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12.1 Aircraft Guidance

Satellite navigation is finding ever increasing use in avi-
ation. The utility of satellite navigation is enabled by
a variety of augmentation systems. These augmenta-
tion systems are independent of the individual satellite
constellations and monitor their performance continu-
ously. Most importantly, the augmentations detect faults
in real time and warn the pilots within seconds. Such
assistance is needed because the constellation ground
control system may not detect and report faults for tens
of minutes or longer. The fault detection alternatives
include aircraft-based augmentation systems (ABASs),
ground-based augmentation systems (GBASs), and
satellite-based augmentation systems (SBASs). This
chapter focuses on SBASs [12.1]. Particular emphasis
will be placed on the wide area augmentation system
(WAAS, [12.2]), which is the SBAS for North Amer-
ica and was also the first operational SBAS. SBASs
have also been developed in Japan, Europe, and India
and are being developed in Russia, China, and South
Korea.

Currently, SBASs augment the global positioning
system (GPS) with the following three services:

® Integrity monitoring to improve safety

® A ranging function to improve availability and con-
tinuity

® Differential GPS corrections to improve accuracy.

Thus augmented, GPS meets the performance re-
quirements for most phases of flight, including verti-
cal guidance during airport approach. The first SBAS,
WAAS, was commissioned in July 2003. The accuracy
of the system rapidly made it an industry standard in
GPS receivers. It routinely achieves horizontal accu-
racies better than 85cm and vertical accuracies better
than 1.2 m 95% of the time [12.3]. SBAS has achieved
widespread adoption in nonaviation fields due to its
open standard, free provision, and high accuracy [12.4,
5]

12.1.1 Aviation Requirements

Navigation systems used for aviation are judged by four
key measures [12.1]:

1. Accuracy: The reported aircraft position must be
close to the true position. Accuracy generally char-
acterizes nominal errors and is usually expressed as
a 95% confidence number. That is, it is specified as
anumber > 95% of the nominal position errors. Ac-
curacy is the easiest requirement for SBAS to meet.
Integrity, continuity, and availability are all much
more difficult to achieve.

2. Integrity: An aviation navigation system must en-
sure that no position error larger than a maximum
tolerable bound is presented to the pilot. All faults
that could lead to larger position errors must be
flagged within a specified time-to-alert (TTA), and
the probability of failing to flag such a fault must
be below some small probability per operation, typ-
ically between 107 and 10~ depending on the
operation.

3. Continuity: Once an aircraft begins a critical op-
eration, the navigation system must continue to
function until the operation is complete. The al-
lowable probability of a navigation system outage
during an aircraft approach operation varies from
107 to 10~ per operation.

4. Availability: The navigation system must be func-
tional and meet the above requirements a large
fraction of the time in order to be useful to air-
craft. Indeed, aviation requires availabilities better
than 99-99.999% of the time. It is both unsafe and
uneconomical to send an airplane to an airport only
to discover once there that landing guidance is un-
available.

The numerical value for each requirement depends
on the aircraft operation and they become more de-
manding as the aircraft is brought closer to other aircraft
or to the ground, e.g., approaching an airport and
preparing to land. So-called precision approach op-
erations require vertical position accuracies of a few
meters. Airport approach operations have particularly
tough requirements for accuracy and integrity. Thus,
most SBAS development and characterization effort fo-
cuses on this application. Generally, as long as the
SBAS can meet the approach requirements, it will also
meet the requirements for the other phases of flight.

Vertically guided approach is based on a smooth
glide path with a constant rate of descent. This glide
path, typically 3°, passes through a decision height
where the pilot must decide whether or not to complete
the landing. Pilots prefer vertically guided approach to
the more challenging nonprecision approach. Nonpreci-
sion approach is also known as a step-down approach
because pilots alternate a sequence of constant altitude
segments with vertical step-downs as they approach the
airport. This process requires the pilot to change the
vertical descent rate of the aircraft at different points
along the approach. This increased workload has con-
tributed to a larger number of aircraft accidents. Before
augmented GPS, an instrument landing system (ILS)
or microwave landing system (MLS), sited at the air-
port, were the only systems able to provide precision
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approach. SBAS enables precision approach without
any airport-specific equipment. It allows the pilot to use
a constant rate of descent down to a decision height of
200 ft above the ground, using a localizer precision with
vertical guidance (LPV) procedure [12.6]. This is an
important benefit as thousands of smaller airports are
not equipped with ILS or MLS.

12.1.2 Traditional Navigational Aids

Traditionally, aviation has relied on radio-navigation
signals from ground-based transmitters to determine
aircraft position (Chap. 30). These systems are still
largely in place and in wide use as the aviation commu-
nity is very risk averse and slow to change. Typically,
aircraft uses the same set of avionics originally installed
in the aircraft, without update, for more than 20 years. It
can be very difficult and costly to transition away from
the existing set of equipment. The main set of navaids
currently in use is:

Distance measuring equipment (DME)

Very high frequency (VHF) omni-range (VOR)
The tactical air navigation system (TACAN)
The ILS.

These are described in more detail below.

A DME consists of a fixed antenna and transmitter—
receiver that responds to aircraft interrogations after
a fixed delay. As the aircraft knows the amount of the
fixed delay, it obtains a true range to the antenna by sub-
tracting the delay from the time between interrogation
and response and dividing by 2. Because it also knows
the location of the antenna, the aircraft then knows that
it is somewhere on a circle at a fixed distance from
that location. By querying 2 DMEs or using other in-
formation, the aircraft can further refine its position.
The typical ranging accuracy of a DME is on the or-
der of hundreds of meters. Each DME can be received
to & 150 nmi. The United States (US) Federal Aviation
Administration (FAA) maintains & 1100 DMEs in the
conterminous United States (CONUS) to ensure nearly
complete coverage by multiple DMEs.

A very high frequency (VHF) omnidirectional
range (VOR) sends out two signals: one is uniform in all
directions and the other is highly directional. By mea-
suring the time between receipt of these messages, the
aircraft can obtain a directional angle from the VOR.
The typical accuracy of a VOR is less than half a de-
gree. Thus, a co-located VOR and DME can provide
an absolute position good to several hundred meters al-
though this uncertainty increases with distance from the
navaids. As with DMEs, there are on the order of 1100
VORs within CONUS.

The TACAN system is a military version of a com-
bined VOR/DME system. However, the DME portion
of the TACAN signal is available for use to civilians and
in the United States, most DMEs are actually TACANS.
A VORTAC is acombined VOR and TACAN that meets
both military and civilian needs

An ILS consists of two sets of antennas and trans-
mitters, one to provide angular offsets from the runway
centerline and the other to provide angular offsets from
the desired vertical glide path. The first set, called the
localizer, provides horizontal guidance and the second
set, called the glideslope, provides vertical guidance. In
order to provide guidance to a single runway end, both
the localizer and glideslope equipment are required. To
serve both ends of a single runway, separate glideslope
and localizer installations are required. Depending on
the level of calibration, an ILS can safely guide an air-
craft to within 200 ft of the ground (Category I) or all
the way down to a blind landing (Category III). There
are ~ 1300 ILSs in the United States.

Each of these terrestrial navigational aids requires
owned or leased land to occupy, reliable power and
communication, maintenance, and constant calibration.
Each piece of equipment is flight inspected for accuracy
as often as every 2 months. The installation and ongo-
ing support costs to maintain thousands of terrestrial
navigational aids are significant. The FAA investigated
satellite-based methods for providing guidance in order
to reduce the existing navaid infrastructure and overall
costs of maintenance.

12.1.3 Receiver Autonomous
Integrity Monitoring (RAIM)

The first and most common use of GPS in aviation
provides horizontal guidance by utilizing receiver au-
tonomous integrity monitoring (RAIM [12.7]), which is
a variety of ABAS, to detect faults. Such RAIM-capable
receivers estimate aircraft position and then compute
the measurement residual for each satellite. The resid-
uals are the difference between the actual measurement
and the expected value that corresponds to the esti-
mated position without using that satellite. This check
detects measurement faults, provided there are at least
5 satellites in view with good geometry. RAIM is fur-
ther capable of isolating measurement faults provided
there are at least six satellites in view with very good
geometry (Chap. 24).

GPS-based RAIM is the most widely used form of
satellite navigation by aviation to date. It only provides
horizontal guidance, but does so without any expen-
sive ground infrastructure. Its coverage is global and not
subject to limited ground networks or loss of signal due
to blockage by terrain. It is also generally far more ac-
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curate than VOR/DME/TACAN, and does not require
flight inspection to maintain calibration.

RAIM leverages the normally over-specified nature
of the GPS position solution, but this method is very
sensitive to the state of the GPS constellation. In poor
geometries, RAIM quickly becomes unavailable. For
this reason, RAIM receivers cannot be the primary nav-
igation aid; they must supplement another navigation
aid. In contrast, SBAS-enabled receivers may be the
primary navigation system for nonprecision approach
because the fault monitoring is done on the ground
and communicated to the aircraft. SBAS can provide
availability in much worse geometries than RAIM can
support.

