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The globalpositioningsystem will be used for a wide variety of applications.However, aircraft use of any satellite-
based navigation system raises signi� cant concern with respect to accuracy and integrity. The wide-area augmen-
tation system (WAAS) is a navigation system that adds an independent ground network and increases navigation
accuracy and integrity. The WAAS will be a supplemental navigation aid for all phases of � ight down to category
I precision approach in 1997. Eventually, it will be a primary navigation aid. Stanford University installed three
wide-area reference stations in the Western United States and has been conducting independent � ight tests of
WAAS since 1994. The comparison of the two different WAAS algorithms and the results from the Stanford Uni-
versity WAAS static and � ight tests are presented. The results showed that 3.5 m of WAAS user vertical positioning
accuracy, compared to 80 m for stand-alone,can be achieved using both WAAS algorithms.That accuracy is within
the § 4:1-m 95% error limits for a category I instrument landing system. An improvement on the existing grid
ionosphere estimation algorithm is also included as well as the introduction of a weighted least-square solution in
WAAS user position computation.

Nomenclature
Bi = i th wide-area reference station’s (WRS’s) clock error
Bi;n = i th WRS’s clock error relative to nth WRS’s clock
OBi;n = estimate of i th WRS’s clock error relative to nth WRS’s

clock
b j = j th satellite selective availability (SA)
Qb j = j th satellite clock error (including SA)
d j

i = physical distance from i th WRS to j th satellite
d k = distance from kth pierce point to the grid
e j

i = range unit vector from i th WRS to j th satellite
I Grid
Klob;V = broadcast Klobuchar vertical ionospheric delay at the

grid point
I k
Klob;V = broadcast Klobuchar vertical ionospheric delay at the

pierce point
I k

Meas;V = measured vertical ionospheric delay at the pierce point
OI Grid;V = estimated vertical ionospheric delay at the grid point
i j
i = ionospheric time delay from j th satellite to i th WRS
K = total number of the ionosphere pierce points
li;n = number of common satellites in view from i th and nth

sites
m j

i = multipath from j th satellite to i th WRS
Ru = location vector from Earth center to user
t j
i = tropospheric delay from j th satellite to i th WRS
v

j
i = measurement noise from i th WRS to j th satellite

including multipath error
wk = weight for the kth pierce point
±Bi;n = i th WRS’s time synchronizationerror because of

ephemeris error and measurement noise
±R j = ephemeris error vector of the j th satellite
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±½
j
i = pseudorange residual already adjusted for broadcast

ephemeris and satellite clock and atmospheric error
´

j
i = measurement noise

½
j

i = pseudorange from i th WRS to j th satellite
¾± Bi;n = standard deviation of time synchronizationerror
¾±R j = standard deviation of ephemeris error
¾v j = standard deviation of measurement noise

I. Introduction

W HILE reducing cost and complexity, the global positioning
system (GPS)1;2 is expected to greatly improve the accuracy

of navigation for land, marine, and aircraft users. However, aircraft
use of GPS raises signi� cant concern with respect to integrity, re-
liability, time availability, and accuracy because GPS in its current
state fails to meet all four of the cited required navigation perfor-
mance parameters.The wide-area augmentationsystem (WAAS) is
tailored to meet all of them.

The WAAS is a safety-criticalnavigation system that adds a sig-
nal in space and an independent ground network to GPS. When it
� rst becomes operational in 1998, it will be a supplemental system
for enroute through precision approach air navigation. In time, it
will become a primary navigation sensor. The WAAS will augment
GPS with the following three services: a ranging function, which
improves availability and reliability; differential GPS corrections,
which improve accuracy;and integritymonitoring,which improves
safety.

The WAAS concept is shown in Fig. 1. As shown, it broadcasts
GPS integrity and correction data to GPS users and also provides a
ranging signal that augments GPS. At present, a test WAAS signal
is being broadcast from the geostationary International Maritime
Satellite-2 (INMARSAT-2) satellite over the western portion of the
Atlantic (AOR-W). This test signal has been used to broadcast dif-
ferential corrections, integrity information, and a preliminary form
of the ranging signal.3;4 In 1998, the WAAS signalwill be broadcast
to users from the geostationary INMARSAT-3 satellites.

