WAAS Performance Analysis Report April 2006

WIDE-AREA AUGMENTATION SYSTEM
PERFORMANCE ANALYSIS REPORT

Report #16

Reporting Period: January 1 to March 31, 2006

April 2006
Revision: August 2007

FAA/William J. Hughes Technical Center
NSTB/WAAS T&E Team
Atlantic City International Airport, NJ 08405



WAAS Performance Analysis Report August 2007

Changes:
List of Figures

Figure 4-13 Daily WAAS LNAV/VNAV and LPV Coverage
Figure 5-1 SV Daily Alert Trends

Report 16



WAAS Performance Analysis Report April 2006

Executive Summary

Since 1999 the WAAS Group at the William J. Hughes Technical Center has reported GPS performance as
measured against the GPS Standard Positioning Service (SPS) Signal Specification. These quarterly reports are
known as the PAN (Performance Analysis Network) Report. In addition to that report, the WAAS/NSTB Team
reports on the performance of the Wide-Area Augmentation System (WAAS). This report is the sixteenth such
WAAS quarterly report. This report covers WAAS performance during the period from January 1, 2006 to March
2006.

The following table shows observations for accuracy and availability made during the reporting period. See the
body of the report for additional results in accuracy, availability, safety index, range accuracy, WAAS broadcast
message rates and GEO ranging availability. Please note that the results in the below table are valid when the
Localizer Approach with Vertical Guidance (LPV) service is available. LPV service is available when the
calculated Horizontal Protection Level (HPL) is less than 40 meters and the Vertical Protection Level (VPL) is less
than 50 meters.

Parameter Site/Maximum Site/Minimum
95% Horizontal Accuracy Dallas Albuquerque
1.078 meters 0.677meters
95% Vertical Accuracy Miami Chicago
1.574 meters 0.914 meters
LPV Minneapolis Los Angeles
Availability 99.91% 98.00%
(HPL < 40 meters &
VPL < 50 meters)
95% HPL Oakland Atlanta
29.223meters 17.043 meters
95% VPL Los Angeles Kansas City
42.907 meters 26.939 meters
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1.0 INTRODUCTION

The FAA began monitoring GPS SPS performance in order to ensure the safe and effective use of the satellite
navigation system in the National Airspace System (NAS). The Wide Area Augmentation System (WAAS) adds
more timely integrity monitoring of GPS and improves position accuracy and availability of GPS within the WAAS
coverage area.

Objectives of this report are:
a. To evaluate and monitor the ability of WAAS to augment GPS by characterizing important performance
parameters.
b. To analyze the effects of GPS satellite operation and maintenance, and ionospheric activity on the WAAS
performance.
c. To investigate any GPS and WAAS anomalies and determine their impact on potential users.
d. To archive performance of GPS and WAAS for future evaluations.

The WAAS data transmitted from GEO satellite PRN#122 (AORW) and PRN#134 (POR) were used in the
evaluation. Table 1.1 and Table 1.2 list NSTB and WAAS reference station receivers used in Precision Approach
(PA) and Non-Precision Approach (NPA) evaluation process, respectively. This report presents results from three
months of data, collected from January 1, 2006 to March 31, 2006.
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Table 1-1 PA Sites

April 2006

Number of Days Evaluated

Number of Samples

NSTB:
Anderson 76 6552717
Atlantic City 92 7944873
Grand Forks 84 7221584
Greenwood 92 7915504
Prescott 91 7877570
WAAS:
Albuquerque 92 7921771
Atlanta 92 7907596
Billings 92 7942025
Boston 92 7929997
Chicago 92 7920916
Cleveland 92 7913585
Dallas 92 7941198
Denver 92 7906819
Houston 92 7906473
Jacksonville 92 7932829
Kansas City 92 7940108
Los Angeles 92 7930524
Memphis 91 7901027
Miami 91 7903133
Minneapolis 90 7753542
New York 92 7923913
Oakland 92 7940139
Salt Lake City 92 7941364
Seattle 92 7940622
Washington DC 92 7942952
Report 16 2



phamk
Text Box
Report 16


WAAS Performance Analysis Report April 2006

Table 1-2 NPA Sites

Location Number of Days Evaluated Number of Samples
Albuquerque 90 7756893
Anchorage 90 7753970
Atlanta 88 7610489
Billings 90 7757138
Boston 90 7756057
Cleveland 90 7757867
Cold Bay 89 7694596
Honolulu 89 7705189
Houston 89 7656977
Juneau 89 7720227
Kansas City 87 7484059
Los Angeles 87 7507756
Miami 89 7657134
Minneapolis 90 7747236
Oakland 90 7757536
Salt Lake City 90 7752344
San Juan 89 7702904
Seattle 90 7757756
Washington DC 88 7615191