12.1.4 Satellite-Based
Augmentation Systems (SBAS)

SBAS is capable of assuring better horizontal accu-
racy than RAIM as well as providing vertical guidance.
Therefore, SBAS can safely bring the aircraft closer to
the ground with fewer satellites in the sky and with
worse observational geometry.

An SBAS utilizes a network of ground monitors
to continuously observe the performance of the navi-
gation satellites. As shown in Fig. 12.1, the reference
stations send their measurements to master stations
that determine differential corrections and correspond-
ing confidence bounds. Each master station processes
the measurements and transmits data to an uplink sta-
tion. The uplink station relays this information to the
end users via a geostationary Earth orbit (GEO) satel-
lite. Each SBAS has multiple master stations, uplink
stations, and GEOs so that it can reliably survive the

failure of any one component. SBAS augments the core
constellations with the following three services:

1. Differential corrections: SBAS broadcasts differ-
ential corrections for each satellite tracked by the
ground network. The SBAS also transmits correc-
tions for the effects of ionospheric delay over its
region of interest. By applying these corrections to
their pseudorange measurements, the user equip-
ment improves its position accuracy.

2. Integrity monitoring: SBAS also broadcasts error
bounds for each monitored satellite and each iono-
spheric correction parameter. These error bounds
are used to determine the maximum possible air-
borne position error that may remain after the dif-
ferential corrections are applied. Error bounds are
appreciably more difficult to generate than differ-
ential corrections because the probability that the
position error bound fails to overbound the true
error must be smaller than 1077 per approach. In ad-
dition, this information must be updated within 6s
of any unsafe condition.

3. Ranging: The SBAS GEO signals are similar to
GPS L1 coarse/acquisition (C/A) signals in design
and so an SBAS-enabled receiver uses essentially
the same hardware as a normal GPS receiver. In ad-
dition, the SBAS signals are synchronized to GPS
so they can be used for ranging. The additional
ranging measurements are added to the suite of GPS
ranging signals to improve the time availability and
continuity of the position fix.

Each master station generates a grid of corrections
for the ionosphere over its coverage region. This grid is
5° by 5° in latitude and longitude between 60° S and

GPS satellites

Clock & orbit

GEO
satellite

/ ‘ A
P Ionospheric -

@ Reference station ii? Master station

ﬁ Ground uplink station

effeets .
: Fig. 12.1 General concept of
a satellite-based augmentation

system (SBAS)
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60° N and is less dense over the polar regions [12.8].
As with the stand-alone GPS single frequency iono-
sphere model, the SBAS ionospheric corrections model
the ionosphere as though it were a thin shell existing
at 350km above the surface of the Earth [12.9]. The
line of sight between the receiver and the satellite pene-
trates this layer at a point labeled the ionospheric pierce
point (IPP). The user applies the four surrounding grid
values to interpolate the ionospheric delay specific to
each location of their IPPs. Figure 12.2 shows the
SBAS ionospheric grid over North America with the
grid points used by wide area augmentation systems
(WAASS) indicated by red diamonds. Also shown are
the IPPs as measured by the reference stations at one
particular time.

The master station also generates a vector correc-
tion for each GPS satellite in view of the reference
network. One element corrects the satellite clock and
the other three elements are corrections for the three
dimensions of satellite position. These corrections are
generated from the pseudorange measurements after the
ionospheric contribution has been removed and errors
due to the troposphere and multipath have been mini-
mized.

12.2 GPS Error Sources

GPS signals are affected by many potential sources of
error. It is important to understand these error sources
and the possible effect they may have on the signal. For
integrity, we are primarily interested in the effect they

Fig. 12.2 SBAS ionospheric grid over
North America

While the processing to generate the ionospheric
and satellite specific corrections is sophisticated, the
more difficult task is to bound the position errors
that will remain after the corrections are applied. The
bounds for the residual errors in the ionospheric cor-
rections are called grid ionospheric vertical errors
(GIVESs). The GIVE bounds the ionospheric correction
for a given point in the grid for a line of sight that
passes vertically through that point. Lines-of-sight at
other angles get multiplied by a geometric obliquity
factor to adjust the delay and confidence values for the
longer ray path. The master station also bounds the im-
pact of the satellite-specific error after correction, and
these bounds are called user differential range errors
(UDREsS). They bound the projection of the satellite
clock and location errors when projected onto the line-
of-sight to the worst-case location in the coverage area.

The master station packs the ionospheric cor-
rections, satellite specific corrections, and associated
bounds into the SBAS message stream. This message
stream is uplinked to the GEOs. These satellites are es-
sentially bent pipes — they simply shift the uplink signal
frequency and broadcast the message to users every-
where in the geostationary footprint.

have on ranging accuracy. The errors may cause un-
modeled variations in the reception time of the signals
and hence the apparent range to the satellite. An SBAS
first attempts to correct these errors in order to improve
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accuracy. Then, to the extent that it cannot fully correct
the errors, it must describe to the user how much uncer-
tainty remains on each of their corrected pseudorange
measurements. It is therefore essential to understand
and describe the physical source and effect of the dif-
ferent error sources. These sources are usually broken
into three categories:

® Those originating on the satellite with the genera-
tion and broadcast of the signal.

® Those affecting the signal during its propagation
from the satellite to the user.

® Those affecting the signal at the receiver and in its
immediate vicinity.

The first category includes errors in the described
satellite orbit position and clock offset, biases between
the signals on different frequencies or between the
code and carrier components, deformations of the sig-
nals, and look-angle-dependent biases from the satellite
antenna. The propagation environment includes the
effects of the ionosphere and the troposphere. The fi-
nal category includes local multipath, receiver noise
and tracking errors, and user antenna bias effects. For
SBAS, both the errors affecting the reference stations
and the users are important. The most significant error
sources are described in greater detail below.

12.2.1 Satellite Clock and Ephemeris

Satellites suffer from nominal ephemeris and clock er-
rors (Sect. 3.3.4) even when there are no faults present.
These are typically very small for GPS, usually less
than a meter in projected error. Occasionally, the broad-
cast GPS clock and ephemeris information may contain
significant errors relative to the true state of the satel-
lite position and clock. Such faults may appear as
jumps, ramps, or higher order errors in the GPS clock,
ephemeris, or both. These faults may be created by
changes in state of the satellite orbit or clock, or sim-
ply due to the broadcasting of erroneous information.
For example, a clock fault may lead to a sudden change
in the timing of the broadcast signal while the posi-
tion description remains accurate. Another example is
an unannounced maneuver where the orbit suddenly
changes, but the clock remains accurate. Alternatively,
the satellite state may not change, but the navigation
data that is broadcast to the user is changed to contain
incorrect information. Another possibility is that every-
thing about the satellite is correct, but either the user or
the reference station incorrectly decodes the ephemeris
information. For GPS, the nominal clock and position
errors create projected pseudorange errors that typically
have a standard deviation better than 1 m. Faults are rare

on GPS, typically occurring no more than twice a year,
but may lead to projected errors of several kilometers.

12.2.2 lonosphere

The ionosphere (Chap. 6) is a complex three-
dimensional (3-D) distribution of free electrons pri-
marily distributed between 100 and 1000 km above the
surface of Earth [12.9]. It is often modeled as a two-
dimensional (2-D) structure occurring in a thin shell at
a height of 350 km. The electron distribution varies over
the course of the day with a maximum effect in the lo-
cal afternoon when the Sun’s radiation has created the
largest number of free electrons, and a minimum effect
at night when those same electrons have recombined
with the positive ions. There are seasonal changes with
the ionosphere as the Earth’s magnetic field changes its
orientation with respect to the Sun. The Sun also under-
goes an & 22 year cycle where it reverses its magnetic
field. This leads to an 11 year cycle in the ionosphere
with significantly more ionospheric delay and distur-
bances near the maximum of the cycle than nearer to
the minimum.

For nonequatorial regions (roughly > 25° of lati-
tude), the thin shell model is usually a very good model.
The ionosphere is easily estimated and bounded over
large distances by assuming a linear variation in delay
in the east—west and north—south directions. However,
periods of disturbance occasionally occur where simple
confidence bounds fall significantly short of bounding
the true error [12.10, 11]. Additionally, in equatorial
regions of the world, the ionosphere often contains sig-
nificant 3-D structure. Disturbances can occur over very
short baselines causing them to be difficult to describe
in the limited SBAS message structure. Variations >
20 m of vertical delay over a 50 km baseline have been
observed, as have rates of change as large as four verti-
cal meters of delay per minute.

