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Abstract This paper describes a set of MATLAB func-
tions currently being developed for Space Based
Augmentation System (SBAS) availability analysis. This
toolset includes simulation algorithms that are constantly
being developed and updated by various working groups.
This set of functions is intended for use as a fast, accurate,
and highly customizable experimental test bed for algorithm
development. A user-friendly interface has also been
developed for the tool. It is open source and can be down-
loaded from the Stanford GPS Research Laboratory
web site  (http://waas.stanford.edu/ ~ wwu/maast/maast.
html). Therefore, it provides a common ground for differ-
ent working groups to compare their results. This paper
demonstrates the utility of this toolset by analyzing the
SBAS service volume models for the Conterminous United
States. The paper describes the functionality provided within
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the software, and shows an example set of contour plots
which are the means for investigating how different algo-
rithms and parameters impact availability.
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Introduction

The availability of the Wide Area Augmentation System
(WAAS) (Enge et al. 1996) is determined by the compu-
tation of confidence estimates for the corrections to various
error sources. Several groups are revising the algorithms
for these confidence computations. Additionally the next
generation algorithms are being designed. Service volume
model (SVM) analysis (Poor et al. 1999) has been used by
algorithm developers as a tool to assess relative perfor-
mance benefits of algorithm or parameter changes. A
general SVM tool would include the model algorithms, a
facility for setting simulation configurations, and a means
for assessing performance through simulation outputs. The
model algorithms compute confidence estimates of, user
differential range error (UDRE) (Alexander and Griffith
2000; RTCA SC-159 2006), grid ionosphere vertical error
(GIVE) (Fries et al. 2001, RTCA SC-159 2006), code noise
and multipath error (CNMP) (McGraw et al. 2000, Shall-
berg et al. 2001), and troposphere delay (TROP) (RTCA
SC-159 2006). Simulation configurations include GPS
satellite almanac, WAAS reference station (WRS) (Enge
et al. 1996) information, user information, geostationary
(GEO) satellites, ionosphere grid point (IGP) mask (Fries
et al. 2001, RTCA SC-159 2006), and other parameters.
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The outputs of a SVM tool typically include an availability
contour, and vertical/horizontal protection level (V/HPL)
(RTCA SC-159 2006) contours.

This paper describes a set of MATLAB functions cur-
rently being developed for availability analysis. The toolset
is called the MATLAB Algorithm Availability Simulation
Tool or MAAST. The goal is to develop an experimental
test bed for SVM analysis algorithm evaluation that is
open-source, can be easily updated, has a friendly interface
for the user to set simulation options and parameters, and
can ultimately provide fast but reasonably accurate results.

The remainder of this paper is organized as follows.
“Overall structures of MAAST” discusses the overall
structure and flow of the MAAST software. The simulation
process is detailed in “MAAST simulation process”.
“MAAST simulation outputs™ describes examples of out-
puts. “Conclusions” presents the summary and concluding
remarks.

Overall structure of MAAST

MAAST has four parts: MAAST directory files, graphical
user interface (GUI), MAAST main program, and outputs.
The MAAST directory files contain WAAS simulation
algorithms and configurations. The GUI provides a control
panel to allow the program user to make selections from
the algorithm and simulation options. Then the selected
algorithms and configurations will be fed into MAAST
main program svmrun.m. The MAAST main program
performs WAAS master station (WMS) processing, user
processing, and output processing. The outputs provide
several graphic options, for example, availability contour,

Fig. 1 Block diagram of

V/HPL contour, and UDRE/GIVE plots. This approach is
summarized in Fig. 1.
The MAAST directory files include:

1. WAAS reference station (WRS) list: MAAST uses
the 25 U.S. WAAS initial operational capability (IOC)
reference stations. The associated file name in MAAST
is wrs25.dat, which is in the format of (WRS number,
WRS latitude in degrees, WRS longitude in degrees,
WRS height in meters). It is easily configurable to
accommodate different locations. Users can build their
own station list in the same format as wrs25.dat. Most
SBAS reference stations (for example, Japan’s MSAS,
and Europe’s EGNOS) are already included in the
GUL

