Control Segment consisted of a control station, ground antenna, and monitor station
located at Vandenberg AFB in Cadlifornia, supported by additiona monitor stations located at
Elmendorf AFB in Alaska, Anderson AFB in Guam, and the Naval Communications Station in
Hawaii. ThisPhase | Control Segment was designated the Initial Control System (ICS).

The first user equipment (UE) testing began at Yuma Proving Ground (YPG) in March 1977
using ground transmitters to simulate the GPS satellites. As the Block | satellites were launched,
a combination of satellites and ground transmitters were used for testing until December 1978,
when four satellites were available to provide limited 3-D navigation capability. Shipborne UE
was tested off the coast of California starting in October 1978 when three GPS satellites were
available for two-dimensional (D) navigation.

1.6.3 Phase Il - Full Scale Development (1979-1985)

In September 1980, a contract was awarded to upgrade and operate the ICS, as well as develop
an Operational Control System (OCS). The ICS upgrades ensured continued support to the UE
test team while the OCS was being developed. OCS equipment was delivered to Vandenberg
AFB in May 1985. In October 1985, after installation and initia testing, the OCS conducted
dual operations with the ICS. The OCS equipment was moved from Vandenberg to its permanent
site at Falcon AFB by the end of 1985. In December 1980, the contractor was
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selected to provide 28 Block Il (operational) Navstar GPS satellites. Development of the
satellites continued throughout Phase 1.

Phase Il for the User Segment was divided into two parts. In Phase I1A, starting in July 1979,
four contractors were selected to conduct performance analyses and preliminary design of UE. In
Phase 1IB, starting in 1982, two of the four contractors were selected to continue UE
development. Phase [I1B included design refinement, fabrication of prototypes, qualification
testing, and extensive field testing of the UE. The UE was tested at YPG and at sea. Testing at
seawas conducted by Naval Ocean Systems Center located in San Diego, California.

1.6.4 Phase lll - Production and Deployment (1986 to Present)
1.6.4.1 Space Segment (1986 to Present)

The Block |1 satellites were originally designed to be launched aboard the Space Transportation
System (Space Shuttle). Following an accident with the Space Shuttle Challenger in 1986, the
Block Il satellite-to-launch-vehicle interface was modified to enable launch aboard the Delta Il
booster. The first Block Il satellite was launched on 14 February 1989. The combined
constellation of Block | and Block Il satellites achieved worldwide two-dimensiona positioning
capability in June 1991. Worldwide 3-D capability was achieved in 1993. The Initial Operationa
Capability (I0C) was declared on 8 December 1993. A full 24-satellite constellation of Block 11
satellites was achieved in April 1994. The military Full Operational Capability is planned for
1995. The remaining Block 1l satellites will be launched on demand. Table 1-2 is a summary of
the Block Il launch dates and status.

In June of 1989 a contract was awarded for 20 GPS replenishment satellites, designated Block
IR. The Block IIR satellites will have the capability to autonomously generate their own
navigation messages. The Block IIR production schedule may alow a first launch as early as
August 1996. In 1994, efforts were begun by the GPS JPO to procure additional Navstar
satellites to sustain the GPS satellite constellation past the year 2000. These satellites are
designated Block IIF (Follow-On). The contract to provide the Block |1F satellites is planned for
November 1995. The planned production schedule supports afirst launch in the year 2001.

In 1994 the GPS JPO also began studies for an Augmented GPS (AGPS). The AGPS concept is
to enhance the availability, accuracy and integrity of the GPS system using up to six geostationary
AGPS satellites. The satellites would broadcast integrity information and range corrections for all
GPS satellites via GPS-like ranging signals.
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Table 1-2. Block Il Satdllite Launch Dates and Status

Navstar | Space Vehicle| PRN Code
Number No. (SVN) Number Launch Date| Status (June 95)
-1 14 14 14 Feb 89 Operational
-2 13 2 10 Jun 89 Operational
-3 16 16 17 Aug 89 Operational
-4 19 19 21 Oct 89 Operational
-5 17 17 11 Dec 89 Operational
[1-6 18 18 24 Jan 90 Operational
-7 20 20 25 Mar 90 Operational
-8 21 21 02 Aug 90 Operational
-9 15 15 01 Oct 90 Operational
[1-10 23 23 26 Nov 90 Operational
-11 24 24 03 Jul 91 Operational
1-12 25 25 23 Feb 92 Operational
11-13 28 28 09 Apr 92 Operational
1-14 26 26 07 Jul 92 Operational
[1-15 27 27 09 Sep 92 Operational
[1-16 32 01 22 Nov 92 Operational
-17 29 29 18 Dec 92 Operational
11-18 22 22 02 Feb 93 Operational
11-19 31 31 29 Mar 93 Operational
[1-20 37 07 12 May 93 Operational
-21 39 09 26 Jun 93 Operational
[1-22 35 05 30 Aug 93 Operational
11-23 34 04 26 Oct 93 Operational
11-24 36 06 09 Mar 94 Operational
[1-25 TBD TBD TBD To Be Launched
[1-26 TBD TBD TBD To Be Launched
1-27 TBD TBD TBD To Be Launched
11-28 TBD TBD TBD To Be Launched

1.6.4.2 Control Segment (1986 to Present)
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The GPS OCS achieved Full Operational Capability (FOC) in December 1986. In March 1986,
the ICS a Vandenberg AFB was deactivated.
operational capability was completed by the USAF Operational Test and Evaluation Center.
Turnover of the OCS to AFSPC was accomplished in June 1990. Since then, Control Segment
development activities have been limited to upgrades of the operational software and additions

In December 1989, verification of the OCS




to the equipment and facilities. The OCS has been augmented with a transportable GA capability
and Back-Up MCS capability.

1.6.4.3 User Segment (1986 to Present)
1.6.4.3.1 GPS JPO Activities

In April 1985, the contractor was selected for the Phase |11 production GPS UE. Low rate initial
production of the UE was begun and the first set was delivered to the JPO in June 1988. In
January 1992, full rate production of the UE was approved. The Phase Il production UE
includes the 5-channel Receiver 3A (R-2332/AR) for airborne use, the 5-channel Receiver 3S (R-
2331/AR) for shipboard use, the 2-channel Receiver OH (R-2399/AR) and UH (R-2400/AR) for
helicopter use, and the RPU-1 (R-2401/U) for manpack and ground vehicle use.

In 1989, a contract was awarded for 2-channel SPS C/A-code receivers to be used primarily for
demonstration and training. These receivers are known as the Small Lightweight GPS Receiver
(SLGR, AN/PSN-10). They are suitable for vehicle mounting or handheld use. In 1990, a large
second purchase was made. Although originally intended for nontactical use, these receivers were
used extensively in support of Operation Desert Shield and Operation Desert Storm.