12.2.3 Troposphere

Tropospheric errors (Chap. 6) are typically small com-
pared to ionospheric errors or satellite faults. Historical
observations were used to formulate a model and ana-
lyze deviations from the assumed model used by SBAS.
The assumed model will not exactly match the local cli-
matological conditions. There are unpredictable varia-
tions in barometric pressure, temperature, and moisture
content. Each of these variations may produce up to
a few decimeters of vertical delay error that can map
to a few meters of error at very low elevation angles.
Typically, the total vertical error is < 10cm and there-
fore < 1 m at low elevation [12.12].
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12.2.4 Multipath

Multipath (Chap. 15) depends upon the environment
surrounding the antenna and on the satellite locations.
In aircraft, a well-placed antenna may have a very
clean environment and the motion of the aircraft usu-
ally causes multipath to vary quickly. Thanks to carrier
smoothing, the overall aircraft multipath can be reduced
to < 25cm standard deviation for a narrow correlator
receiver [12.13]. The reference stations however may
be in much more cluttered environments and therefore
can experience multipath errors of several meters. Be-
cause the reference station antennas are stationary, the
period of the multipath can be 10 min or greater. For
GPS, multipath also contains a periodic component that
repeats over a sidereal day. Thus, severe multipath may
be seen repeatedly for several days or longer. How-
ever, with two frequencies, the reference stations may
use a very long time constant for carrier smoothing and
also be able to achieve standard deviations < 25 cm af-
ter sufficient smoothing time.

12.2.5 Other Error Sources

The previous sections describe the four most signifi-
cant error sources, but there are other error sources that
usually are not a factor but that potentially could af-
fect performance. One such example is signal distor-

12.3 SBAS Architecture

As previously mentioned, an SBAS consists of three el-
ements:

® The reference network
® The central processing facility
® The GEOs.

The reference network collects the basic GPS data
in real-time and forward it for further analysis. The cen-
tral processing facility evaluates the data and generates
corrections and decisions about integrity. This informa-
tion is then broadcast to the users via GEOs. These
elements and their function are described in the follow-
ing subsections.

12.3.1 Reference Stations

Each reference station contains independent threads
of reference equipment. Each thread consists of an
antenna, a dual-frequency GPS receiver, an atomic
clock, and redundant communication links. Figure 12.3
shows racks containing three threads of equipment for

tions on the GPS codes [12.14, 15]. Because the signals
are not strictly identical, there will be differences in their
measured arrival time that depend upon the correlator
spacing and bandwidth of the observing receivers. Such
biases would be transparent to a network of identically
configured receivers, but could be noticeably different to
a user receiver with a different design. There are nomi-
nal deformation biases that are always present and may
be several decimeters large. There is also concern over
possible fault modes that could lead to errors > 10 m.

Another postulated threat is that a satellite may fail
to maintain the coherency between the broadcast code
and carrier. This fault mode is one that occurs on the
satellite and is unrelated to incoherence caused by the
ionosphere. This threat causes either a step or a rate of
change between the code and carrier broadcast from the
satellite. This threat has been observed on the L5 signals
of the new Block IIF GPS satellites.

Look-angle-dependent biases in the code and on
the carrier phase on both L1 and L2 are present on
GPS antennas [12.16]. These biases may be several tens
of centimeters. They may result from intrinsic antenna
design as well as manufacturing variation. They are
known to be present on the satellite antennas, on the
reference station antennas, and on the users antennas.
A closely related error source is survey error on the ref-
erence station antennas which could lead to errors in
estimating the satellite corrections.

a WAAS reference station. Redundant threads are in-
cluded so that hardware faults may be readily detected.
The reference receivers are dual frequency. Every sec-

iy \ 5 _—
Fig. 12.3 A WAAS reference station (reproduced with per-
mission of the FAA satellite navigation team)
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ond they take pseudorange measurements and carrier-
phase measurements at the GPS L1 and L2 frequen-
cies. The L1 and L2 frequencies are 1575.42 and
1227.60 MHz, respectively. The atomic clock makes it
easier to compare previous measurements to the current
ones and to identify outliers. The raw measurements
from the reference stations are sent to each master sta-
tion along redundant communication lines to ensure
that each measurement arrives with very high likeli-
hood. Reference stations are spaced ~ 200km or more
apart. They are often placed at facilities that can pro-
vide security, reliable power (with backup), and reliable
communications. No processing is performed at the ref-
erence station locations. Instead the raw measurements
are all sent to the central locations for processing. The
reference station network should have enough redun-
dancy such that the loss of any individual station will
not limit availability of the overall service.

12.3.2 Master Stations

An SBAS master station has four main tasks:

® C(ollect the data

® Formulate the corrections

® Determine the confidence bounds

® Pack the information into messages for broadcast.

The master station will seek to obtain all of the raw
GPS data from every thread of every reference station.
However, in order to meet the TTA it cannot wait too
long for this data to come in. At a certain time it has
to move forward and make its determinations with the
information that it has for the epoch in question. This
process is repeated every second as the master station
continuously has to decide what the next message to
send should be.

Upon getting the data from the receivers, the mas-
ter station first performs consistency checks to identify
and isolate erroneous data. The data from the paral-
lel threads at each reference station must agree with
each other and with previous information. If it does not,
the master station must determine which information
is incorrect. If it cannot do so, then it must immedi-
ately warn the user that the prior correction data may
be unsafe. Much more commonly, it is able to iden-
tify and remove bad measurements before they are used
downstream. Next the data is fed into various filters and
estimators. There is a satellite clock and orbit estimator
that also estimates reference station clock offsets. There
is an estimator for the biases between the L1 and L2 sig-
nals that are induced by hardware on the satellites and
at the reference stations. Finally, there is an estimator
for the ionospheric delay at each of the grid points that
the SBAS chooses to correct.

Most importantly, there are safety monitors that
determine how much error may be present in the esti-
mates. By correcting GPS with SBAS, one is initially
doubling the risk of failure. There are now two very
complex systems that can fail instead of just one. The
first task for SBAS is self-monitoring to ensure that it
does not introduce error. Each reference station contains
parallel threads of equipment. Each thread operates in-
dependently of the others. As a first layer of screening
for errors, the output of each thread is compared against
the others. The expected geometry difference is first
removed using the surveyed antenna coordinates and
the broadcast satellite position. Additionally, the clock
difference between each thread must be resolved from
measurements. This is performed by combining infor-
mation from all common satellites over time. If the
corrected measurements disagree by too much then they
are discarded. If too many measurements are discarded
from a particular thread then it is flagged for mainte-
nance. This cross comparison will identify any large
receiver/clock failures as well as large multipath errors
not common between the antennas. Smaller receiver
errors or any common mode error can still escape detec-
tion. Later monitors compare the measurements from
different reference stations for consistency as well as
examine the temporal behavior to try to identify SBAS
errors and prevent them from affecting performance. By
screening measurements across multiple threads at the
first stage, the vast majority of harmful errors are elim-
inated before they can affect downstream filters.

The monitors continue by characterizing the lev-
els of code noise and multipath remaining on the
measurements after error screening and carrier smooth-
ing [12.13]. These screened measurements are used to
monitor errors on the satellites and estimated delays due
to ionosphere so it is very important to understand and
bound the limits of observability. The confidence values
associated with each measurement are then propagated
through the subsequent monitors so that the monitors
may accurately state how much certainty they have in
their ability to screen for errors.

The postcorrection satellite clock and ephemeris
errors are bounded by the UDREs. The master sta-
tion looks at the projected clock and ephemeris error
throughout the service volume and has to make sure
that the UDRE is sufficiently large to protect all users.
However, there are other errors that may be present
on the satellite. The code and carrier signals may not
be completely synchronized. Should this be the case,
the measured range to the satellite will vary with the
amount of smoothing that has been performed which
can change for users depending on time of acquisition
and most recent cycle slip. There is also the possibil-
ity of variations in the signals shape that can affect the
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tracking of the signal. All of these possible error sources
have to be covered by the UDRE.

Dual frequency measurements are required to gen-
erate the ionospheric corrections. The ionosphere is
dispersive and so the ionospheric delay at L1 is differ-
ent from the delay at L.2. More specifically, the observed
delay is inversely proportional to the frequency squared.
The SBAS ground system leverages this relationship to
estimate the ionospheric delay at the vertices in the grid.
Unfortunately, the avionics directly cannot make use of
the L2 signal because it lies in a nonaviation portion of
the radio spectrum. The FAA cannot assure its availabil-
ity. Hence, the ground system estimates the ionospheric
delay for the avionics and sends the grid of ionospheric
delay estimates to the airborne user. The density of the
reference network is determined by the spatial decor-
relation of the ionospheric delay [12.17]. Few reference
stations are required if the ionosphere is always smooth.
If the ionosphere has steep gradients, then a greater
number is required. In the future, GNSS satellites will
broadcast two signals for civil aviation (L1 and L5).
At that time, new avionics will use both frequencies to
compute the ionospheric delay in the aircraft because
the L5 frequency does fall within a protected aviation
band.