2. User boundary files: MAAST simulates users on a
rectangular grid, but only the nodes contained inside
the specified boundary (for example, CONUS,
Alaska), will be used to calculate coverage and to fill
in histogram data. The associated files are usral-
aska.dat and usrconus.dat, which specify polygon
boundaries of Alaska and CONUS, respectively in the
format of (latitude in degree, longitude in degree) If
program users want to customize their own user
boundary, then they need to build their user boundary
in the same format as usrconus.dat or usralaska.dat.
There are nine user boundary options in the GUI.

3. GPS satellite almanacs: MAAST accepts the standard
YUMA almanac format. The default constellation is
the standard constellation specified in Appendix B of
the Minimum Operational Performance Standard
(MOPS) (RTCA SC-159 2006). In addition, other
constellations in the YUMA format may be used
corresponding to a specified week. YUMA formatted
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ephemeris files for GPS can be downloaded from the
U.S. Coast Guard website (http://www.navcen.uscg.
gov/ftp/ GPS/almanacs/yuma/). Files must be stored in
the same directory as MAAST and named alm-
yuma(week number).dat, where week number can be
specified in the GUIL In addition, the standard Galileo
satellite constellation is included in the GUI as an
option.

4. Geostationary satellite list: there are nine GEO
satellites that are currently specified: AOR-E, AOR-
W, ARTEMIS, IOR, POR, N107, N133, MTSAT-1,
and MTSAT-2. The associated file in MAAST is
geo.dat, which is in the format of [GEO PRN number,
GEO latitude in degree, flag if the button should
default to on, and name for the button]. If program
users want to customize their own GEO list, then they
need to build their own GEO list in the same format as
geo.dat and replace geo.dat with their version. Note
the PRNs need to be between 120 and 138 as per the
WAAS MOPS (RTCA SC-159, 2006). The GUI has
space for up to eleven options.

MAAST simulation process

An overview of the main simulation engine of MAAST is
shown in the upper right section of Fig. 1. It is subdivided
into three major components: WAAS master station
(WMS) processing, WAAS user processing, and output
processing. The corresponding MATLAB functions are
wmsprocess.m, usrprocess.m, and outputprocess.m. The
WMS processing and user processing blocks constitute the
main computational loop and are stepped through in
sequence at every time step. Time step resolution is chosen
by the program user through the GUI. WMS processing
simulates the computations of UDREs, GIVEs, and Mes-
sage Type 28 (Walter et al. 2001) covariance matrices

Fig. 2 Functional flowchart of
WMS processing INPUTS
satdata
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igpdata
udrefun
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outputs
time

satdata
wrsdata
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performed by the WAAS master station using data gath-
ered from reference stations. These computations are to be
broadcast to WAAS users. User processing, on other hand,
simulates the WAAS user’s computation of confidence
bounds on clock/ephemeris and ionospheric corrections at
the user site, from which VPL/HPL can be derived. The
output processing block then takes all these data and cre-
ates visual outputs of VPL/HPL and availability contours,
as well as UDRE and GIVE plots.

WAAS service availability at user locations are based
on vertical and horizontal protection levels, which are
determined from confidence estimates on corrections to the
different error sources. Algorithms for these confidence
estimates are being developed by several working groups.
Aside from having predefined algorithm functions, MA-
AST offers common templates for including custom
algorithms. This is achieved by defining standardized input
and output arguments for each customizable algorithm
function. This provides an efficient way for developers to
test their own algorithm implementations against the
whole system in a modular fashion. Selectable modules for
this tool include algorithms for computing troposphere
errors (TROPO), code noise, and multipath errors
(CNMP), and confidence bounds on GPS/GEO clock and
ephemeris corrections (UDRE) and ionospheric corrections
(GIVE).