In November 1990, a contract was awarded to develop a 5-channel 3/8 ATR (Air Transport
Rack) size Miniature Airborne GPS Receiver (MAGR) for use in aircraft where space is severely
limited. The contract to deliver operational models was awarded in April 1993 with the first
delivery occurring in July 1994. Two versions of the MAGR have been produced. One version
uses an RF interface directly from the antenna (R-2512/U) the other (R-2514/U) uses an IF
(intermediate frequency) interface from an antenna electronics unit.

In February 1993, a contract was awarded to produce a hand-held PPS GPS receiver. Designated
the Precision Lightweight GPS Receiver (PLGR, AN/PSN-11), it weighs less than 4 pounds, is
self-contained as a handheld unit, and can be adapted for vehicle mounting. Delivery of the PLGR
began in September 1993.

In the 1990s, the GPS JPO has continued to sponsor activities to improve the functions and
performance of military GPS receivers. Activities are continuing that will improve anti-jamming
performance of GPS antennas, antenna electronics units, and receiver signal processing. In
1994, procurement efforts were begun for a new Controlled Reception Pattern Antenna (CRPA).
The new CRPA will be compatible with the form, fit, and function of the existing CRPA
system procured by the JPO. Efforts are dso underway that will allow Receiver Autonomous
Integrity Monitoring (RAIM) to be implemented where enhanced GPS integrity or compatibility
with civil aviation is desired. Other efforts are underway to add differential GPS (DGPS) to
future military PPS receivers, to support new applications, such as precise positioning and aircraft
precision approach. Additional programs that are underway or under consideration include a
space-based GPS PPS receiver, a miniaturized PLGR, and a Survey GPS Recelver (SGR). Since
1993, the GPS JPO has been developing standards for a next generation PPS receiver module that
can be embedded in other military systems. The JPO will not procure embedded GPS receivers
(EGRs), but will provide technical support so that other military programs can procure the EGR
as part of another system.
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The JPO has released an EGR Guidelines document which contains EGR interface, design, and
performance requirements, as well as general guidance material regarding the EGR and host
system. The document also includes specific guidance for integrating GPS with inertial or
Doppler navigation systems.

The JPO EGR effort is evolving into a standard for a GPS Receiver Applications Module
(GRAM). The GRAM will consist of afamily of standard EGR modules suitable for a variety of
embedded applications. The GRAM standard will define severa EGR physical configurations
conforming to standard modular architectures, such as the Standard Electronic Module (SEM)
and Versa Module Europa (VME). The standard will include specifications for advanced
functions, such as local- and wide-area DGPS corrections and receiver-based integrity
enhancements (RAIM). The standard will also accommodate the next-generation GPS receiver
security module known as the Selective Availability/Anti-Spoofing Module (SAASM).

1.6.4.3.2 International Military UE and Commercial UE

Phase Il of the GPS program has seen a tremendous expansion in the development and
production of international military UE and commercial UE. Military UE is being produced by
participating NATO nations including Canada, France, Germany, Italy, and the United Kingdom.

In addition, a wide variety of commercia SPS UE has been developed by manufacturers around
the world for many different applications. Some of these receivers have been acquired by Military
and Government authorities for nontactical applications such as surveying, test support, and
training.

1.6.4.3.3 User Equipment Testing
Development Test and Evaluation (DT&E) and OT& E have included test and evaluation of:

Integrated GPS/host vehicle navigation system performance

Phase Il and (early) Phase 111 deficiency correctign

Reliability and maintainability of the GPS UE

Operational effectiveness of the GPS UE against jamming and spoofing
The SA and A-S features

©Doo T

In addition to U.S.-sponsored test efforts, Austraia, Canada, Denmark, Germany, the
Netherlands, Norway, and the United Kingdom conducted an extensive Phase Il International
Test Program in cooperation with the JPO. These countries were joined by France, Greece,
Portugal, Spain, and Turkey for a subsequent International Test Program that focused exclusively
on the PLGR.
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CHAPTER 2: TYPES OF GPS RECEIVERS
AND THEIR INTENDED APPLICATIONS

2.1 GPS RECEIVER ARCHITECTURES

Modern military GPS receivers use predominantly a continuous satellite tracking
architecture. However, some receivers use alternative architectures, either
sequential or multiplex tracking to reduce hardware complexity.

2.1.1 Continuous Receivers

A continuous tracking receiver has five or more hardware channels to track four
satellites simultaneously plus other channels to acquire new satellites. Due to their
greater complexity, these receivers were traditionally the most expensive but offer
the best performance and versatility. The multi-channel receiver uses the fifth
channel to read the NAVigation (NAV) message of the next satellite to be used
when the receiver changes the satellite selections. It also uses the fifth channel in
conjunction with each of the other four channels to perform dual frequency
measurements as well as differential channel delay measurements. Individual,
dedicated tracking channels enable the receivers to maintain accuracy under high
dynamics, provide the best anti-jamming (A-J) performance, and have the lowest
TTFF. This type of receiver is best suited for high-dynamic vehicles such as fighter
aircraft, vehicles requiring low TTFF such as submarines, plus any user requiring
good A-J performance.

2.1.2 Sequential Receivers

A sequential GPS receiver tracks the necessary satellites by typically using one or
two hardware channels. The set will track one satellite at a time, time tag the
measurements and combine them when all four satellite pseudoranges have been
measured. These receivers are among the least expensive available, but they
cannot operate under high dynamics and have the slowest time-to-first-fix (TTFF)
performance.

2.1.2.1 One-Channel Sequential Receivers

A 1-channel sequential receiver makes four pseudorange measurements on both
the L1 and L2 frequencies in order to determine a position and compensate for
ionospheric delay. The NAV message from each of the satellites must also be read
to obtain ephemeris data. To determine an initial position, the receiver must
perform the following operations, 1) C/A- code search for a SV, 2) C/A-code/carrier
center, 3) data bit synchronization, 4) frame synchronization and Z-count, 5) HOW,
6) P-code carrier center, 7) data demodulation and 8) ionospheric measurements.
Once these operations are complete for one SV, the receiver must perform them
again for three other SVs. The four pseudorange measurements must
be propagated to the same reference time before a navigation solution is
generated. Any movement of the Host Vehicle (HV) during the time the receiver
collects the four pseudoranges will reduce the accuracy of the position, velocity,
and time



calculations in the receiver. One-channel sequential receivers are limited to low-
dynamic or stationary applications.