The ionospheric delay value at each grid point
must be estimated from the individual ionospheric mea-
surements from each reference station [12.18-21]. In
addition, the ionospheric correction error at each grid
point is bounded by the GIVE. Because the measure-
ments do not coincide with the grid points they must be
combined in a way to account for the potential spatial
variation of the ionosphere.The GIVEs must account
for the measurement errors and the uncertainty in the
propagation model. The ionospheric grid points (IGPs)
themselves are separated by roughly ~ 500 km. There-
fore, it is not possible to resolve very fine scale structure
of the ionosphere. Further the measurements from the
reference stations are sparse. The SBAS method for
correcting the ionosphere depends on the fact that the
ionosphere is generally slowly varying over hundreds
of kilometers. The IGP delay algorithm nominally as-
sumes limited variation in latitude and longitude, but
must be prepared to identify times when its assump-
tions are invalid. Sometimes the ionosphere may be in
a more disturbed state where the basic SBAS model
is not an accurate description. At these times, the al-
gorithm must recognize the problem and increase the
confidence bounds accordingly [12.22].

SBAS uses a standard tropospheric model to predict
the amount of tropospheric delay that exists on both the
reference station and user lines of sight [12.12]. This
is a climatological model based on years of primarily
North American observations but that has been verified

after the fact with data from other parts of the world.
It provides values for the barometric pressure, temper-
ature, and other parameters given a latitude and time of
year. From these parameters the amount of tropospheric
delay can be estimated. This model also provides an
upper bound on the error that may be remaining after
applying it.

The satellite, ionospheric, and tropospheric correc-
tions can be applied to each reference station measure-
ment to evaluate the combined effect of the corrections
for that specific line-of-sight. These errors should com-
bine together in the expected manner. If the total error
bound does not appear to properly bound all such mea-
surements then the UDREs and GIVEs may need to be
increased. This range domain check is another reason-
ability test to ensure all of the information is consistent.

As a final check, each reference station thread
can evaluate its corrected position solution against the
known surveyed location of its antenna. This helps
to ensure that all of the corrections are working well
together and are adequately bounded. The range do-
main and position domain tests ensure that all of the
corrections combine together correctly. The integrity
bounding methodology requires that the errors can be
treated as though they are independent. A dependency
that leads to a magnification of the errors in the position
domain would become more obvious with these evalu-
ations.

Finally, the message processor determines which
250 bit message should be sent for the current epoch
and packages it appropriately [12.8,23]. Usually the
messages can follow an expected schedule. However,
in the event of an integrity alert, the master station must
send a message capable of alerting all affected users.
If only a single satellite or IGP is affected, then the
messages specific to those confidence bounds need to
be sent. However, if many satellites are affected or the
SBAS cannot autonomously isolate the faulty data, then
more of the SBAS service may need to be alerted as
potentially unsafe. Fortunately, such events are exceed-
ingly rare. When alerts are broadcast, they are repeated
four times in a row. This is due to the concern that a user
receiver may miss an individual message (or even up to
three messages). It is important to ensure that the user
receives this data when prior information is no longer
correct.

12.3.3 Ground Uplink Stations
and Geostationary Satellites

Geostationary satellites are an excellent means for dis-
seminating the SBAS messages. An SBAS can cover
a large continental-scale region, as does the footprint
of a GEO. The GEO signals are made very similar to
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the GPS L1 C/A and LS5 signals, respectively, on those
frequencies. Thus, they provide extra ranging measure-
ments for the user. These signals broadcast data at
250bit/s, which is sufficient to transmit the SBAS cor-
rections and confidences. The signals come from space
and are therefore unlikely to be blocked by terrain in
open sky environments where aircraft typically operate.
The very name for SBAS, satellite-based augmentation
system, comes from the pairing of the ground system
with this satellite-based method of delivery. Figure 12.4
depicts the ANIK-FIR GEO used by WAAS.

The GEOs in use today are simple transponders.
They listen for an analog signal at one frequency, trans-
late it to the correct L-band frequency, and retransmit
it toward Earth with minimum latency. The pseudo-
random noise (PRN) code, messages, and timing are
all generated on the ground. The signals are controlled
through a closed-loop system that makes it appear as
though they originated on the spacecraft [12.24]. The
satellite effectively redirects the signal from the ground
uplink station (GUS) back down toward the ground.
The only change made by the satellite is from the up-
link frequency to the correct downlink frequency. This
approach is used because the transponder payloads are
lighter and less expensive than the full navigation pay-
loads on GPS satellites.

The GUS consists of a computer to receive mes-
sages from the multiple master stations, an atomic clock
to provide a stable frequency reference, a signal gener-
ator to create the signal to uplink to the GEO, a receiver
to monitor the GEO downlink signal, a GPS receiver
to ensure the GEO is synchronized to GPS time, and
a controller to steer the uplinked signal. Figure 12.5
shows the large antenna at the GUS in Napa valley,
California, used by WAAS to uplink the signal to its
GEO at 133° W. The ground uplink signal is most
commonly > 3 GHz. The computer must decide which

Fig. 12.4 The ANIK-FIR GEO used by WAAS (repro-
duced with permission of the the FAA satellite navigation
team)

message to send the next epoch. This will be based
upon which master stations it has received messages
from and which ones it has sent in the past. Typically,
it will continuously send messages from the same mas-
ter station. However, if communication to that station is
interrupted, or if it is commanded to switch to another
master station, then it will switch. If it receives no valid
messages then it can either send an empty message or
initiate an alert sequence.

The generated signal is very similar to a GPS L1
C/A code signal. The main differences are that the cen-
ter frequency is well above the L1 band and the data
bits are switched at 500 sps (symbols per second). The
message is encoded onto the signal and it is beamed up
to the GEO. The GEO receives this signal and down-
converts it to L1 and broadcasts it back down to Earth.
The signal is received at the GUS and the center fre-
quency and timing of the chips on the uplink signal are
adjusted to make it appear as though the downlink sig-
nal was generated on the GEO in synchronization with
the GPS satellites.

The GEO signals are generally less accurate than
the GPS signals. The transponders for some GEOs have
a narrower bandwidth. This difference creates a loss
of precision and some signal distortion. By generating

Fig. 12.5 A WAAS geostationary uplink station (repro-
duced with permission of the FAA satellite navigation
team)
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the signal on the ground some of the uplink path errors
(e.g., ionosphere, troposphere) cannot be fully removed
and therefore affect the downlink accuracy. Further, be-
cause the GEOs move very slowly in the sky, carrier
smoothing does not reduce the multipath error on the
ground at a static location, such as the reference re-
ceivers, very effectively. This increased error leads to
less accurate orbit and clock estimation and larger un-
certainty in bounding the error. Aircraft motion does
cause enough variation for carrier smoothing to be ef-
fective in the aircraft.

12.3.4 Operational Control Centers

Figure 12.6 shows one of the two operational con-
trol centers for WAAS that has three master stations,
one of which is located at this center. From this
center, the operators can monitor the status and per-
formance of WAAS. The operators schedule mainte-
nance and upgrades of the various components at the
reference, master, and uplink stations. This control
center also monitors weather, air traffic, and the tra-
ditional navigational aids. The operators interact with
other systems in the national airspace to ensure all

12.4 SBAS Integrity

Augmentation systems for aviation are very different
from conventional differential GPS services. They are
supplementing and ultimately replacing existing navi-
gational aids whose safety has been demonstrated over
many years of operational experience. Consequently,
the safety of an augmentation system must be proven
before it is put into service.

The integrity requirement is that the positioning er-
ror must be no greater than the positioning confidence
bound, known as the protection level. This requirement
is specified with a TTA and with a probability. The
TTA requirement means that if the position error ex-
ceeds the protection level, the user must be informed
within a very short period (6s for the most demand-
ing SBAS operation). Once a fault has occurred, the
position error must fall below the protection level or
the pilot must be informed that the system is unsafe
to use within 6s. The probability requirement is that
no more than one in ten million operations may suffer
an unannounced position error exceeding the protection
level for > 6s. SBAS provides differential corrections
and confidence bounds to the user. The correction con-
fidence bounds are used, together with the geometry of
satellites tracked by the user, to calculate the protection
level. In order to use the calculated position for nav-

Fig. 12.6 A WAAS operational control center (reproduced
with permission of the FAA satellite navigation team)

are well integrated. The different systems are man-
aged together to ensure that any routine maintenance
can be optimally scheduled and unplanned disruptions
are properly communicated. The control center also
produces notices to inform users of changes to the sys-
tem performance [12.25] and interact with operators of
GPS.

igation, the protection level must be small enough to
support the operation. The user only has real-time ac-
cess to the protection level and does not know the true
position error. Integrity is not maintained if the user has
been told that the error in position is small enough to
support the operation, but in fact, it is not. The majority
of the effort in establishing an SBAS is in ensuring and
demonstrating that these integrity requirements are met.