The simulation does not include old but active data
(OBAD) (RTCA SC-159 2006). Degradation of fast cor-
rection, range-rate correction, long-term correction, and en
route data are not modeled, and all these degradation terms
are defined in Appendix A of the WAAS MOPS (RTCA
SC-159 2006).

To gain some perspective on how these algorithm
modules fit in the simulation, refer to Figs. 2 and 3 for
functional flowcharts of the simulated processing per-
formed by the WAAS master station (WMS) and the
WAAS user, respectively, to obtain confidence estimations.

WMS PROCESSING (UDRE/GIVE)

satdata

(UDREI,Cov,scalef)

igpdata
(GIVEI)

wrs2satdata
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Fig. 3 Functional flowchart of
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In the simulation of master station processing, location data
of reference stations and satellites for the current time step
are passed through functional blocks (left half of Fig. 2) to
compute relevant line-of-sight and ionospheric pierce point
information for each reference station—satellite pair.
Satellite and WRS information are input into the function
find_los_xyzb.m to give line-of-sight vectors in ECEF
coordinates. These are translated into east-north-up coor-
dinates by the function find_los_enub.m. Elevation and
azimuth are calculated by find_elaz.m. The function
find_ll_ipp.m then computes ionospheric pierce point (IPP)
locations. All these data are packaged into a matrix
wrs2satdata which is passed into succeeding functions that
need line-of-sight information. Each row of this matrix
corresponds to a particular line-of-sight, while the columns
correspond to information fields. The details of the column
definitions corresponding to the fields of the matrix, as well
as other relevant matrices used in the MAAST, can be
found in init_col_labels.m.

After line-of-sight computation is done, the TROPO
module takes elevation angles as input and generates tro-
posphere error variances. The CNMP module takes as input
the elevation angle and/or track time since last cycle slip of
each pair and generates the noise and multipath error var-
iance (Shallberg et al. 2001). Here it was assumed that the
carrier phase is continuous while the satellite-to-reference
station elevation angle exceeds the visibility limit, cur-
rently set as 5° by the WAAS MOPS and cycle slips never
occur. Using this assumption, the times a satellite rises into
view of a reference station are predetermined up to 1 s
accuracy before entering the time step loop. This resulted
in a marked improvement in the execution time of the track
time calculations. The troposphere and CNMP error vari-
ances, together with line-of-sight information, are then fed
into the UDRE module to generate indexed UDREs and
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Message Type 28 (MT28) covariance matrices for each
satellite. Likewise, the GIVE module uses this information,
together with ionospheric pierce point data, to generate
indexed GIVEs for each ionospheric grid point.

User processing

User processing uses functional blocks similar to those
used in WMS processing for computing line-of-sight data
between the satellite-user pairs, as shown in Fig. 3. Using
these line-of-sight data, the udre2flt module projects
satellite UDREs with MT28 covariance matrices into fast
and long-term correction variances o3, for each user line-
of-sight. Similarly the grid2uive module derives user ion-
ospheric correction variances o2, from ionospheric grid
point GIVEs. Implementation of these two modules is
based on the WAAS MOPS. User processing uses its own
selectable TROPO and CNMP algorithms (McGraw et al.
2000) independent of the selections made for WMS pro-
cessing. User VPL and HPL for each time step are the final
outputs of the user processing block.

MAAST simulation outputs

There are eight output plots currently available in MAAST:
availability contour, VPL/HPL contours, UDRE/GIVE
histograms, UDRE/GIVE contours, and coverage versus
availability plot. There is a “percent” option in the outputs
menu, and it has different definitions for the different
outputs. In this paper, we choose 95% as an example.
The availability contour plots the availability as a
function of user location. We compute the percentage of
time that user vertical protection level (VPL) is less than
the vertical alert limit (VAL), and the horizontal protection
level (HPL) is below the horizontal alert limit (HAL) to
determine the availability percentage contour for
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continental U.S. (CONUS) or Alaska. The option of 95%
here calculates the fraction of users within those regions
that had a time availability of 95% or greater. This measure
is referred to as coverage.