The groundnetwork shown in Fig. 1 develops the differentialcor-
rections and integritydata that are broadcast to the users. Wide-area
referencestations (WRSs) are widely disperseddata collectionsites
that receive and process signals received from the GPS and geosta-
tionary satellites. The WRSs forward their data to data processing
sites referred to as wide-area master stations (WMSs).

The WMSs process the raw data to determine integrity, three-
dimensional ephemeris error and satellite clock error, mostly se-
lective availability (SA), for each monitored satellite, and vertical
ionosphericdelayover thecontinentalUnitedStates.Takentogether,
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Fig. 1 Overview of WAAS.

Fig. 2 Block diagram of WAAS.

Fig. 3 Map of WRSs and WAAS users.

the differential correctionsand the improved geometry provided by
the geostationarysatelliteswill improve user accuracy to better than
7.6 m (95%) in the vertical,which is adequate for aircraft category I
precision approach.A simple block diagram of WAAS is shown in
Fig. 2.

We mostly focus on the core algorithms to estimate the differen-
tial corrections.In the � rst section we compare two differentWAAS
algorithms to estimate three-dimensional ephemeris error and SA,
which were developed at Stanford University.4;5 In the second sec-
tionwe introducethe useof ionospheremeasurementnoise to theex-
isting grid ionosphereestimation6 to reduce estimationerror caused
by low elevation angle satellites. In the third section we apply a
similar concept to WAAS user position calculation by introducing

pseudorange measurement noise and a weighted least-square solu-
tion. The followingsections show the static and dynamic test results
using the testbed constructedby Stanford University, which is used
for developingearly operationalexperiencewith the WAAS and for
the development and testing of new WAAS algorithms. As shown
in Fig. 3, it includes WRSs located at Elko, San Diego, and Arcata
in addition to WAAS static user (Stanford University) and dynamic
user (Palo Alto Airport) locations.

II. Three-Dimensional Ephemeris
and Clock Error Estimation

The GPS navigationmessage broadcast by the satellites provides
a means for computing the satellite positions in the WGS-84 co-
ordinate system.7 These reported positions are in error due to the
limitationsof the GPS control segment’s ability to predict the satel-
lite ephemeris, and potentially also due to intentional degradation
of the reported parameters under SA, although this is not currently
observed. Also the satellite clock errors are in error mainly due to
SA. The GPS satellite ephemeris and clock errors can be estimated
through a network of WRSs by essentiallyusing GPS upside down.
Just as a user can determine its position and clock bias based on the
ranges to the known locations of four or more GPS satellites, four
or more WRSs viewing the same satellite from known locationscan
be used to estimate the satellite positions, satellite clock errors, and
WRSs’clock errors.Even if the number of WRSs is fewer than four,
a minimum norm solutioncan be used to estimate the errors.8 In this
case, the estimates may not be close to the true errors, but as long
as the projectionof those errors to the user range is close to the true
range errors the WAAS corrections are still valuable.

There are two different ephemeris and SA estimation algorithms
that were developed at Stanford University: full vector WAAS
(FVWAAS) and common view WAAS (CVWAAS) and the fol-
lowing subsections describe them in order.

A. FVWAAS
The FVWAAS algorithm collects all of the measurements from

the WRSs, stacks them together in one large matrix, and solves the
satellite ephemeris and clock errors of all of the GPS satellites in
view. The followingis a detaileddescriptionofFVWAAS algorithm.