The report is divided in the performance categories listed below. This report also includes WAAS LPV Service
Availability at Selected Airports, and WAAS Deterministic Code Noise and Multipath (CNMP) Bounding Analysis.

WAAS Range Domain Accuracy
GEO Ranging Performance

1. WAAS Position Accuracy

2. WAAS Operational Service Availability
3. Coverage

4. Integrity

5.

6.

Table 1.3 lists the performance parameters evaluated for the WAAS in this report. Please note that these are the
performance parameters associated with the WAAS IOC system. These requirements are extracted from the FAA
Specification FAA-E-2892B Change 1. In future reports the performance parameters will be derived from FAA
Specification FAA-E-2976, as applicable.
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Table 1-3 WAAS Performance Parameters

Performance Parameter

Expected WAAS Performance

PA Accuracy Horizontal

<7.6m error 95% of the time

PA Accuracy Vertical

<7.6m error 95% of the time

NPA Accuracy Horizontal

< 100m error 95% of the time
< 556m error 99.999% of the time

Availability LPV*

Not Defined for Current WAAS phase

Availability LNAV/VNAV#*

Not Defined for Current WAAS phase

LPV and LNAV/VNAV Outages and outage rate

Not Defined for Current WAAS phase

LNAYV Outages and outage rates

Not Defined for Current WAAS phase

Coverage LPV Not Defined for Current WAAS phase

For this report - 95% availability of 75% of CONUS
Coverage LNAV/VNAV 95% availability of 75% of CONUS
Coverage NPA 99.9% availability of 75% of service volume
LPV Availability > 95% of the time within the service volume
LNAV/VNAV Availability > 95% of the time within the service volume
Integrity <4 X 10e-8 HMI’s per approach

* Instantaneous availability (i.e. Availability is calculated every second.)

1.1 Event Summary

Table 1.4 lists test events that occurred during the reporting period that affected WAAS performance or the ability to
determine the WAAS performance. These events include GPS or WAAS anomalies, relevant receiver malfunctions,
and receiver maintenance conducted. = The Discrepancy Reports (DR) that provide detailed analysis of particular
events are available upon request.
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Table -4 Test Events