12.4.1 Integrity Certification

Certification is the process by which a provider ensures
that the service it is providing meets the requirements.
Certification involves analysis, testing, and documenta-
tion. Some of the important aspects of aviation integrity
certification are [12.26]:

1. The aviation integrity requirement of 10~ per ap-
proach applies to each and every operation. It is not
an average over all conditions. The probability also
applies to the worst allowed conditions.

2. Validated threat models are essential both to de-
scribe what the system protects against and to quan-
titatively assess how effectively it provides such
protection.
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3. The system design must be shown to be safe against
all fault modes and external threats, including the
potential for latent faults just beneath the system’s
ability to detect.

4. The small numbers associated with integrity anal-
ysis are not intuitive. Careful analysis must take
priority over anecdotal evidence.

Because the requirement applies to all operations,
threats and error conditions must be evaluated under
worst allowable conditions. For example, if a user is
allowed to operate under the maximum of the 11 year
solar cycle, ionospheric errors must be modeled under
this worst-case time. They cannot be an average of the
high and low points of the solar cycle. Threat models
are the means to capturing and describing the various
errors that can occur and will be described in the next
section. These models must describe both observed and
anticipated threats and must treat them quantitatively.

12.4.2 Threat Models

Threat models describe the anticipated events against
which the system must protect the user. The threat
model must describe the specific nature of the threat,
its magnitude, and its likelihood. Together, the various
threat models must be comprehensive in describing all
reasonable conditions under which the system might
have difficulty protecting the user. Ultimately the threat
models form a major part of the basis for determin-
ing if the system design meets its integrity requirement.
Each individual threat must be fully mitigated to within
its allocation. Only when it can be shown that each
threat has been sufficiently addressed can the system
be deemed safe. Quantitative assessment as opposed
to a qualitative assessment is essential to establishing
1077 integrity. SBAS works by analyzing specific fail-
ure modes and identifying which may be present and
to what likelihood. Each potential failure mode must be
ruled out within the limits of the system observability.
If a failure mode is positively identified as being present
in the system, or cannot be eliminated due to measure-
ment noise, then the user must be notified within 6 s of
it adversely affecting their position estimate.

SBAS is primarily thought of as addressing existing
threats to GPS. However, it runs the risk of introducing
threats in the absence of any GPS fault. By necessity,
it is a complex system of hardware and software. In-
cluded in any threat model must be self-induced errors.
Some of these errors are universal to any design while
others are specific to the implementation. For exam-
ple, the software design assurance of WAAS reference
receivers is such that they cannot be trusted to be mis-
take free. Reference receiver software faults became

a unique threat that had to be mitigated through down-
stream integrity monitoring.

12.4.3 Overbounding

Each individual error source has some probability dis-
tribution associated with it. This distribution describes
the likelihood of encountering a certain error value.
Ideally, smaller errors are more likely than larger er-
rors. Generally, this is true for most error sources. The
central region of most error sources can be well de-
scribed by a Gaussian distribution. That is, most errors
are clustered about a mean (usually near zero) and the
likelihood of being farther away from the mean falls off
according to the well-known Gaussian model. This is
often a consequence of the central-limit theorem, which
states that distributions tend to approach Gaussian as
more independent random variables are combined.

Unfortunately, the tails of observed error distri-
butions rarely look Gaussian. Two competing effects
tend to modify their behavior. The first is clipping.
Because there are many cross-comparisons and reason-
ability checks within SBAS, the larger errors tend to
be removed. Thus, for a truly Gaussian process, outlier
removal would lead to fewer large errors than would
otherwise be expected. The second, and more dominant
effect is mixing. The error sources are rarely station-
ary. Thus, some of the time the error might be Gaussian
with a certain mean and sigma and at other times it will
have a different distribution. Because we do not nec-
essarily have the ability to identify which condition is
present at which time, different conditions will be ag-
gregated into a single distribution. Such mixing may
result from a change in the nominal conditions or from
the introduction of a fault mode. Mixing generally leads
to broader tails or large errors being more likely than
otherwise expected.

Mixing causes additional problems. If the error pro-
cesses were stationary, it would be possible to collect
as large a data set as practical and then conservatively
extrapolate the tail behavior using a Gaussian or other
model. However, because the distribution changes over
time, it is more difficult to predict the future perfor-
mance based on the past behavior. Furthermore, mixing
leads to more complicated distributions whose tails are
more difficult to extrapolate.

Overbounding is the concept that an actual distri-
bution can be conservatively described by a simple,
usually Gaussian, model [12.27]. The overbounding
distribution predicts that large errors are at least as
likely to occur as they are for the true distribution.
Even though the true distribution may not be com-
pletely known, there needs to be a practical way to
represent it for analysis. Usually this involves a fair
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amount of conservatism. A true distribution that is
made up of a mix of zero-mean Gaussian distribu-
tions, could be overbounded by its constituent with
the largest standard deviation. Thus, a real distribu-
tion that has a sigma value ranging between 1 and 2m
will be represented as though it were always 2m (or
perhaps 2.5 m for added protection). Through various
overbounding theorems, the overbound also describes

12.5 SBAS User Algorithms

The SBAS Minimum Operational Performance Stan-
dards (MOPS) are an internationally agreed upon doc-
ument [12.8] that describes the method by which an
SBAS transmits its differential GPS corrections and
integrity information to users. The information is trans-
mitted in 250bit messages. These messages must be
decoded and interpreted every second. The corrections
are distributed across several individual messages. The
corrections for individual satellites must be combined
with receiver measurements and other local information
to form the navigation solution and protection levels.
The user must reconstruct and apply all of this infor-
mation correctly. The MOPS ensures that all SBAS
service providers encode their information in a com-
patible manner. The aviation receivers then know what
to expect and will work with each of the different
SBASs.

12.5.1 Message Structure

The broadcast message structure has 500sps. These
contain forward error correction to significantly reduce
the risk of lost or misidentified bits [12.30]. The sym-
bols go through a decoding process to produce 250 bit/s
messages. There are two symbols for every message
bit. The messages come once per second and con-
tain 212 bit of correction data. Eight additional bits are
used for acquisition and synchronization, 6 more bits
to identify the message type and the remaining 24 bit
designated for parity to protect against the use of cor-
rupted data. Complementary message types must be
stored and connected to the other individual compo-
nents to form a single correction and confidence bound
per satellite.

The SBAS messaging system contains the following
elements:

® Satellite corrections: The SBAS broadcasts fast-
corrections for satellite clock errors that may vary
quickly in time. A fast-correction message corrects
up to 13 satellite clock offsets and is sent every 6s.

how to combine the error with other terms that have
been overbounded [12.27-29]. That is, SBAS will indi-
vidually overbound the error for each satellite and each
IGP. The GIVEs and UDREs broadcast by the SBASs
describe overbounds of the actual error distributions
affecting the corrections. The overbounding theorems
allow users to combine these values to overbound the
position errors by calculating the protection levels.

Clock offset rates of change are obtained by differ-
encing sequential fast correction offsets. The SBAS
also sends corrections for slowly varying satellite
location and clock errors. The corrections consist
of Ax, Ay, and Az satellite locations (and possi-
bly velocities) plus delta clock (and possibly delta
clock rate). These long-term corrections are sent ap-
proximately every 2 min. Each long-term correction
message corrects either two or four satellites de-
pending on whether the rate of change information
is also included.

® Jonospheric corrections: The SBAS broadcasts
a grid of ionospheric corrections. Each ionospheric
correction message updates the vertical delay es-
timate at up to 15 ionospheric grid points and is
broadcast once every 5 min.

® Confidence bounds: In addition to the corrections,
confidence bounds on the remaining errors are also
broadcast. The UDREs must be sent every 6 s while
the GIVEs are only updated every 5min. These
bounds are essential to maintain the integrity and
TTA of the system. The UDREs are included in
the fast-correction messages and the GIVEs are in-
cluded with the ionospheric correction messages.
In addition, there are messages that can provide
the full 4 x 4 covariance matrix information for the
clock/ephemeris error for each satellite. If broad-
cast, these matrices are sent every 2 min in messages
that update two satellites. The covariance matrices
are sent in a message labeled as message type 28
and are often referred to as message type 28 (MT28)
parameters [12.31]. An alternate message can de-
fine regions where the UDRE values are to be
increased. This regional information is sent in mes-
sage type 27 and labeled as MT27 parameters.
A system will either use MT28 or MT27 but never
both as they both serve similar purposes but via dif-
ferent means.

® Degradation parameters: The potential error in
the corrections increases over time. Parameters are
broadcast to model these effects. The users apply
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these degradations as their corrections age. They are
particularly important in maintaining integrity and
availability when a user misses the most recent cor-
rection.