A general GPS observation equation for pseudorange (½ j
i ) from

i th WRS (subscript) to j th satellite (superscripts) is

½
j

i D d j
i C i j

i C t j
i C m j

i ¡ Qb j C Bi C ´
jk

i (1)

The pseudorange residual ±½
j
i from i th station to j th GPS satel-

lite, after beingadjustedfor broadcastephemeris,broadcastsatellite
clock, ionosphericerror, and tropospheric error, is modeled by

±½
j

i D ±R j ¢ e j
i ¡ b j C Bi C v

j
i (2)

De� ne x for all of the WRSs (i D 1; : : : ; n) and GPS satellites
( j D 1; : : : ; m) as follows:

x D [±RT bT BT ]T (3)

where

±R D
£
±RT

1 ±RT
2 ¢ ¢ ¢ ±RT

m

¤T

b D [b1 b2 ¢ ¢ ¢ bm]T ; B D [B1 B2 ¢ ¢ ¢ Bn ¡ 1]T

The matrix B has only (n ¡ 1) clock terms because all of the clock
errors are relative and are estimated on the basis of the nth WRS
clock.

If we gather all of the measurement equationsfor all of the WRSs
(i D 1; : : : ; n) and GPS satellites ( j D 1; : : : ; m) and rearrange
them, we will get a matrix equation as follows:

2

6664

E1 ¡I I1

E2 ¡I I2
:::

:::
:::

En ¡I In

3

7775 x D ±D (4)
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where

Ei D

2

6664

e1T

i 0 0 0

0 e2T

i 0 0

0 0
: : : 0

0 0 0 emT

i

3

7775 .m £ 3m/

I D

2

664

1 0 0 0

0 1 0 0

0 0
: : : 0

0 0 0 1

3

775 .m £ m/

(i th column)

Ii D

2

664

0 ¢ ¢ ¢ 1 ¢ ¢ ¢ 0

0 ¢ ¢ ¢ 1 ¢ ¢ ¢ 0
::: ¢ ¢ ¢

::: ¢ ¢ ¢
:::

0 ¢ ¢ ¢ 1 ¢ ¢ ¢ 0

3

775 [m £ .n ¡ 1/]

.for i D 1; : : : ; n ¡ 1/

In D 0 [m £ .n ¡ 1/] .for i D n/

±D D [±D1 ±D2 ¢ ¢ ¢ ±Dn]T

±Di D
£
±½1

i ±½2
i ¢ ¢ ¢ ±½m

i

¤T

In the precedingequationsthe matrix In is set to be 0 matrix because
all of the clock errors are relative and are estimated on the basis of
the nth WRS clock as explained earlier. If we de� ne the system
matrix H and measurement z as

H D

2

664

E1 ¡I I1

E2 ¡I I2
:::

:::
:::

En ¡I In

3

775 (5)

z D ±D (6)

then Eq. (4) becomes

z D Hx (7)

In the case that the i th WRS cannot see the j th satellite, the corre-
sponding row element of the vector z and row vector of the matrix
H in Eq. (5) must be eliminated.

The WMS can use a sequential � lter or a batch least-squares
technique to estimate the three-dimensionalephemeris error vector
andclockbias for each GPS satellitewithin viewof thenetwork.The
latter was used. If there are more measurements than the unknowns
(three-dimensionalephemeris errors, satellite clock error, and WRS
clockerror) in the WAAS network, the observationequation for that
satellite is overdetermined, and the solution is picked to minimize
the measurement residual sum of squares:

x D .HT H/¡1HT z (8)

If there are fewer measurements than unknowns, the solution is
underdetermined,and the optimal estimate minimizes the two norm
of the error solution:

x D HT .HHT /¡1z (9)

In the underdetermined case, the corrections for ephemeris errors
and clock offsets are not accurate, but the user positioning is still
accuratewith these correctionsbecause for the user only the projec-
tion of the error correctionvector on the line of sight to the satellite
is important.

The FVWAAS algorithm runs slowly because it needs to manip-
ulate relatively large matrices but the estimation errors, especially
WRS’s clock estimation errors, depend only on the measurement
noise. The processing speed and the memory requirementof the al-
gorithmcan be greatly improvedusinga sparsematrix manipulation
technique9 because 90% of elements in the observation matrix H
are zeros.