GPS Week | Date Sites Events
1356 day 5 to 1/6/06 to Atlanta Atlanta outage.
1356 day 6 1/7/06
1359 day 1 1/23/06 All POR Non- See DR# 24, “Multiple POR Geo Gaps After 2 POR GUS
Dual Sites Switchovers.”
1359 day 2 1/24/06 All AOR-W PRN Mask update. Removed AOR-W (PRN 122) from mask
Sites (due to upcoming AOR-W SV move).
1359 day 2 1/24/06 None Release 3 O&M Build 1 software update.
1359 day 4 1/26/06 Dallas, KC, Tested new communications circuits between ZLA & ZTL.
LA, Denver,
Seattle,
Oakland
1359 day 4 to 1/26/06 to | Dallas Dallas outage.
1360 day 2 1/31/06
1359 day 5 1/27/06 None Release 3 GUS software upgrades (POR GUS’s: STA-B,
BRE).
1359 day 6 1/28/06 None Release 3 GUS software upgrades (AOR-W GUS’s: STA-A,
CLK).
1359 day 6 1/28/06 All PRN Mask update. Fell back to previous mask (using AOR-
W) due to Garmin receiver problems.
1360 day 4 2/2/06 Several Central | See DR# 29, “Localized Loss of Availability over Central
CONUS Sites CONUS.”
1361 day 4 2/9/06 Most CONUS See DR# 30, “Loss of Availability due to Satellite
Sites Maintenance, SV 5 (NANU 2006013).”
1361 day 4 2/9/06 All AOR-W AOR-W GUS Switchover to STA-A to prepare for CLK
Non-Dual Sites | resectoring.
1362 day 4 2/16/06 All POR Non- | POR GUS switchover to BRE to replace STA-B GUS Test
Dual Sites Loop Translator.
1362 day 4 2/16/06 All AOR-W See DR# 26, “Near-Simultaneous GUS Failures Caused AOR-
Non-Dual Sites | W SIS outage.”
1363 day 3 2/22/06 All POR Non- See DR# 25, “Extended POR Signal-in-Space Outage after
Dual Sites Communication failure.”
1363 day 6 to | 2/25/06 to | Chicago Chicago outage.
1364 day 3 3/1/06
1364 day 4 3/2/06 All AOR-W AOR-W GUS switchover to CLK to work on STA-A.
Sites Changed STA-A dish tracking frequency due to AOR-W SV
move.
1364 day 5, 3/3/06, None See DR# 28, “GPS Clock Antenna Problem Caused ZDC C&V
1365 day O to | 3/5/06 to to Fault Repeatedly While ZLA was Selected C&V Source.”
1365 day 2 3/7/06
1365 day 1 to | 3/6/06 to DC DC outage. ZDC C&V was down. ZDC WRE Thread 2 PCU
1365 day 2 3/7/06 was borrowed in the process of troubleshooting the C&V, thus
the outage.
1365 day 6 3/11/06 Western See DR# 31, “Loss of Availability due to Extended Satellite
CONUS Sites Maintenance on SV 30 (NANU 2006020).”
1366 day 2 3/14/06 All AOR-W SV 30 was set to “Do Not Use” (UDREIi = 15) since 3/10/06.
Sites It was incorrectly set to initialization state by a Type 0 message
following an AOR-W GUS switchover.
1366 day 2 3/14/06 All AOR-W CLK maintainer error caused AOR-W GUS switchover to
Sites STA-A.
1366 day 4 3/16/06 Central and Loss of Availability due to SV 4 outage. See NANU 2006022.
Western
CONUS Sites
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GPS Week | Date Sites Events
1367 day 0 3/19/06 All Sites One-second GEO message gap (bad CRCs), AOR-W & POR.
Selected C&V source for STA was changed from ZLA to ZDC.
1367 day 3 3/22/06 All AOR-W and POR SIS outage, caused by Loss Maneuver Bug.
1369 day O to | 3/30/06 to | Greenwood Greenwood outage.
1369 day 1 3/31/06
1.2 Report Overview

Section 2 provides the vertical and horizontal position accuracies from data collected, on a daily basis, at one-second
intervals. The 95% accuracy index and the maximum accuracy for the reporting period are tabulated. The daily 95%
accuracy index is plotted graphically for each receiver. Histograms of the vertical and horizontal error distribution
are provided for three receivers within the WAAS service area.

Section 3 summarizes the WAAS instantaneous availability performance, at each receiver, for three operational
service levels during the reporting period. Daily availability is also plotted for each receiver evaluated. The number

of outages and outage rate for each site is reported.

Section 4 provides the percent of coverage provided by WAAS on a daily basis. Monthly roll-up graphs presented
indicate the portions of service volume covered, and the percentage of time that WAAS was available.

Section 5 summarizes the number of HMI’s detected during the reporting period and presents a safety margin index
for each receiver. The safety index reflects the amount of over bounding of position error by WAAS protection

levels. This section also includes update rates of WAAS messages transmitted from AORW and POR.

Section 6 provides the UDRE and GIVE bounding percentage and the 95% index of the range and ionospheric
accuracy for each satellite tracked by the WAAS receiver in Houston.

Section 7 provides the GEO ranging performance for AORW and POR.

Section 8§ summarizes WAAS anomalies and problems identified during the reporting period, which adversely affect
WAAS performance described in Table 1.3.

Section 9 provides WAAS LPV availability and outages at selected airports.
Section 10 provides the assessment of WAAS CNMP bounding for 75 WAAS receivers.