2.1.2.2 Two-Channel Sequential Receivers

Two-channel sequential receivers have been developed for use on medium-dynamic
vehicles such as helicopters. During initial power-up each channel operates like a 1-
channel sequential receiver. After four SVs have been acquired, one channel is
dedicated to navigation (pseudorange measurements, carrier tracking, etc.) while the
other channel reads the NAV message from each satellite. Both channels are also
used to perform dual frequency measurements to compensate for ionospheric delay
and to measure differential channel delay. Two-channel sequential receivers decrease
the time it takes to start navigating by better than one minute when compared to 1-
channel sequential receivers.

2.1.3 Multiplex (MUX) Receivers

A MUX receiver switches at a fast rate (typically 50 Hz) between the satellites being
tracked, continuously collecting sampled data to maintain two to eight signal
processing algorithms in software. In addition, the 50 Hz NAV message data is read
continuously from all the satellites. In single channel MUX receivers the hardware
channel is time shared and only one code generator and one carrier synthesizer is
required to track the satellites. However, a multiplex receiver's measured carrier to
noise ratio (C/N) for any satellite signal will be 10 log (n) (where n is the number of
satellites being tracked) decibels (dB) below that of a continuous tracking receiver.
Consequently, for military receivers, the MUX technique has the disadvantage of lower
resistance to jamming and interference when compared to continuous tracking
receivers. The MUX technique is more commonly found in commercial receivers where
the reduced hardware cost can result in a less expensive product and where
interference may be less of a concern.

2.2 "ALL-IN-VIEW" RECEIVERS

Traditionally, GPS receivers choose the four satellites of those available that give the
best geometry to perform a position fix. However, in situations where one or more of
the satellites are temporarily obscured from the antenna's view, the receiver will have
to acquire additional satellite signals to generate a continuous PVT solution. The PVT
solution degrades until the new satellites are acquired. One solution is to have a
receiver which uses all available satellites in view to generate a solution. The inherent
advantage of this receiver is that if it is tracking six or seven SVs and a satellite
becomes obscured, the receiver will continue to provide a PVT solution with little, if
any, degradation. In general, over-determined solutions improve accuracy of the
receivers. If the receiver does not dedicate one hardware channel per satellite, then
the receiver must use some sort of continual re-acquisition strategy (see MUX receivers
paragraph 2.1.3).



2.3 AUTONOMOUS INTEGRITY MONITORING TECHNIQUES

GPS receivers may track additional satellites for integrity monitoring purposes. This
function is independent of receiver architecture. Integrity monitoring receivers derive
multiple position solutions by excluding one satellite at a time. Inconsistencies in the
results are used to identify and exclude a faulty satellite. In general, at least five
satellites must be tracked to detect an integrity failure, and at least six satellites must
be tracked to exclude an erroneous satellite. Other measurements, such as altitude or
time, may be substituted for satellites in the integrity algorithms, much in the same
manner as these measurements are substituted in the PVT solution. In doing so, the
integrity of the aiding sources is checked as well. The integrity monitoring algorithms
are commonly referred to as Fault Detection and Exclusion (FDE) algorithms or as
Receiver Autonomous Integrity Monitoring (RAIM or AIM) algorithms. These algorithms
are typically executed on each new set of measurements, thus protecting the integrity
of each PVT data set output by the receiver. For additional discussion of integrity, refer
to Chapter 12.

2.4 TIME TRANSFER RECEIVERS

One of the more common uses of GPS is for precise time dissemination applications.
Several manufacturers offer this type of equipment commercially. These precise time
GPS receivers need only one GPS satellite for precise time dissemination if the
receiver is stationary on a precisely known location and the only "unknown" is its own
clock offset from GPS time and therefore from UTC. To obtain the necessary precise
position, the receiver either receives it as an operator input or uses four satellites to
determine its own position. These receivers typically include an internal oscillator or an
optional external frequency source (rubidium or cesium). Whenever the receiver is
tracking a satellite, it generates 1, 5, or 10 MHz reference frequencies that are
synchronized to UTC time. If no satellites are visible, the reference frequencies are
derived from the internal or external frequency source. The receivers can provide either
stand-alone (uncoordinated) or coordinated time-transfer operations. In SPS receivers,
use of SA will reduce the time and position accuracy available. The manufacturers of
time transfer receivers claim time accuracies in the 20 to 50 nanoseconds range, but
this accuracy requires algorithms that average pseudorange measurements over time
(10 - 60 minutes). A stand-alone PPS time receiver normally provides time accuracy in
the 100 nanoseconds range. The advantage of having an external frequency source
interface designed into the receiver is that the long term error in the frequency source
can be adjusted when the receiver has satellites in view. A stationary PPS GPS
receiver with a precise time and time interval (PTT]I) interface should be able to provide
UTC to an accuracy of 50 to 60 nanoseconds.

2.5 DIFFERENTIAL GPS (DGPS) RECEIVERS

DGPS receivers are used in applications where enhanced accuracy of the PVT solution
is required or desired. DGPS is based on the principle that receivers in the same
vicinity will see similar errors on a particular satellite ranging signal. In general, the
DGPS technique



uses measurements from a reference receiver established at a known location,
along with differencing algorithms, to remove common satellite and signal propaga -
tion errors from the PVT solutions of other (mobile) receivers operating in the
vicinity of the reference station. The residual errors that remain uncorrected are
due to multipath and noise in the receivers. DGPS techniques can be applied to the
real-time PVT solution or to recorded measurement data. Real-time DGPS requires
a data link pass the reference measurements to the mobile receiver(s). DGPS
techniques can be applied to nondifferential receivers if the raw measurement data
and navigation message are accessible. There are two primary variations of the
differential technigues, one-based on ranging-code measurements and the other
based on carrier-phase measurements.

Ranging-code DGPS (RCD) techniques can be applied to receivers with any of the
tracking architectures described in the previous paragraphs. For RCD,
measurements from the reference receiver are used at the receiver site to calculate
corrections, which are then broadcast to the mobile receivers. The mobile
receivers incorporate the corrections into their PVT solution, thereby removing the
common errors and improving accuracy.

The reference receiver can develop corrections for the position solution or
individual satellite ranging signals. If the corrections are provided for the position
solution, the correction is simply the difference between the measured PVT solution
and the "true" solution consisting of the surveyed location, zero velocity, and
precise or smoothed time. However in this case, the reference and user receivers
must either use the same satellites to calculate the same solution, or PVT
corrections for each possible combination of satellites must be broadcast. Itis
usually more efficient and flexible to broadcast corrections based on individual
satellite ranging errors, thereby allowing the user receiver to select the corrections
that are applicable to the particular set of satellites that it is tracking. Real-time
RCD is capable of producing accuracies on the order of 1 metre.