® Masks: The PRN mask is used to designate which
satellite belongs to which slot in the fast-correction
messages. A mask is used to assign slots so that
satellite identifications need not be sent with every
fast correction. A similar ionospheric mask is used
to associate each slot in the ionospheric correction
message with a geographic grid point location. The
use of masks reduces the required throughput be-
cause the masks are sent infrequently. They also
inform the user as to which satellites and which
IGPs are corrected by the specific SBAS.

® Geostationary navigation message: In contrast
to the GPS satellites, the current SBAS satel-
lites are geostationary. Consequently, their location
(ephemeris) does not need to be updated as fre-
quently. Nor do they require as large a dynamic
range as the geostationary orbit is restricted to
a limited region about the equator. These mes-
sages broadcast the absolute position (x, y, and z
in an Earth centered Earth fixed (ECEF) reference
frame), as well as the velocity and acceleration val-
ues. The absolute clock and clock rate are also
included in this message, as well as the reference
time, and an issue of data. This message is broad-
cast every 2 min.

® Preamble: In order to allow the receiver to find the
start of the 250 bit message an 8§ bit preamble is in-
cluded at the beginning of every message. There are
three unique preambles that repeat in a fixed se-
quence. By searching for this specific bit pattern,
areceiver can synchronize itself with the SBAS data
signal.

® Parity: For data integrity, the SBAS must use
a much stronger error detection algorithm than the
six parity bits used in the GPS navigation mes-
sage. Nonetheless, the overhead for error detection
is reduced because the parity bits apply to longer
messages than for GPS. The 24 bit cyclic redun-
dancy check (CRC) ensures that the message the
user applies is the one intended. Any bits corrupted
in transmission are detected before they can create
erroneous information.

® Forward error correction: Forward error correction
is used so that the SBAS can send significantly more
data than the 50bit/s carried in the GPS naviga-
tion message. The chosen code for SBAS is a rate
1/2 convolutional code with a constraint length
of 7.

The currently used SBAS messages are listed in Ta-
ble 12.1.

12.5.2 Message Application

The user requires one long-term and two fast correc-
tions for each satellite that it uses [12.23]. The two
fast-corrections are differenced to determine the rate
of change of the fast clock term. This rate is used
with the most recent fast-correction to determine the
fast clock value for the current time. The fast clock
correction is added to the long-term clock correction
to obtain the full clock correction. The orbit correc-
tions are also taken from the long-term correction and
added to the orbital location broadcast in the naviga-
tion message received directly from the GPS satellite.
The UDRE is taken from the fast-correction and in-
creased depending on how long ago the fast correction
was received. If MT28 is used, the parameters are used
to determine a scaled covariance matrix. This matrix,
together with the normalized four-dimensional (4-D)
line-of-sight vector, is used to determine a multiplier
for the UDRE. Generally, when the user is close to the
reference station locations, this scaling factor will be
smaller. If the user is far from the reference stations,
then this factor may significantly increase its product

Table 12.1 SBAS message types

Type Contents

0 Do not use for safety applications (WAAS testing)

1 PRN mask assignments, set up to 51 of 212 bit

2-5 Fast pseudorange corrections and UDREs

6 Integrity information, UDREs (multiple satellite
alert)

7 Fast correction degradation factor

8 Reserved for future messages

9 GEO navigation message (X, Y, Z, time, etc.)

10 Degradation parameters

11 Reserved for future messages

12 WAAS network time/Coordinated Universal Time
(UTC) offset parameters

13-16 Reserved for future messages

17 GEO satellite almanacs

18 Ionospheric grid point masks

19-23 Reserved for future messages

24 Mixed fast/long-term satellite corrections

25 Long-term satellite corrections

26 Tonospheric delay estimates and GIVEs

27 WAAS service message

28 Clock-epemeris covariance matrix message

29-61 Reserved for future messages

62 Internal test message

63 Null message
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with the UDRE. If MT27 is used, then the UDRE will
be multiplied by those parameters depending on the
user’s location. As with MT28, the UDRE is generally
multiplied by a larger term if the user is farther from
the reference stations. This product, which also will in-
clude degradation terms, is expressed as a one-sigma
value and referred to as the fast and long-term correc-
tion bound or sgq,

Satellite corrections and confidences are all that are
required for less precise lateral navigation. The user can
apply the simple single-frequency ionosphere model
broadcast by GPS and determine horizontal positions
bounded to within a fraction 1 nmi. However, to obtain
precise vertical guidance, the user must also apply the
SBAS ionospheric corrections.

For each of their IPPs, the user must identify the sur-
rounding IGPs and obtain ionospheric delays for each.
It requires a minimum of three enclosing IGPs, but ide-
ally the four defining a rectangle about the IPP are all
available. The user then applies a bi-linear interpolation
of the surrounding delay values to obtain the vertical
delay estimate at the IPP. It applies the same interpola-
tion to obtain the user ionospheric vertical error (UIVE)
bound from the surrounding GIVEs. These are con-
verted from vertical to slant by applying the obliquity
factor. The resulting confidence term is now called the
user ionospheric range error (UIRE). The delay value
is subtracted from the pseudorange measurement to
that satellite with the corresponding IPP. The user also
subtracts the MOPS-specified tropospheric model de-
lay estimate from each line-of-sight to fully correct the
range error.

12.5.3 Protection Levels

The basic notion of the protection level equations is
that the error sources are approximately Gaussian and
that a Gaussian model is sufficiently accurate to be
able to conservatively describe the positioning errors.
Four error terms are used to describe satellite clock and
ephemeris errors (oy,), ionospheric delay errors (oyRE),
tropospheric delay errors (0opo), and airborne receiver
and multipath errors (0,;). The conservative variances
of these terms are combined to form a conservative vari-
ance for the individual pseudorange error.

+02 (12.1)

2_ 2 2 2
0; = 0g; + OyRE,i + 0 air, i

tropo,i
This pseudorange variance is inverted and placed on
the diagonal elements of the weighting matrix, W, and
combined with the geometry matrix, G, to form the co-
variance of the position estimate.

(GTWG)™ (12.2)

Here the geometry matrix is expressed in a local east,
north, up reference frame. The third diagonal element
represents the conservative estimate of the error vari-
ance in the vertical direction. Since the vertical protec-
tion level (VPL) is intended to bound 99.99999% of
errors it is set to the equivalent Gaussian tail value of
5.33. Thus, the final VPL for L1-only SBAS is given by

veL=533 /[ (6GTWG) "] . (12.3)

12.6 Operational and Planned SBAS Systems

Four SBASs have been implemented around the world
and at least three more are under development. The op-
erational systems are all compatible with the MOPS
and with existing certified SBAS receivers, but they
are not identical. They have been developed specifi-
cally for their own regions and sometimes faced unique
challenges. However, despite any differences SBAS re-
ceivers will work equally well with any of these systems
and should be able to seamlessly transition from one to
any other.

12.6.1 Wide Area Augmentation
System (WAAS)

The WAAS has been fully operational for safety-of-life
services since July 2003 [12.2]. It consists of 20 WAAS
reference stations (WRS) in the CONUS, in addition to
seven in Alaska, one in Hawaii, one in Puerto Rico, four

in Canada, and five in Mexico for a total of 38. There
are 3 WAAS master stations (WMS) and 3 geostation-
ary satellites (GEOs). The GEOs are the Intelsat Galaxy
XV satellite at 133°W (PRN 135), the Telesat ANIK
F1R satellite at 107° W (PRN 138), and the Inmarsat-4
F3 at 98° W (PRN 133). WAAS is also in the process of
procuring replacement GEOs including the SATMEX-
9 which will become active in 2017 and be located at
117°W (PRN 131). A full list of all SBAS GEOs can
be found in Table 12.2.

Figure 12.7 shows the reference station networks
for all of the current and some of the developing SBASs.
As can be seen, there is good sampling around the
northern hemisphere. WAAS provides excellent cover-
age for lateral navigation.

Figure 12.8 shows the lateral navigation coverage
provided by WAAS, as well as the Japanese and Euro-
pean SBASs. It can be seen that all of North America
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Table 12.2 SBAS GEOs (after [12.32], courtesy of the US Air Force)

PRN SBAS Satellite Location
120 European Geostationary Navigation Overlay Service (EGNOS) INMARSAT 3F2 15.5°W
121 EGNOS INMARSAT 3F5 25°E
122 Unallocated

123 EGNOS ASTRA 5B 31.5°E
124 EGNOS Reserved

125 System for Differential Correction and Monitoring (SDCM) Luch-5A 16° W
126 EGNOS INMARSAT 4F2 25°E
127 GPS Aided GEO Augmented Navigation (GAGAN) GSAT-8 55°E
128 GAGAN GSAT-10 83°E
129 Multi-function Satellite Augmentation System (MSAS) MTSAT-1R (or -2) 140° E
130 Unallocated -

131 WAAS Satmex 9 117°W
132 Unallocated

133 WAAS INMARSAT 4F3 98° W
134 Unallocated

135 WAAS Intelsat Galaxy XV 133° W
136 EGNOS ASTRA 4B 5°E

137 MSAS MTSAT-2 (or -1R) 145°E
138 WAAS ANIK-FIR 107.3° W
139 GAGAN GSAT-15 93.5°E
140 SDCM Luch-5B 95°E
141 SDCM Luch-4 167°E
142-158 Unallocated

Fig. 12.7 Reference station networks

of WAAS (dark blue circles),
EGNOS (green squares), SDCM
(red asterisks), and GAGAN (blue
diamonds)

and part of South America can rely on WAAS to nav-
igate to and from any airport of choice. The edges of
GEO footprints can be seen in the north of this figure
as visibility to at least one of the GEOs is a requirement
to get SBAS service. Vertical guidance requires the pre-
cise ionospheric corrections of the grid and therefore is

restricted to a much tighter region around the reference
stations.