2.0 WAAS POSITION ACCURACY

Navigation error data, collected from WAAS and NSTB reference stations, was processed to determine position
accuracy at each location. This was accomplished by utilizing the GPS/WAAS position solution tool to compute a
MOPS-weighted least squares user navigation solution, and WAAS horizontal and vertical protection levels (HPL &
VPL), once every second. The user position calculated for each receiver was compared to the surveyed position of
the antenna to assess position error associated with the WAAS SIS over time. The position errors were analyzed and
statistics were generated for two operational service levels: WAAS LPV, and WAAS LNAV/VNAYV, as shown in
Table 2.1. For this evaluation, the WAAS operational service level is considered available at a given time and
location, if the computed WAAS HPL and VPL are within the horizontal and vertical alarm limits (HAL & VAL)
specified in Table 2.1.

Table 2-1 Operational Service Levels

WAAS Operational Service Horizontal Alert Limit Vertical Alert Limit
Levels HAL (meters) VAL (meters)
LPV (LOC/VNAV) 40 50
LNAV/VNAV 556 50
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Table 2.2 shows PA horizontal and vertical position accuracy maintained for 95% of the time at LPV and
LNAV/VNAYV operational service levels for the quarter. The table also includes 95% SPS accuracy for certain
locations. Figures 2.1 to 2.4 show the daily horizontal and vertical 95% accuracy for LNAV/VNAYV operational
service level for the period. Note that WAAS accuracy statistics presented are compiled only when all WAAS
corrections (fast, long term, and ionospheric) for at least 4 satellites are available. This is referred to as PA
navigation mode. The percentage of time that PA navigation mode was supported by WAAS at each receiver is also
shown in Table 2.2. A user is considered to be in NPA navigation mode if only WAAS fast and long term
corrections are available to a user (i.e. no ionospheric corrections). Table 2.3 shows NPA horizontal position
accuracy for 95% and 99.999% of the time. This table also shows the maximum NPA horizontal position error for
the quarter. Figures 2.5 shows the daily horizontal 95% accuracy for NPA.

During the evaluated period, the 95% horizontal and vertical accuracy at all evaluated sites were less than 2 meters
for both WAAS operational service levels. The maximum 95% horizontal and vertical LPV errors are 1.078 meters
at Dallas and 1.574 Miami. The minimum 95% horizontal and vertical LPV errors are 0.677 meters at Albuquerque
and 0.914 meters at Chicago. The maximum 95% and 99.999% NPA horizontal errors are 3.054 meters at Honolulu
and 7.154 at Honolulu. The minimum 95% and 99.999% horizontal errors are 1.033 meters at Juneau and 2.803
meters at Seattle, respectively.

Table 2.4 shows the maximum horizontal and vertical position errors while the calculated HPL and VPL met the
LPV service levels. The column marked ‘Horizontal (or Vertical) Error/HPL (or VPL)’ is the ratio of position error
to protection level at the time the maximum error occurred. The column marked ‘Horizontal (or Vertical) Maximum
Ratio’ is the maximum position error to protection level ratio for the quarter.

Figures 2.6 to 2.15 show the distributions of the vertical and horizontal errors in triangle charts and 2-D histogram
plots for the quarter at three locations, Kansas City, Washington DC and Seattle. The triangle charts show the
distributions of vertical position errors (VPE) versus vertical protection levels (VPL) and horizontal position errors
(HPE) versus horizontal protection levels (HPL). The horizontal axis is the position error and the vertical axis is the
WAAS protection levels. Lower protection levels equate to better availability. The diagonal line shows the point
where error equals protection level. Above and to the left of the diagonal line in the chart, errors are bounded
(WAAS is providing integrity in the position domain); below and to the right, errors are not bounded (HMI could be
present). The horizontal lines at various protection levels represent the various operational service levels as defined
in Table 2.1. The 2-D histogram plots contain four histograms showing the distributions of vertical and horizontal
position errors and normalized position errors. The left top and bottom histograms show the distributions of the
actual vertical and horizontal errors. The horizontal axis is the position errors and the vertical axis is the total count
of data samples (log scale) in each 0.1-meter bin. The right top and bottom histograms show the distributions of the
actual vertical and horizontal errors normalized by one-sigma value of the protection level; vertical - (VPL/5.33) and
horizontal - (HPL/6.0). The horizontal axis is the standard units and vertical axis is the observed distribution of
normalized errors data samples in each 0.1-sigma bin. Narrowness of the normalized error distributions shows very
good observed safety performance.
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Table 2-2 PA 95% Horizontal and Vertical Accuracy
Location Horizontal Horizontal Vertical Percentage SPS
GLS/APV2/LPV APV-1(LNAY) LPV/VN in PA mode Accuracy
(HAL=40m) (HAL=556m) AV (%)
(Meters) (Meters) (VAL=50m) 9,5% 95%
(Meters) Horizontal | Vertical
(Meters) (Meters)