Carrier-phase DGPS (CPD) systems essentially calculate the difference between
the reference location and the user location using the difference between the
carrier phases measured at the reference receiver and the user receiver. In real-
time systems, carrier-phase data from the reference receiver is broadcast to the
mobile receivers. The mobile receivers use double-differencing techniques to
remove the satellite and receiver clock biases, then use the phase differences to
determine the position of the mobile receiver with respect to the reference receiver
location.

Determining the initial phase offset (cycles plus fractional phase) between the
reference station and the mobile receiver has traditionally been a process that
required several minutes. Therefore, it is important to maintain phase-lock on the
carrier signals to maintain a continuous flow of position data and avoid
reinitialization. Consequently, CPD systems have traditionally used continuous
tracking receivers. Receivers which gather measurements from more than four
satellites are common since they add robustness in the event of loss-of-lock on one
satellite and since additional satellites can reduce initialization time. The CPD
techniques were originally developed for surveying applications where real-time
data was not essential. However, near-real-time and real-time techniques are
under development with the goal of supporting applications such as precision-
approach for



aircraft, as well as the original survey applications. Near-real-time and real-time
range implementations can achieve centimeter accuracies (fractions of a carrier
wavelength) and post-processing surveying techniques can achieve millimeter
range accuracies. Surveying receivers are described in more detail in paragraph
2.6.

The accuracy of differential corrections developed at a single site will degrade with
distance from the site due to increasing difference between the reference and
mobile receiver ephemeris, ionospheric, and tropo spheric errors. Such systems are
usually called local area differential GPS systems (LADGPS). The accuracy of the
corrections can be extended over a larger area by using a network of reference
receivers to develop the corrections, and by modifying the correction algorithms in
the user receiver. RCD systems which compensate for distance degradations are
usually called wide area differential GPS (WADGPS) systems. CPD systems which
compensate for distance degradations are usually called very long baseline
interferometry (VLBI) systems.

CPD techniques (interferometry) can also be used to determine platform attitude.
In this case, the processing can be contained within one receiver using multiple
antennas. The distinction is lost between which antenna is the "reference" and
which is "mobile," since all are located at fixed positions on the platform and none
are located at surveyed positions with respect to the earth. Since the antennas are
separated by fixed distances, and since their relationship to the center-of-mass of
the platform is known, it is possible to convert the carrier phase differences into
angular differences between the antenna locations and the line of sight to a
satellite. By using measurements from multiple satellites, or the position of the
platform from a GPS position fix, these angular differ ences can then be transformed
to represent the attitude of the platform with respect to the local vertical axis.

There are several standard (and numerous proprietary) broadcast protocols,
receiver interfaces, data formats, data sets, and sets of algorithms that have been
developed for DGPS applications. Consequently DGPS receivers are typically
designed with a particular application in mind and may not be suitable for a
different application. Similarly, proprietary systems may not be compatible for the
same application. Therefore, DGPS requirements should be investigated
thoroughly and candidate DGPS receivers or systems should be evaluated for
suitability and compatibility.

2.6 SURVEYING RECEIVERS

Formal surveys are typically conducted with one surveying receiver located in a
previously surveyed location and a second receiver at the new location to be
surveyed. The receiver at the previously surveyed location acts as a DGPS
reference receiver and the receiver at the new location acts as a DGPS "mobile"
receiver. The "mobile" receiver is usually fixed at the new location for a period of
time to collect redundant measurements and further improve the accuracy of the
survey by post-processing to remove or reduce residual errors such as receiver
measurement noise. The period of time can range from seconds to days depending
on the survey accuracy required. Consequently, surveying
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receivers must include considerable data recording capability. They may also
include the capability to store additional information about the characteristics of the
surveyed site.

Many surveying receivers have the capability to do a "self-survey"”, that is, develop
a smoothed or averaged position from non-differential GPS measurements. Non-
differential (absolute) surveys require considerably more time than DGPS surveys
to develop the same accuracy. However, the technique can be useful to establish a
reference point for subsequent DGPS (relative) surveys at locations where a formal
reference point is inconvenient or unavailable. This capability can be especially
valuable for tactical military survey applications where the relative location of the
surveyed sites is more important than the absolute location or where centimeter
accuracy is unnecessary.

Most surveying receivers can also function in some capacity as navigation
receivers, thereby providing guidance for the surveyor to previously surveyed sites.
Additional software functions may also be provided to support datum
transformations, post-processing, and other related survey functions.

The signal processing techniques of GPS surveying receivers can be divided into
four categories:

Non-differential GPS

Ranging-Code Differential

Carrier-Phase Differential (Interferometry)
Codeless Carrier-Phase Differential

Qo ow

As described above, many surveying receivers have a non-differential GPS mode
for navigation and self-surveys. The signal processing techniques and accuracies
obtained are similar to other non-differential receivers as described in Chapter 1.
Surveying receivers may use RCD to determine an initial survey position that aids
the initialization process. The more accurate the initial position, the more quickly
initialization can be completed for real-time applications. Even if the final results
are post-processed to obtain maximum accuracy, real-time outputs can provide
preliminary results that confirm the success of the survey in the field or enable the
surveyor to detect and correct problems that may occur. The primary surveying
mode of most surveying receivers is CPD. The carrier-phase measurements and
algorithms enable centimeter and sub-centimeter accuracies in part due to
significantly lower measurement noise when compared to pseudorange
measurements. As in non-differential GPS, ionospheric errors can contribute
significant errors. However, in surveying applications, dual frequency (P-code)
measurements are almost essential to achieve surveying accuracies. Since the P-
code is normally only available as the Y-code, most surveying receivers use a
"codeless" technique to perform ionospheric delay measurements. One technique
uses spectral compressors to compress the GPS signals into audio or subaudio
bands. A processor is used to extract the frequency and phase of each satellite in
view. Another technique is to split the received satellite signal and multiply it by
itself to obtain a second harmonic of the carrier phase shift which does not contain
the code modulation. Codeless technigues can also be used to make CPD
measurements but the C/A-code navigation message must also be read to obtain
the satellite ephemeris if real-time outputs are desired.
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2.7 ANALOG/DIGITAL RECEIVERS

The majority of early GPS receiver designs made extensive use of analog signal
processing techniques, however, most modern receivers incorporate digital signal
processing to replace analog receiver functions wherever possible. The following
examples are provided to give a description of the differences between these two
design techniques. Figure 2-1 shows a multichannel GPS receiver in which code
correlation is performed using analog mixing techniques at the intermediate
frequency (IF). Each satellite signal to be tracked requires a separate hardware
processing channel which consists of an analog correlator, code translator, IF
stage, and base band converter. The bandwidth of the IF stage is designed to
accommodate the GPS data rate and maximum carrier doppler-shifted frequency.
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Figure 2-1. Analog GPS Receiver Architecture

Figure 2-2 illustrates a GPS receiver using a largely digital architecture. Analog
signal processing is limited to preselection and gain applied to the GPS signals
during down conversion with fixed translation frequencies. The down-converted
signals are digitized through sampling and are then ready for further digital
processing. The digital signal processor (DSP) functions shown in Figure 2-2
include correlation, code and carrier acquisition, and data recovery.