B. CVWAAS
Instead of stacking all of the measurements in one large matrix

as the FVWAAS the CVWAAS decouples the measurements for
each satellite by synchronizingall of the clocks in WRSs using the
well-known common view time transfer technique,10 and estimates
three-dimensional ephemeris error and SA for each satellite. The
following is the detailed description of CVWAAS algorithm.

Common view time transfer differences the pseudorange residu-
als from two sites as follows:

±½
j
i;n ´ ±½

j
i ¡ ±½ j

n D ±R j ¢
¡
e j

i ¡ e j
n

¢
C Bi;n C v

j
i;n (10)

where Bi;n D Bi ¡ Bn .
If the line-of-sight difference is small or the ephemeris error is

small and random, a good estimate of the clock difference can be
achieved as follows:

OBi;n D 1
li;n

li;nX

j D 1

±½
j

i;n D Bi;n C ±Bi;n (11)

¾±Bi;n D

q
¾ 2

±R j C ¾ 2
v j

p
li;n

(12)

If the two sites are perfectly synchronized,then ±Bi;n is zero. From
now on we assume the perfect time synchronization of all of the
WRSs for the purposeof the derivation.The clock estimate of WRS
is then used to eliminate the receiver clock error term in Eq. (2).
Thus we have all of the measurements in terms of a common clock.
The synchronizedpseudorange residuals are described as follows:

± Q½ j
i D ±½

j
i ¡ OBi;n D ±R j ¢ e j

i ¡ b j C Bn C v
j
i (13)

These synchronized pseudorange residuals are the fundamental in-
puts to the CVWAAS satellite ephemeris and clock estimationalgo-
rithms. The three-dimensional ephemeris error solution begins by
differencingpairsof synchronizedpseudorangeresidualsas follows:

± Q½ j
i;n D ± Q½ j

i ¡ ± Q½ j
n D ±R j ¢

¡
e j

i ¡ e j
n

¢
C v

j
i;n (14)

This set of single differences does not contain the satellite clock
offsets, and each satellite is now decoupled.The three-dimensional
ephemeris error for each satellite may be estimated using the fol-
lowing set of observation equations:

2

664

± Q½ j
1;n
:::

± Q½ j
n ¡ 1;n

3

775 D

2

664

¡
e j

1 ¡ e j
n

¢

:::¡
e j

n ¡ 1 ¡ e j
n

¢

3

775 ±R j (15)

The linear system of equations can be written more compactly by
de� ning z and H such that

z D H ¢ ±R j (16)

where

z D

2

664

± Q½ j
1;n
:::

± Q½ j
n ¡ 1;n

3

775 ; H D

2

664

¡
e j

1 ¡ e j
n

¢

:::¡
e j

n ¡ 1 ¡ e j
n

¢

3

775
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Fig. 4 Ionospheric time delay observation.

A least-squaresolutionor a minimum-norm solution can be used to
generate the ephemeris error estimate ± OR j , which is the same way
as FVWAAS but with a smaller matrix,

± OR j D HT .HHT /¡1z (17)

± OR j D .HT H/¡1HT z (18)

By substituting the ephemeris error estimate back into Eq. (13), the
satellite clock error estimate is obtained. If we assume that we know
the master clock perfectly (i.e., Bn D 0), then we obtain the satellite
clock estimate as follows:

Ob j D 1
n

nX

i D 1

¡
± OR j ¢ e j

i ¡ ± Q½ j
i

¢
(19)

Even if the master clock is not known it does not cause degradation
in WAAS user navigationaccuracy because all of the satellite clock
errors have the common clock error and, therefore, they will be
absorbed into the user clock error.