Atlantic City 0.797 0.799 1.091 99.92923 * *
Grand Forks 0.808 0.811 1.313 99.91642 * *
Greenwood 0.770 0.772 1.109 99.92986 * *
Albuquerque 0.677 0.679 0.934 99.92670 2.486 4.467
Atlanta 0.763 0.765 1.259 99.92474 2.723 4.796
Billings 0.771 0.772 1.035 99.92751 2.524 4.542
Boston 0.781 0.783 1.032 99.92371 2.735 4.458
Chicago 0.728 0.729 0.914 99.92211 * *
Cleveland 0.751 0.754 0.994 99.92675 2.792 4.562
Dallas 1.078 1.080 1.296 99.93056 * *
Denver 0.705 0.708 1.142 99.92439 * *
Houston 0.765 0.767 1.355 99.92635 2.490 4.831
Jacksonville 0.955 0.957 1.312 99.92621 * *
Kansas City 0.747 0.749 0.986 99.92612 2.694 4.815
Los Angeles 0.890 0.893 1.298 99.96796 2.415 4.978
Memphis 0.727 0.728 1.048 99.92577 * *
Miami 0.981 0.983 1.574 99.92597 2.619 4.868
Minneapolis 1.067 1.070 1.157 99.92645 2.703 4.727
New York 0.878 0.881 0.969 99.92357 * *
Oakland 0.840 0.843 1.341 99.96797 2.284 4.982
Salt Lake City 0.703 0.704 1.039 99.96838 2.483 4.649
Seattle 0.885 0.885 0.942 99.97305 2.418 4.952
Washington DC 1.043 1.046 1.135 99.92480 2.738 4.716

* SPS accuracy not computed for this location.
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WAAS Performance Analysis Report April 2006
Table 2-3 NPA 95% and 99.999% Horizontal Accuracy
Location 95% 99.999% Percentage in Maximum
Horizontal Horizontal NPA mode Horizontal

(meters) (meters) (%) Error
Albuquerque 1..163 4.069 99.92 4.882
Anchorage 1.213 3.848 99.95 5.819
Atlanta 1.475 3.578 99.92 3.917
Billings 1.345 4.127 99.92 4.633
Boston 1.508 2.851 99.92 5.730
Cleveland 1.447 2.925 99.92 5.198
Cold Bay 1.488 4.082 99.95 6.213
Honolulu 3.054 7.154 99.95 12.933
Houston 1.226 4.628 99.92 5.304
Juneau 1.033 5.065 99.95 9.870
Kansas City 1.555 3.364 99.92 4.915
Los Angeles 1.298 4.026 99.97 4.244
Miami 1.351 4.603 99.93 4.955
Minneapolis 2.073 4.656 99.93 6.536
Oakland 1.197 4.153 99.97 4.644
Salt Lake City 1.221 4.275 99.97 4.480
San Juan 1.552 7.103 99.93 7.342
Seattle 1.330 2.803 99.97 4.040
Washington DC 2.218 4.511 99.93 5.162
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WAAS Performance Analysis Report

April 2006

Table 2-4 Maximum Position Errors and Position Error/Protection Level Ratio

Location Horizontal Horizontal Horizontal Vertical Vertical Vertical
Error (m) Error/HPL Maximum Error (m) Error/VPL Maximum Ratio
Ratio