In a digital receiver, analog to digital (A/D) conversion takes place at the receiver
IF. Code correlation and further signal processing occurs digitally. Since the input
signals remain code division multiplexed throughout the front end, this portion of
the receiver can accommodate either a sequential or multiplexed tracking
configuration for any number of satellites. Thus a digital receiver can easily be
structured as an "all in view" receiver, whereas an analog equivalent would require
a dedicated hardware correlation channel for each satellite in view. The digital
architecture illustrated in Figure 2-2 also provides for a great reduction in
complexity of the analog portion of a receiver. This in turn results in lower
production costs for test, calibration, and maintenance.
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Figure 2-2. Digital GPS Receiver Architecture

2.8 GPS AS A PSEUDORANGE/DELTA RANGE SENSOR

A GPS receiver need not necessarily be used as a PVT sensor in an integrated
navigation system. An integrator may instead wish to use GPS to supply satellite
pseudorange and deltarange measurements to an inte grated positioning solution.
Additional measurements may be provided to the integrated solution by systems or
equipment such as an Inertial Navigation System (INS) (position, velocity,
acceleration, attitude), Doppler Navigation System (position, velocity), Inertial
Aircraft Heading Reference System (velocity, acceleration, attitude), or a Central
Air Data Computer (CADC) (baro-altitude and airspeed). The positioning processor
can combine all the measurement data into one Kalman filter, to generate a system
positioning solution.

Such a solution requires a sophisticated integration scheme. In order to use the
pseudorange and deltarange data, additional information is needed such as
satellite ephemeris and GPS receiver clock biases. Accurate system and
subsystem clocks are needed to correct for differences between the time the
calculations are performed and the



time that the measurements were taken. Alternatively, measurements can be
deweighted in the integrated solution and latency errors added to the system error
budget. If implemented correctly, a GPS sensor can still contribute to a navigation
solution when less than four satellites are being tracked. Such a system is capable
of incorporating a single satellite measurement into the system Kalman filter, thus
bounding the navigation system solution in one dimension. The disadvantage of
using GPS as a sensor in an integrated positioning solution is the high level of
complexity involved in integrating such a system.

In general, stand-alone GPS receivers do not allow corrected pseudorange and
delta range data out of the receiver since it is classified data. Therefore, some
receivers provide the capability to process the integrated solution within the GPS
receiver. Many GPS sensors are now small enough to be embedded as a card or
module into another system, such as an INS or Flight Management System (FMS).
In such cases, the corrected pseudorange and delta range data may be permitted
off the card or module since the classified data would be contained within a single
unit. However, GPS technology now allows most of the GPS receiver functions to
be performed by a single semiconductor chip or small chip set. Consequently,
future security/processor devices such as the Selective Availability Anti-Spoofing
Module (SAASM) may return to the "stand-alone" architecture, providing the
capability to process the integrated solution aboard the device, while not allowing
the corrected pseudorange and delta range data out of the device. For additional
discussion of GPS integration architectures and related issues, refer to Chapter 8.
For security design guidelines refer to Navstar GPS PPS Host Application
Equipment (HAE) Implementation Guidelines.
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CHAPTER 3: MINIMUM PERFORMANCE CAPABILITIES
OF A GPS RECEIVER

3.1 BASIC CONSIDERATIONS

There are a set of basic performance parameters that are useful for making
comparisons between different GPS receivers. This set of parameters, together with
others, can be used to determine what type of receiver one should choose for a
particular application. The parameters of interest are:

Position accuracy
Velocity accuracy
Time accuracy
TTFF

oo

3.1.1 GPS System Accuracy Characteristics

There are a number of different ways in which to express GPS accuracy. All are
expressed in statistical terms, with a probability assigned to the value given, and the
number of dimensions expressed or implied. The two primary positioning accuracy
requirements imposed on the GPS system by the U.S. DoD are 16 metres SEP for
PPS, and 100 metres 95% horizontal for SPS. SEP represents a 50% probability. Note
that the PPS requirement is a three-dimensional requirement specified at the 50%
probability level and the SPS requirement is a two-dimensional requirement specified at
the 95% probability level. Despite this inconsistency, these are the parameters and
points on the accuracy distributions that the Control Segment has used to determine
system management policies and methods.

GPS system positioning accuracy distributions are not spherical and are not Gaussian
in the tails of the distributions. Consequently, conversions from the system accuracy
requirements to other expressions of GPS accuracy, based on an assumption of a
spherical distribution that is Gaussian in each dimension can be inaccurate, especially
at the 95% probability level which is commonly used by NATO.

"Technical Characteristics of the Navstar GPS" gives conversions of the PPS
positioning requirement for typical GPS system operating conditions as 37 metres 95%
spherical accuracy and 21 metres 95% horizontal accuracy. Technical Characteristics
of the Navstar GPS also provides 95% accuracy tables to facilitate comparisons of PPS
and SPS spherical, horizontal, and vertical accuracies.

GPS exhibits statistical accuracy distributions because two important parameters
determine the accuracy of the position solution. They are User Equivalent Range
Error (UERE) and Geometric Dilution of Precision (GDOP). Both of these
parameters are variable with time. UERE is a measure of the error in the range
measurement to each satellite as seen by the receiver. UERE varies because of
random variations in the satellite signal, sighal propagation characteristics, and
user measurement processes. Over the long term (days to months) UERE closely
resembles a Gaussian distribution and is equivalent for each satellite. UERE tends
31



to be different for each satellite at any instant in time and tends to be at a minimum
following a new navigation message upload.

GDOP is an instantaneous measure of the error contributed by the geometric
relationship of the satellites as seen by the receiver. GDOP is a dimensionless
multiplicative factor. For a given value of UERE, small GDOP values mean more
precise position and/or time. GDOP varies because the satellites are in constant
motion and their geometric relationships are constantly changing. Consequently
GDOP can vary with time and user location. The "average" GDOP tends to induce
a circular error distribution in the horizontal plane with the vertical contribution of
error approximately 1.5 times the horizontal contribution. In real-time, GDOP can
be asymmetrical in the three dimensions and vary significantly from the average or
typical case, however, GDOP can be easily measured by the receiver, and is often
used to select optimum combinations of satellites for the position solution or to
develop real-time accuracy estimates.