The CVWAAS algorithmis fast and requiresrelativelylittlemath-
ematical computationand memory. But as indicatedin Eqs. (11) and
(12), it can be sensitive to the ephemeris errors due to the limita-
tions of the GPS control segment’s ability to predict the satellite
ephemeris as well as the measurement noise. However, applying
sequential � lter methods with appropriateorbit model can improve
� lter performance.11

III. Vertical Ionospheric Time Delay Estimation
As GPS satellitesignals traverse the ionosphere,their modulation

is delayed by an amount proportional to the number of free ions en-
countered.This is known as ionospherictime delay.The ionospheric
time delay is a function of local time, magnetic latitude, sunspot cy-
cle, and other factors. Its highest peak occurs at about 2:00 p.m.
local solar time. The basics of ionospheric time delay are shown in
Fig. 4. Klobuchar12 developed a simple analytical model for iono-
spheric time delay and of which parameters are being broadcast for
single frequency user to correct the ionospheric time delay.

The WMS processes the vertical ionospheric delay data for all
ionospheric pierce points from the WRSs to generate a grid of ver-
tical ionospheric grid estimates as described in Ref. 13, which uses
the following grid algorithm (a kind of a weighted interpolation
technique):

OIGrid;V D I Grid
Klob;V

("
KX

k D 1

³
I k
Meas;V

I k
Klob;V

´
¢ wk

# ,
KX

n D 1

wn

)
(20)

where wk is weight of kth ionosphere pierce point.
The ionospheric pierce points are the points where the signals

from GPS satellites intersect the imaginary sphere 350 km above
the Earth’s surface, which is the average height of ionosphere as
assumed in this paper. The ionospheric pierce points and the grid
points are shown in Fig. 5. The grid used is uniform in latitude and
longitude with points every � ve degrees. This grid point estimates
will be interpolated to estimate the vertical ionospheric delay for
each satellite at the WAAS user.

The existinggrid algorithm13 uses only the inverseof the distance
from the grid point to the pierce point as weight,

wk D 1=d k (21)

Fig. 5 Ionospheric pierce point and grid.

Fig. 6 Estimated vertical ionosphere surface (ionospheric correction
at each grid point as a surface plot and the corresponding contour lines
on top of the map for one instant in time).

The longer the distance between the pierce point and the grid point
is the less correlation between the ionospheric delay measurement
at the pierce point and the ionospheric estimate at the grid point is.
Adding estimates of ionosphere measurement noise to the weight
can reduce unexpectedjumps in the ionosphericestimate especially
when a new satellite is rising because large measurementnoise usu-
ally occurs for a low elevation angle satellite. We developed an
empirical formula to combine the distance and the measurement
noise into the weight for the pierce point as follows:

wk D
£
f f .dk /g2 C f f .vk/g2

¤¡ 1
2

(22)

D

2

4
(³

d k

200 km

´ 3
4

)2

C .vk /2

3

5
¡ 1

2

where vk in meters depends on elevation angle, multipath envi-
ronment, carrier smoothed � lter, receiver noise, etc. Using the
Stanford modi� ed grid algorithm we can obtain a real-time esti-
mate of the ionospheresurface.An example of this surface is shown
in Fig. 6.
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As may be seen in the static test section, this Stanford grid algo-
rithm reduces the maximum vertical positioningerror of the WAAS
user. However, the preceding empirical formula (22) needs to be
further tuned and veri� ed using a larger set of data.

IV. Weighted Least-Square Solution in WAAS User
A technique similar to the one described in the preceding section

can improve the WAAS user navigation accuracy. As is known,
measurementnoise for a low elevationsatellite is higherthan that for
a highelevationsatellite14;15 becauseof low signal-to-noiseratio,big
multipath,etc. A weighted least-squaretechniquecan be introduced
to take this into account.