Figure 12.9 shows the vertical guidance coverage
area for the same three SBASs. It can be seen that
WAAS covers CONUS, Alaska, and much of Canada
and Mexico. Figure 12.10 shows the vertical coverage
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Fig. 12.8 Lateral navigation coverage for WAAS, MSAS,
and EGNOS (after [12.33], reproduced with permission of
the William J. Hughes FAA Technical Center)

area in greater detail and also tabulates the percentage
of each region that achieves a certain level of availabil-
ity. On the day shown in Fig. 12.10, 100% of CONUS
has 100% availability, while 95.04% of Alaska has
99.9% or better availability.

Accuracy is very good when using WAAS. Hor-
izontal accuracy is &~ 0.75m 95% in CONUS. This
number can be compared to 3.2 m for uncorrected GPS
under moderate ionospheric conditions. Under more se-
vere ionospheric conditions the GPS positioning errors
can be noticeably worse, but the WAAS corrected accu-
racy only worsens slightly. For example, in 2003 during
a worse solar maximum period, uncorrected horizontal
accuracy was 4.8 m 95% while WAAS corrected ac-
curacy was 0.88 m. Horizontal accuracy in Alaska is
also &~ 0.75m 95% but it is slightly worse in Mexico

Latitude (°)

Fig. 12.9 Vertical navigation coverage for WAAS and EG-
NOS (after [12.33], reproduced with permission of the
William J. Hughes FAA Technical Center)

(7~ 0.90m) and Canada (& 1.0m). Vertical accuracy
for WAAS is ~ 1.1 m 95% in CONUS compared to
7.6 m for uncorrected GPS. In Alaska, vertical accuracy
is &~ 1.3 m 95%. Again, somewhat worse 95% vertical
performance is seen in Mexico (& 2.0 m) and Canada
(~ 1.5m).

WAAS was fielded because its advantages relative
to conventional navaids were enormous. It has made
precision vertical guidance available throughout the
majority of North America. No local airport infrastruc-
ture is required for this service. Already more than
80000 WAAS-enabled aviation receivers have been
sold. More than 3500 vertically guided approaches have
been commissioned. This is nearly three times as many
as provided by ILS. WAAS allows users to access
more than 2000 airports that had no previous instrument

70
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TS Fig. 12.10 Detailed vertical navigation
coverage for WAAS on 19 March
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160 140 120 100 80 —60 2015.(a.fter [12.33], ?eproduced with
Longitude (°) permission of the William J. Hughes

FAA Technical Center)
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approach. It is also widely used in nonaviation applica-
tions [12.34].

Agriculture uses SBAS to more accurately position
vehicles and reduce fertilizer and pesticide use. Mar-
itime uses SBAS to guide ships more accurately in poor
visibility conditions. SBAS is incorporated into nearly
every cell phone as the GEOs are widely visible, the
correction data is freely provided, and the system accu-
racy is greatly improved.

12.6.2 Multifunction Satellite
Augmentation System (MSAS)

The multifunction satellite augmentation system
(MSAS) consists of six ground monitoring stations
(GMSs) on the Japanese islands, in addition to one in
Australia, and one in Hawaii for a total of eight [12.35,
36]. The station locations are shown as magenta trian-
gles in Fig. 12.7. There are two master control stations
(MCSs) and two multifunction transport satellite
(MTSAT) GEOs at 140°E and 145°E. MSAS was
commissioned for safety-of-life service in September
2007.

Due to the limited network size, the GEO UDREs
for MSAS are set to 50m and therefore do not ben-
efit vertical guidance. Further the limited ionospheric
observations offer little availability of vertical service.
As a result vertically guided operations have not yet
been authorized based upon MSAS. The Japanese civil
aviation bureau (JCAB) has studied performance im-
provements that could allow it to provide vertically
guided operations. Until then, MSAS provides only lat-
eral guidance. Like WAAS, lateral guidance is available
for quite a large region around and away from the ref-
erence stations.

12.6.3 European Geostationary
Navigation Overlay Service (EGNOS)

The European geostationary navigation overlay service
(EGNOS) consists of 39 ranging and integrity moni-
toring stations (RIMSs) in Europe, Africa, and North
America [12.37-39]. The station locations are shown
as green squares in Fig. 12.7. EGNOS has four master
control centers (MCCs) and six navigation land Earth
stations (NLESs) that control their three GEOs. The
two operational GEOs are the Imarsat-3 F2 satellite
at 15.5°W (PRN 120) and the Inmarsat-4 F2 satellite
at 25°E (PRN 126). There is an additional GEO, As-
tra 4B at 5°E (PRN 136), that is under test and will
become operational in 2015. Astra 5B is being pro-
cured for operation at 31.5°E (PRN 123) beginning
in 2016. EGNOS was declared operational in Octo-

ber 2009, and was certified for safety-of-life service in
March 2011.

EGNOS also has very good accuracy. It achieves
1.2 m 95% horizontal and 1.8 m 95% vertical accuracy
over Europe. For a variety of reasons EGNOS has cho-
sen to implement its GEO satellites without a ranging
capability. They are only providing differential correc-
tions and integrity information. It is possible that future
GEOs will include ranging.

EGNOS currently implements message type 27
(MT27) rather than message type 28 (MT28) as used
by WAAS, MSAS, and the SBAS in India. MT27 re-
stricts the use of small UDRE values to a box centered
on the European region (from 20° N to 70° N and 40° W
to 40° E). The edges of this MT27 box can be clearly
seen in Figs. 12.8 and 12.9. MT27 limits lateral nav-
igation service more so than does MT28, but there is
still excellent horizontal coverage in and around Eu-
rope. Availability of vertical guidance is very high for
most of Europe as shown in Fig. 12.9. Figure 12.11
provides a more detailed view of the availability of
vertical guidance over Europe. Over 175 vertical ap-
proaches have already been implemented that serve
over 100 airports and hundreds more are under devel-
opment.

EGNOS was developed with a greater emphasis on
multimodal support [12.40]. The other SBASs were
implemented by their local civil aviation authorities
(CAAs) and are therefore originally designed to sup-
port aviation needs. They do in fact support all modes
of transportation, however, aviation is their only man-
date. EGNOS has a mandate also to support other
modes of transport such as maritime, rail, and auto-
motive. EGNOS was also originally designed to incor-
porate the Russian global navigation satellite system
(GLONASS). Although GLONASS is not used for its
safety-of-life service, GLONASS is still monitored and
its measurements are available for other purposes. EG-
NOS makes it data and corrections available through
its EGNOS data access service (EDAS). EDAS pro-
vides near real-time access to the RIMS measurements
and the broadcast messages. Thus, EGNOS is avail-
able to users who do not have visibility to any of its
GEOs [12.5,41].

12.6.4 GPS Aided GEO Augmented
Navigation (GAGAN)

India is developing the GPS-aided GEO augmented
navigation (GAGAN) system [12.42,43]. Currently it
has 15 Indian reference stations (INRES) all in India.
The station locations are shown as blue diamonds in
Fig. 12.7. There are two Indian master control cen-
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Fig. 12.12 (a) Lateral navigation coverage for GAGAN, (b) vertical navigation coverage for GAGAN (after [12.42],
reproduced with permission by the Airports Authority of India)

ters (INMCCs), and three Indian navigation land uplink
stations (INLUSs) to control its GEOs. GAGAN uses
GSAT-8 at 55°E (PRN 128) and GSAT-10 at 83°E
(PRN 127) as its GEOs. GSAT-15 at 93.5° E (PRN 139)
is currently being deployed and will be launched in
2015.

The geomagnetic equator passes through India and
GAGAN therefore faces the full impact of the equa-
torial ionosphere. During peak ionospheric activity,
vertical guidance is not always available. Within the
equatorial region, post-sunset hours are frequently be-
set by large depletions and scintillation. The depletions

create large gradients in the ionospheric delay that can-
not be easily modeled by the SBAS thin-shell grid.
Scintillations interrupt tracking to the satellite signals.
Fortunately lateral navigation is less susceptible to these
issues as service can be provided even with larger iono-
spheric delay uncertainty and fewer satellites in view.
Figure 12.12a shows lateral availability within the In-
dian airspace.