GDOP distributions are not Gaussian, particularly in the tails of the distribution.
The global distribution of GDOP can vary significantly at the 95% probability level
due to temporary "vacancies" in the GPS constellation, while remaining relatively
constant at the 50% probability level where the GPS PPS system accuracy
requirement (16 metres SEP) is defined. Therefore, PPS 95% accuracy
specifications derived from this requirement may not be rigorously maintained
through all the possible states of the GPS constellation. However, although small
variations in accuracy performance are likely with each change in the constellation
state, worst-case situations are worst-case for all users and by all measures of
system performance, and will therefore be avoided or quickly corrected by the
Control Segment. (Temporary "vacancies" in the satellite constellation can be
expected over the life of the system due to preventive maintenance, satellite end-
of-life failures and delayed replacements, or random satellite failures that are
correctable by the Control Segment.)

UERE and GDOP are explained in more detail in paragraphs 3.1.2 and 3.1.3. It
should be noted that these errors are constantly present as normal variations in
accuracy, even with a complete GPS constellation and correctly operating
satellites, Control Segment, and receiver.

3.1.2 GPS PPS System Range-Error Budget

The GPS PPS system range-error budget is presented in Table 3-1. The budget is
expressed for the 95% probability level of the system UERE. This is a UERE averaged for
all satellites over a 24-hour period. Therefore, the long-term (greater than 24 hours) one-
sigma UERE for an individual satellite can exceed this value and the system can still meet
the accuracy requirements specified in the previous paragraph. The instantaneous UERE
of all satellites will typically exceed this value at sometime during a 24 hour period. From
the user point of view, the important values in this error budget are those allocated to the
User Segment. These are excellent guidelines for the purchase or development of
receivers because they are independent of the performance of the Space and Control
segments.
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Table 3-1. GPS PPS System Range Error-Budget

UERE Contribution
Segment Error Source (metres, 95%)
P-Code C/A-Code
Space Frequency Standard Stability 6.5 6.5
D-Band Delay Variation 1.0 1.0
Space Vehicle Acceleration Uncertainty 2.0 2.0
Other 1.0 1.0
Ephemeris Prediction and Model 8.2 8.2
Control Implementation
Other 1.8 1.8
User lonospheric Delay Compensation 4.5 9.8-19.6
Tropospheric Delay Compensation 3.9 3.9
Receiver Noise and Resolution 2.9 2.9
Multipath 2.4 2.4
Other 1.0 1.0
Total (RSS) System UERE (metres, 95%) 13.0 15.7-23.1

3.1.2.1 GPS UE Range-Error Budget

The portion of the UERE allocated to the Space and Control segments is called the
user range error (URE) and is defined at the phase center of the satellite antenna.

The portion of the UERE allocated to the user equipment is called the UE error
(UEE). Specifically, the UERE is the root-sum-square of the URE and UEE. The
UEE includes residual errors after compensation for atmospheric delay, inherent
receiver errors of noise and resolution, and multipath. Modern C/A-code receivers
have demonstrated significant improvements in ionospheric delay compensation
over the budgeted values. The values given for ionospheric delay compensation
error are based on dual-frequency delay measurements for P-code and the single-
frequency ionospheric delay model for C/A-code (as specified in "Technical
Characteristics of the Navstar GPS"). The budgeted values for C/A-code can be
improved by use of a modified single-frequency model or code less dual-frequency
measurements on the L1 and L2 carriers. Modern P-code and C/A-code receivers
have both demonstrated significant improvements over the budgeted values for
receiver noise, resolution, and multipath, using digital phase locking techniques
and variable or narrow code correlation techniques.
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3.1.3 Geometric Dilution of Precision

As described in paragraph 3.1.1, GDOP is a dimensionless multiplicative factor that
is an instantaneous measure of the error in the positioning solution, contributed by
the geometric relationships of the GPS satellites, as seen by the receiver. As an
example, if two lines of position are necessary to establish a user position, the least
amount of error is present when the lines cross at right angles. The greatest error
is present as the lines approach parallel. (See Figure 3-1.) Similarly, for GPS, the
greatest amount of error is present when the lines-of-sight between the user and 2
or more satellites approach parallel, or when all four satellites approach the same
plane.
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Figure 3-1. Dilution of Precision

"Technical Characteristics of the Navstar GPS" contains the mathematical definition
and derivation of GDOP. In short, if the one-sigma pseudorange measurement errors
for all satellites are assumed to be unity, GDOP is defined to be the square root of the
sum of the variances of the position and time error estimates.

GDOP = (s +5s,” + s>+ c’s )™

(Where "c" is the speed of light and "t" is the user clock bias.)

GDORP is therefore considered to relate the standard deviation of the satellite range
errors (UERE) to the standard deviation of the position solution errors. GDOP is

normally considered to be unitless; the units (metres) being carried by the range error
and position solution errors. Expressed as a mathematical formula:

Suere X GDOP = Sposimion soLuTioN ERROR
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Other dilution of precision factors can be defined which are a subset of GDOP and
have a more specific physical meaning with respect to the x, y, and z axes in a local
coordinate system. They include position dilution of precision (PDOP), horizontal
dilution of precision (HDOP), vertical dilution of precision (VDOP) and time dilution of
precision (TDOP). Mathematically they are defined as follows:

PDOP = (s’ +5s,” +5,)"?
HDOP = (s +5,)"?
VDOP = (s,)"*

TDOP = (s)**

HDOP can be further resolved into its X and Y components. If the X axis is oriented in
an East-West direction, an "East” DOP (EDOP) and "North" DOP (NDOP) can be
defined as follows:

EDOP = (s9)"?
NDOP = ()"

Similarly, if the Y axis is oriented along the track of a moving vehicle, a "cross-track"
DOP (XDOP) and an "along-track™ DOP (ADOP) can be defined:

XDOP = (s)"?
ADOP = (59"

The various elements of GDOP can also be calculated for an over-determined position
solution, that is, where the available satellite or aiding measurements exceed the
required minimum of four, and an "all-in-view" solution is calculated. The mathematical
formulations are similar, and generally result in a lower value of GDOP (hence better
solution accuracy) for each additional measurement that is added to the calculation.