Atlantic City 1.760 0.112 0.112 4.753 0.153 0.154
Grand Forks 4.985 0.179 0.179 6.697 0.290 0.290
Greenwood 2.321 0.095 0.149 4.948 0.118 0.140
Albugquerque 3.057 0.125 0.171 8.195 0.338 0.338
Atlanta 2.741 0.122 0.154 3.538 0.100 0.162
Billings 2421 0.088 0.163 5.861 0.161 0.184
Boston 2.730 0.099 0.132 3.712 0.099 0.120
Chicago 2.831 0.193 0.193 4.899 0.225 0.225
Cleveland 2.366 0.107 0.159 4.581 0.145 0.145
Dallas 5.090 0.155 0.224 7.344 0.262 0.262
Denver 2.846 0.152 0.168 5.237 0.151 0.192
Houston 2.326 0.061 0.141 4.179 0.148 0.167
Jacksonville 3.209 0.142 0.188 3.786 0.105 0.143
Kansas City 2.534 0.095 0.169 4.962 0.190 0.190
Los Angeles 3.026 0.126 0.130 5.371 0.110 0.169
Memphis 3.223 0.125 0.199 4.464 0.108 0.157
Miami 2.857 0.208 0.208 5.462 0.311 0.311
Minneapolis 3.797 0.203 0.284 8.002 0.255 0.298
New York 3.138 0.150 0.195 3.512 0.103 0.109
Oakland 2.818 0.093 0.133 6.342 0.135 0.166
Salt Lake City 2.720 0.093 0.128 5.079 0.152 0.159
Seattle 2.252 0.138 0.138 4.439 0.165 0.165
Washington DC 3.189 0.121 0.206 4.457 0.170 0.170
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Figure 2-3 95% Vertical Accuracy at LNAV/VNAV
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Figure 2-7 Horizontal Triangle Chart forKansas City
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Figure 2-8 Vertical Triangle Chart for Kansas City
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Figure 2-9 2-D Histogram for Kansas City
Site: Kansas_City Date: 1/1/06-3/31/06
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PA mode Unavailable(>556m) Figure 2-10 Horizontal Triangle Chart for Washington, DC
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Figure 2-10 Horizontal Triangle Chart for Washington, DC

phamk
Text Box
20


PA mode Unavailable(>50m)

Count: 2036
0.026717 %
Mean: -0.87
StdDev: 0.74
Index95: 2.00

Figure 2-11 Vertical Triangle Chart for Washington, DC
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Figure 2-12 2-D Histogram for Washington, DC
Site: WashingtonDC Date: 1/1/06-3/31/06
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PA mode Unavailable(>556m)

Figure 2-13 Horizontal Triangle Chart for Seattle
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PA mode Unavailable(>50m) Figure 2-14 Vertical Triangle Chart for Seattle
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Figure 2-15 2-D Histogram for Seattle
Site: Seattle Date: 1/1/06-3/31/06
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WAAS Performance Analysis Report April 2006

3.0 AVAILABILITY

WAAS availability evaluation estimates the probability that the WAAS can provide service for the operational
service levels (LPV and LNAV/VNAYV) defined in Table 2.1. At each receiver, the WAAS message, along with the
GPS/GEO satellites tracked, were used to produce WAAS protection levels in accordance with the WAAS MOPS.
Table 3.1 shows the protection levels that were maintained for 95% of the time for each receiver location for the
quarter. The table also included the percentage in PA mode as described in section 2.0. The first two columns of
Table 3.2 presents the average portion of time that WAAS operational service levels are available at each receiver
location.

Availability of LPV and LNVA/VNAV service is evaluated by monitoring the WAAS protection levels at receiver
locations throughout the test period. If both the vertical and horizontal protection levels are not greater than their
respective alert limits (VAL and HAL) then the service is available. If either of the protection levels exceeds the
required alert level then the operational service at that location is considered unavailable and an outage in service is
recorded with its duration. The operational service is not considered available again until the protection levels are
both within the alert limits for at least 15 minutes. Although this will reduce operational service availability
minimally, it substantially reduces the number of service outages and prevents excessive switching in and out of
service availability. The percent of time that LPV and LNVA/VNAYV service is available using the fifteen-minute
window criteria is presented in the last two columns in Table 3.2. The LPV and LNVA/VNAYV service outages and
associated outage rate for the test period is presented in Table 3.4. The outage rate is the percent of approaches that
theoretically would be interrupted by a loss of operational service once the approach had started. Figures 3.1 through
3.4 show the daily availability of LNAV/VNAYV and LPV service levels for the evaluated period. Figures 3.5
through 3.8 show the daily interruptions of LNAV/VNAYV and LPV service levels for the evaluated period.

During the evaluated period, the maximum 95% HPL and VPL are 29.223 meters at Oakland and 42.907 meters at
Los Angeles. The minimum 95% HPL and VPL