Vertical guidance does require small ionospheric
delay uncertainty and very good geometry. Thus, many
evenings suffer a loss of service, especially during solar
maximum periods. The current solar cycle reached its
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maximum in 2014. Figure 12.12b shows vertical avail-
ability on a very good day. The advent of L5 will allow
GAGAN to obtain high LPV-200 availability through-
out all periods of the solar cycle. GAGAN was certified
for lateral only service, which begun in February 2014.
The vertical guidance service was certified in April of
2015.

The equatorial ionosphere also causes accuracy to
be somewhat worse for GAGAN compared to the other
SBASSs located in mid-latitude. GAGAN achieves 2.3 m
95% horizontal and 3.7 m 95% vertical accuracy over
India.

12.6.5 System of Differential Corrections
and Monitoring (SDCM)

Russia is developing its system of differential cor-
rections and monitoring (SDCM [12.44]). Currently
SDCM has 19 prototype measuring points (MPs) in
Russia and four prototype stations are available out-
side of Russia. The Russian station locations are shown
as red stars in Fig. 12.7. There are also plans to
use three GEOs: Luch-5A is at 16°W (PRN 125),
Luch-5B at 95°E (PRN 140), and Luch-4 at 167°E
(PRN 141). SDCM intends to add 27 additional MPs
within Russia and three more outside of Russia. SDCM
is still in its development phase with initial ser-
vice expected in 2016 and fully certified service in
2019. SDCM further intends to augment both GPS
and GLONASS. The SDCM prototype achieves 1m
95% horizontal and 1.5m 95% vertical accuracy over
Russia.

12.7 Evolution of SBAS

Recently launched GPS satellites have two civil signals
at protected aviation frequencies. When both signals are
operational, they will allow users to measure the iono-
sphere directly instead of relying on the SBAS grid for
corrections. The uncertainty of the users’ direct iono-
spheric measurements will be much smaller than the
broadcast SBAS confidence. Additionally, users can
make these measurements anywhere, not just near refer-
ence stations. As a result, the service level will improve
and the region of coverage will expand much farther
from the SBAS networks. Further, additional constel-
lations of navigation satellites are being fielded. The
number of useful ranging sources for the user will
soon dramatically increase. SBASs will be updated
to take advantage of these improvements as they be-
come available [12.47,48]. The user will experience
better availability for existing services and new, even

12.6.6 BeiDou Satellite-Based
Augmentation System (BDSBAS)

China’s satellite navigation system is called Beidou. It
includes SBAS-like terms in its navigation message,
but these are not backward compatible with existing
SBAS receivers. The level of safety associated with
these terms is not yet known. A mask and 18 pa-
rameters labeled as UDREs are included in one of
its subframe messages. An ionospheric grid is also
defined over China and delay values and parameters la-
beled GIVEs are included in other subframes. China
has recently announced that it intends to also provide
an SBAS service that is compatible with the Inter-
national Civil Aviation Organization (ICAO) standard
to be called BeiDou satellite-based augmentation sys-
tem (BDSBAS [12.45]). It currently has 20 prototype
ground stations in China with plans to ultimately have
30 stations within China and 20 more stations in sur-
rounding areas. GEOs are planned for 80°E, 110°E,
and 140°E. The ICAO compatible service is expected
to be available around 2020.

12.6.7 Korean Augmentation
Satellite System (KASS)

The Republic of Korea has also announced its inten-
tion to develop its own SBAS [12.46]. This SBAS will
consist of five or more reference stations, two central
processing facilities, four GUSs and two GEOs. KASS
is in the early development stage with a plan to have
preliminary service by 2020.

more demanding, services will likely become avail-
able.

12.7.1 Multiple Frequencies

The GPS satellites now being launched contain a new
civil aviation signal. L5 is centered at 1176.45MHz
and is in a protected aviation band. As such, it will
be approved for navigation when it becomes fully op-
erational. When the L5 signal is used in combination
with L1, the ionospheric delay for each line-of-sight
can be directly estimated and removed. Removing the
ionospheric delay will dramatically lower the uncer-
tainty of the pseudorange measurement. Thus, if the
SBAS is upgraded to provide satellite clock correc-
tions appropriate for an L1/L5 user and the user sim-
ilarly upgrades their avionics, SBAS service can be
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dramatically expanded beyond the current grid of cor-
rections [12.49].

Another important advantage of the second civil
frequency is its relative immunity to ionospheric dis-
turbances that are not well modeled by the MOPS grid.
Because the user is now directly eliminating the amount
of delay they actually experience, they are no longer
affected by shortcomings in the MOPS ionospheric
model. Thus, a dual frequency user would also have
good availability in equatorial areas, even during peak
solar activity. The weaker effect of scintillation may
have some impact, however, we do not expect to lose
vertical guidance altogether, at least not over large areas
and for many hours [12.50]. Furthermore, the avail-
ability of two civil frequencies offers some protection
against unintentional interference. If either L1 or L5 is
jammed, the user still has access to guidance on the re-
maining frequency.

At the moment, the MOPS for an L1/L5 user are at
the very early stage of development, so any ground or
user improvements are still speculative. When a user
has access to two civil frequencies, they can remove
the ionospheric effects by forming the ionosphere-free
combination of the two pseudoranges

Do e = [PLISPS
mono_Iiree —
-1
2

2 2 2
2 fi 2 s 2
Oiono,_free = (f—z 2) o + (—2 2) o5, (12.4)
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where f; and f5 are the L1 and L5 frequencies (1575.42
and 1176.45MHz), respectively. If o; and o5 are
comparable then the ionosphere-free combination has
roughly three times as much noise as either single
frequency term, but is still substantially smaller than
oumre. Furthermore, satellites do not need a grid correc-
tion to be used, thus satellites farther from the network
and the IGP mask can be incorporated into the posi-
tion solution. The dual frequency confidence bound for
a single satellite is then given by

)

2 2 2 2
Utot_if.i + Oﬂt,i + O-iono_free,i + o-trop,i ’ (1 2. 5)

where o,;; is used in place of o and o5 in (12.4). The
VPL term otherwise takes the same form as is used in
today’s L1-only system. However, now (12.5) is used in
place of (12.1) to compute the uncertainty for each line
of sight.

Several of the SBAS providers are evaluating plans
to offer an L1/L5 service that makes use of these mod-
ernized signals. This upgrade will also be accompanied
by the inclusion of other constellations as described be-
low.

12.7.2 Multiple Constellations

In addition to GPS L5 development, there are several
independent navigation satellite systems being devel-
oped with comparable civil frequencies [12.51]. Galileo
is being developed by the European Union and is en-
visioned as being compatible with GPS in which each
satellite provides ranging using signals covering the L1
and L5 frequencies with similar modulations. Although
the system is still being deployed, it is envisioned that
Galileo satellites will provide a service that is fully in-
teroperable with the GPS civil signals.

In parallel, China is developing the BeiDou sys-
tem whose signals are also planned to be compati-
ble with GPS. Initially BeiDou has a B1 signal near
L1 at 1561.098 MHz and another open signal, B2, at
1207.14 MHz. Beidou plans to provide signals at the L1
and L5 frequencies sometime after 2020 [12.52]. How-
ever, there is some uncertainty about the timeframe and
exact nature of these new signals. Unfortunately, this
uncertainty makes it difficult to develop the standards
needed to create certified avionics. Offering signals
precisely at L1 and at L5 does allow for the most conve-
nient integration of BeiDou. However, signals at nearby
frequencies could also be accommodated provided they
are in aviation frequency bands.

The Russian GLONASS system has been op-
erational for many years. Its current openly avail-
able signals are broadcast using different frequencies
rather than different codes to distinguish the satel-
lites. These frequencies range from ~ 1598—-1605 MHz
(near L1) and another open signal approximately be-
tween 1243 and 1249 MHz. There are modernization
plans to broadcast signals at L1 and L5 that are more
in alignment with the other constellations. It is not
yet known when these new signals would be avail-
able.

EGNOS plans to correct both GPS and Galileo on
both their L1 and L5 signals. SDCM is planning to aug-
ment both GPS and GLONASS. BDSBAS intends to
augment both GPS and BeiDou. As these constellations
mature and their signal offerings become better known,
other SBASs may also choose to augment them. The
additional signals essentially ensure that the user al-
ways has good geometry. With just GPS, one or more
satellite outages can lead to a loss of vertical guidance
service. However, with two or more constellations, ser-
vice is tolerant to many satellite outages. Inclusion of
multiple constellations into SBAS ensures continuity of
service even if the constellations choose to maintain
fewer satellites overall in the future. They also allow
for the possibility of supporting even more demanding
operations.
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