GDOP can also be "weighted" with a vector of UERE values in the matrix
calculations for real-time or short-term error estimates where the satellite (or aiding)
UERE values are not equal. As mentioned previously, this is generally the case for
instantaneous values of UERE, and especially true for SPS where large differences
in instantaneous UERE can be caused by Selective Availability. This is also true
for aiding situations where the equivalent "UERE" of the aid is usually different than
the typical satellite UERE. This "weighted" variation of DOP is an estimate of User
Navigation Error (UNE) and is sometimes termed "KDOP". KGDOP has the same
definition as GDOP except that the statistical satellite range errors are not required
to be equal. Similarly there are analogous subset definitions of KPDOP, KHDOP,
etc.



Which DOP value may be most relevant to a particular application is dependent on the
mission and associated accuracy requirements of that mission. (K)HDOP may be most
important for land and open ocean navigation where horizontal position location and
rendezvous are primary mission requirements. (K)XDOP and (K)ADOP may be most
important for air navigation where aircraft spacing is a primary safety consideration.
(K)PDOP may be most important for aircraft weapons delivery, and (K)TDOP is
obviously most important for time transfer applications. Note that the DOP values
discussed here are instantaneous estimates of the geometric contribution to error for a
particular location and time. System accuracy requirements often require estimates of
long-term error distributions.

For long-term error estimates, the relationship between range error and position
solution error should be determined by computer simulation. The standard deviation of
the long-term position error distribution can be determined by using the standard
deviation of GDOP and the standard deviation of UERE, but the relationship does not
hold true for other probability levels, because the tails of the GDOP and position
solution distributions are not Gaussian. The most effective method for determining
long-term error distributions, for a particular constellation state or set of states, is by
conducting a computer simulation.

Computer simulations can be performed to determine global, regional, or single
location distributions, but they are often complex and time consuming. If a Monte Carlo
simulation is performed assuming a one-metre standard deviation for UERE, the
resultant normalized position error (NPE) distribution can be scaled by any UERE of
interest, and examined at any probability level of interest. The simulation can iterate
user locations around the globe and satellite orbital locations over time (24 hours) while
simulating GPS receiver calculations to determine the NPE distribution. While NPE is
analogous to GDOP in that it is a measure of the geometric characteristics of error,
GDOP is an instantaneous measure and NPE is a statis tical measure. The 95% PPS
and SPS accuracy values given in paragraph 5.1 of "Technical Characteristics of the
Navstar GPS", were determined by an NPE simulation using an optimized 21 satellite
constellation as a surrogate for the average or typical state of the GPS constellation.

It should be emphasized that it may be perfectly valid to translate user accuracy
requirements between different dimensions and probability levels assuming a spherical
error distribution and Gaussian error characteristics, if that is appropriate for the
particular mission or application. The fact that GPS accuracy performance is
nonspherical and non-Gaussian does not impose a similar condition on user
requirements.

3.2 RECEIVER POSITION ACCURACY

As described in paragraph 3.1.2.1, the UEE is independent of the satellite and
Control Segment errors, URE and receiver position accuracy are not. Therefore,
receiver position accuracy must be specified for conditions of DOP and URE, in
order to isolate the receiver contribution to position accuracy (e.g., UEE, filtering
algorithms, and coordinate transformations). Dynamic positioning accuracy
requirements must take into account the effect of vehicle motion on the filter
accuracy as well. Laboratory testing must control DOP and URE. Field testing
must record DOP and URE. In general, testing is best performed when the system
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positioning accuracies can be achieved. Assuming the UERE error budget is
maintained, this generally means DOP conditions of PDOP < 6, HDOP < 4, VDOP <
4.5, and TDOP < 2. URE and DOP are best measured during tests by a calibrated
reference receiver. Computer programs which use the broadcast almanac to
predict periods of favorable DOP can assist field test scheduling. The GPS System
Effectiveness Model (SEM) is one such program developed for the GPS JPO and
has been distributed to all NATO nations. Other similar programs are commercially
available.

3.3 RECEIVER VELOCITY ACCURACY

GPS receivers typically calculate velocity by measuring the frequency shift (Doppler
shift) of the GPS D-band carrier(s). Velocity accuracy can be scenario dependent,
but 0.2 m/sec per axis (95%) is achievable for PPS receivers. SPS velocity
accuracy is the same as PPS when SA is off. When SA is on, SPS velocity
accuracy is degraded. The amount of degradation of the velocity is classified.
However, although not guaranteed, SPS velocity accuracies around 0.4 m/sec 95%
have been observed by civilian users for the typical level of SA associated with
normal peacetime operations and 100 metres 95% horizontal position ing accuracy.

Velocity accuracy can be effectively tested in a laboratory environment, but field
testing can be difficult since a tracking system with 0.05 m/sec or better accuracy is
required. The reader is urged to carefully consider the methods of testing if
velocity accuracy is an important mission requirement.

3.4 RECEIVER TIME ACCURACY

A dedicated PTTI port should normally be used for precise time output from a GPS
receiver. Significant time delays and uncertainties from microseconds to
milliseconds can be introduced if time output is accomplished via a digital data
interface. For a PPS P-code GPS receiver, tracking 4 satellites, an absolute time
accuracy of better than 200 nanoseconds (95%) relative to UTC is possible in a
stationary or low-dynamic situation at an unsurveyed location. Equivalent SPS C/A-
code accuracy is 340 nanoseconds (95%). Higher dynamics will increase time
error. Errors in the PTTI output result from errors in the GPS receiver as well as
the Control and Space segments. The system time transfer error budget is shown
in Table 3-2.

Processing errors in the GPS receiver and unaccounted time delays to propagate
the timing pulses to the PTTI port can add another 60-100 nanoseconds (95%),
depending on receiver design. Therefore, a total (RSS) time error of 209-224
nanoseconds (95%) can be expected.

Typical 95% time accuracies expected for precise time dissemination for different
categories of GPS receivers are shown in Tables 3-3 and 3-4, assuming an RSS of
88 ns for the Control and Space Segment errors, and 78 ns for the PTTI error.



3.5 TIME-TO-FIRST-FIX

Time-To-First-Fix (TTFF) is a measure of the elapsed time required for a receiver to
acquire the satellite signals and navigation data, and calculate the first position
solution. TTFF begins when initialization of the receiver is complete (including self-
test, loading of PPS keys, and any required operator input) and the receiver is
commanded to begin the positioning function. Some source material (U.S. DoD in
particular) may refer to TTFF1 and TTFF2. TTFF1 is based on C/A-code
acquisition with hand over to P-code tracking. TTFF2 is based on direct P-code
acquisition. REAC (reaction time) is the term typically used to include both the
initialization process and TTFF. Since initialization may necessitate operator
action, REAC specifications or require ments may require assumptions of operator
response times. TTFF is a function of the initial receiver state as well as receiver
design. The following paragraphs describe the satellite acquisition and initial
positioning processes in more detail.