The VPL/HPL contours plot the VPL and HPL as a
function of user location. The option of 95% here indicates
that a user at each specific location had a VPL or an HPL
equal to or below the value indicated by the color bar. A
selection of 50%, for example, would display the median
value.

The UDRE histogram plots the probability distributions
of UDRE values and the confidences associated with the
fast and long-term corrections (3.29*c0y,). The GIVE his-
togram plots the probability distributions of GIVE values
and user ionosphere vertical error (UIVE) values. The
percent option box is not applicable to either of these plots.

The UDRE map generates a UDRE contour by gathering
UDRE data at positions in the satellite orbits and interpo-
lating values to the points in between. The GIVE map
generates a GIVE contour by gathering GIVE values at the
ionosphere grid points (IGPs). As in the VPL/HPL plots,
the percent chosen indicates that the GIVE value at a
location is the less than or equal to the displayed contour
level 95% of the time.

After making algorithm, simulation, and outputs selec-
tions, users then click on the RUN button to begin
simulation. The selected output plots are displayed after the
simulation, and all relevant data are stored in a temporary
binary file outputs.mat. Clicking the PLOT button will
bypass the simulation process and instead plot the selected
output options from data stored in the outputs.mat. This
allows users to quickly plot other output options if algo-
rithm and simulation configurations have not changed.

Figures 4, 5, 6, 7, 8 show several of the plots generated
by a sample run. For this particular example, we chose
WIPP ADDs for UDRE, GIVE, and WRS CNMP. We used
AAD-B for user CNMP. The simulation was configured for
a CONUS user grid, using the 25 IOC U.S. WRSs, satellite
almanac from the WAAS MOPS, two GEOs (N107 and
N133), 1° user grid and 300-second time steps over a 24 h
simulation period.

Figure 4 shows availability contours for CONUS users.
It indicates that the coverage for users with availability of
at least 95% of time is 99.34% of the CONUS. Figures 5
and 6 show VPL and HPL contours. As described in
“Conclusions”, these plots are contours that V/HPLs are
less than corresponding values listed in the bottom color
bars of the plots for 95% of time. For example, users in the
cyan color area of Fig. 5 have a VPL less than or equal to
25 m 95% of time.

Figure 7 is the GIVE contour for CONUS and Alaska.
The black circles shown in the plot correspond to the
ionosphere grid points (IGPs). Figure 8 plots a UDRE

Availability as a function of user location
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Fig. 4 Availability contour of CONUS

VPL as a function of user location
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Fig. 5 VPL contour of CONUS

contour by gathering UDRE data at positions in the satellite
orbits and interpolating values to the points in between.
Additional details regarding the UDRE and GIVE his-
togram plots (not shown here for the sake of brevity) and
the MAAST graphical user interface are discussed in the
additional documentation available from the MAAST web
site (http://waas.stanford.edu/ ~ wwu/maast/maast.html).

Conclusions
This paper presents a MATLAB Algorithm Availability

Simulation Tool for SBAS availability analysis, which
implements the real WMS algorithms. MAAST can be
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HPL as a function of user location
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Fig. 6 HPL contour of CONUS
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Fig. 7 GIVE contour of CONUS and Alaska
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used to analyze the SBAS service volume models for
CONUS and Alaska and to establish performance figures
for certain baseline algorithms. A next step will be to
investigate how to modify algorithms and parameters to
improve availability and achieve lower VPLs using this
tool. One key area of investigation will be how the incor-
poration of additional civil frequencies will improve
availability.

MAAST was intended as an efficient and effective tool
for algorithm development. It was not intended to guar-
antee that we will see exactly that level of availability at
each location. In creating MAAST, a number of assump-
tions have been made. MAAST algorithms are for
confidence bounding only; they do not model corrections.
Furthermore, it is strictly deterministic, and does not model
asset failures in a probabilistic manner. Despite these
limitations, the results of this paper show that a simple yet
powerful framework has been developed that allows us to
rapidly model availability. MAAST can be a valuable tool
for SBAS algorithm research.
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