Table 3-2. Time Error Budget

Error Component Error (ns, 95%)

US Naval Observatory Measurement Component 137
Control Segment Measurement Component 59
GPS Time Predictability 92
Navigation Message Quantization 6
Satellite Orbit 22
Satellite Clock 63
Satellite Group Delay 12
Downlink and User Equipment 65

Total (RSS) Time Transfer Error Budget 199

Table 3-3. Precise Time Output Accuracy (95%)
for a Typical PPS P-code Receiver

Receiver Mode Receiver Output S/A On S/A Off
Stand-Alone, Stationary, or Instrumentation Port 2 ms 2 ms
Low Dynamic PTTI Port 127 ns 127 ns
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Table 3-4. Precise Time Output Accuracy (95%)
for a Typical SPS C/A-code Receiver

Receiver Mode and Output S/A On S/A Off
Stand-Alone (4 SVs), Stationary or Low Dynamic, PTTI Port 274 ns 157 ns
Stand-Alone (1 SV), Stationary, Known Position, PTTI Port 255 ns 147 ns
Coordinated Time Transfer, PTTI Port 59 ns 20 ns
Instrumentation Port 2ms 2ms

3.5.1 Warm Start, Cold Start, and Hot Start

Three different variations of TTFF are commonly defined and any one or all three
can be specified or required for a particular receiver. A warm or normal start is
based on the assumption that the receiver has an estimate of current time and
position as well as a recent copy of the satellite almanac data. Typically, time
should be known within 20 seconds of GPS time, position should be known within
100 kilometers, velocity within 25 metres per second, and the satellite almanac
should have been collected within the past few weeks. TTFF1 for warm starts is
typically in the 2 to 5.5 minute range.

A cold start occurs whenever there is a problem with these key data elements. This
is typical of a receiver as delivered from a manufacturer, supply depot, or repair
depot. Date and time will not be maintained if the receiver "keep alive" battery has
been removed or drained. If the receiver clock and memory remains active, the last
known position might be at a factory or depot thousands of kilometers from the
present position, and the almanac may be several months old. Under such
conditions, the receiver may have to systematically "search the sky" until it can find
a satellite and retrieve time and a current almanac. A cold start can add at least
12.5 minutes to TTFF1 over that based on a warm start.

A hot start occurs when a receiver is provided with a standby feature to maintain
oscillator temperature, time, position, and individual satellite ephemerides (as well
as the almanac). When the receiver is commanded out of the standby mode, the
time required to achieve the next full position fix is usually Termed Time to
Subsequent Fix (TTSF) rather than TTFF. Typically, TTSF is on the order of 10
seconds for standby periods of a few hours.

3.5.2 Receiver Warm-Up

When a GPS receiver is initially turned on, time must be allowed for the receiver
crystal oscillator to warm up and stabilize at its normal operating temperature. In a
GPS receiver it typically takes up to 6 minutes to complete this process. If the
receiver is provided with a mode that keeps the oscillator warm, this contribution to
TTFF can be avoided.
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3.5.3 Almanac Collection

The first time a receiver is operated, it must perform an iterative search for the first
satellite signal unless it can be loaded with a recent satellite constellation almanac,
the approximate time and the approximate receiver location. The almanac gives the
approximate orbit for each satellite and is valid for long time periods (up to 180
days). The almanac is used to predict satellite visibility and estimate the pseudo-
range to a satellite, thereby narrowing the search window for a ranging code. Once
the first satellite signal is acquired, a current almanac can be obtained from the
NAV msg. It takes up to 12 1/2 minutes to collect a complete almanac after initial
acquisition. An almanac can be obtained from any GPS satellite. Most modern
receivers can update the almanac periodically and store the most recent almanac
and receiver position in protected memory. A clock can also be kept operating
when the receiver is off or in standby mode, so as to minimize initial acquisition
time for the next start-up.

3.5.4 Initial Uncertainties

The initial uncertainties associated with a GPS receivers initial position, velocity,
acceleration, jerk and time inputs must be specified when satellite acquisition times
are being tested. Acquisition and reacquisition times will vary depending on the
accuracy of the receiver initialization. Some military TTFF requirements that include
jamming and other sensitive parameters in the start-up scenario may be classified.

3.5.5 Ephemerides Collection

Ephemeris data forms part of the 50 Hz NAV msg transmitted from the GPS
satellites. Unlike almanac data which can be obtained for the whole constellation
from a single satellite, ephemeris must be collected from each satellite being
tracked on acquisition and at least once every hour. Ephemeris information is
normally valid for 4 hours from the time of transmission, and a receiver can
normally store up to 8 sets of ephemeris data in its memory. Acquisition and
reacquisition times for a receiver will vary, depending on whether valid ephemeris
data is already available to the receiver. When testing acquisition time it is
necessary to specify whether a valid set of ephemerides is resident or not within the
receiver. Depending on the NAV msg collection scheme employed in a particular
receiver, it can take between 30 seconds and 3 minutes to collect the ephemeris
information.

3.5.6 Enhanced Acquisition Techniques

A number of enhanced acquisition techniques have been developed for modern
receivers. TTFF performance can be significantly improved by the use of multi-tap
correlators and multi-channel search algorithms. Multi-tap correlators are
essentially multiple correlators in the same package which greatly enlarge each
search window for code correlation. Similarly, using all available receiver channels
in the search for the first satellite can reduce TTFF by maximizing the effective
search window of the receiver.
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3.5.7 Direct P(Y)-Code Acquisition

Direct P(Y)-code acquisition can be effectively achieved using enhanced
acquisition techniques to enlarge the search window and/or by using atomic clock
aiding to reduce the initial time uncertainty. Similarly, aiding from an inertial
reference system can be used to reduce the initial velocity and position uncertainty.
Downloading initialization data from another receiver can be used for direct P(Y)-
code acquisition as well.

3.5.8 TTFF Requirements

Figure 3-2 is a decision chart for determining TTFF requirements for the various
initial conditions described above, as well as the TTFF1 and TTFF2 acquisition
strategies and different receiver designs

3.5.9 Satellite Reacquisition

Satellite reacquisition assumes a temporary loss of a satellite signal due to masking
or similar loss of satellite visibility. A satellite reacquisition time of 10 seconds or
less is typically achievable. As described in paragraph 3.5.3, the accuracy of the
receiver position estimate is a primary factor in determining satellite reacquisition
time. Vehicle dynamics and elapsed time from loss of the signal are therefore
important in determining the accuracy of the receiver position estimate, as is the
presence of GPS aids such as an INS. Laboratory testing is recommended since
these factors are difficult to control and predict in the field.
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Figure 3-2. Time-To-First-Fix (TTFF)
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