The pseudorangeresidual ±½ j from WAAS user to j th GPS satel-
lite, already adjusted for broadcast ephemeris, broadcast satellite
clock, tropospheric error, and WAAS corrections, is modeled by

±½ j D ¡Ru ¢ e j C B C v j (23)

If we gather all of the measurement equations (23) for all of the
satellites in view and rearrange them, we will get a matrix equation
as follows:

z D Hx C v (24)

where

z D

2

64
¡±½1

:::

¡±½m

3

75 ; H D

2

64
e1T ¡1
:::

:::

emT ¡1

3

75

x D
µ

Ru

B

¶
; v D

2

64
¡v1

:::

¡vm

3

75

Then a weighted least-squaretechniqueusing the sensor covariance
matrix, V D E[v ¢ vT ], is applied to obtain the user position and
receiver clock error as follows:

x D .HT V¡1H/¡1HT V¡1z (25)

Because multipath has time constant from 5–30 min and the mag-
nitude of multipath and receiver noise are bigger for a low elevation
satellite than for a high elevation satellite, this generates slowly
moving bias and jumps in user position solution. The weighted
least-square solution reduces these bias and jumps effectively by
reducing the weight of the low elevation satellite.

V. Static Tests
Static tests were conducted for 24 h using the Stanford real-time

experimental WAAS network on July 21, 1994. The Stanford real-
time experimental WAAS network has three WRS sites and one
user site, all of which are equipped with weather stations, rubidium
clocks, and Trimble 4000SSE dual-frequency receivers. The map
of the sites and the baseline information are in Fig. 3 and Table 1,
respectively.The minimum baseline from the static user (Stanford)
to WRS (Arcata) is 427 km.The locations of the four antennas have
been independently measured using standard GPS surveying tech-
niques.The locationshavebeenaccuratelyfoundin the International
Terrestrial Reference Frame (ITRF)-92, and the relative baselines
are self-consistent to the 2-cm level. For the static user we did not
use ionosphericmeasurement from the dual-frequencyreceiver but
used only L1 frequency information to make it a single-frequency
WAAS user. Sampling time for all of the WRSs was 30 s, and SA

Table 1 Baseline from WAAS user
to WRSs

WRS From Stanford, km

Arcata, CA 427
Elko, NV 669
San Diego, CA 687

Table 2 Static WAAS user positioning errors for different algorithms
(July 21, 1994, in meters)

Zero latency 6-s latency,
East–West North–South Vertical vertical

Stand-alone user 95 32.5 37.4 79.6 79.6
position error, % max 63.6 92.2 190.6 ——

FVWAAS with 95 1.35 1.26 2.80 2.98
existing iono., % max 1.52 1.76 5.81 ——

FVWAAS with 95 1.40 1.26 2.84 3.02
Stanford iono., % max 1.52 1.75 3.83 ——

CVWAAS with 95 1.73 1.51 3.30 3.48
existing iono., % max 2.72 1.94 4.89 ——

Fig.7 Vertical stand-aloneuser positioningerrors (July21, 1994,24h).

Fig. 8 Vertical FVWAAS user positioning errors (July 21, 1994, 24 h).

was on during the test. All of the data were postprocessedon snap-
shot basis as if they had been in real time. Because the sampling time
is 30 s, the positioningaccuracywith 6-s latencywas depictedusing
SA statisticsassuming that WAAS user computes the rate of correc-
tion based on the prior correctionsand predicts the correctionfor the
current epoch using the prior correction and its rate information.4

The vertical positioning errors of the stand-alone user are com-
puted and shown in Fig. 7. We ran the tests for three different con-
� gurations to compare the performance of each WAAS algorithm,
and the results are summarized in Table 2. The � rst test is using
the FVWAAS for ephemeris and SA estimation and the existing
grid algorithm for ionosphereestimation.6 The second test is using
FVWAAS and the Stanford modi� ed grid algorithm and the results
are shownin Fig. 8. The third test is usingCVWAAS and the existing
grid algorithm and the results are shown in Fig. 9.

Table 2 indicates that all of the three different con� gurationswith
zero and 6-s latency give 3.3 and 3.5 m of WAAS user rms vertical
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Fig. 9 Vertical CVWAAS user positioning errors (July 21, 1994, 24 h).

Fig. 10 Runway coordinate.

positioning error, respectively, compared to 80 m for stand-alone
user. These results are better than the category I instrument landing
system (ILS) 95% navigationsensor error limits of 4.1 m in vertical.

The � rst and the second test results can provide the performance
comparison between the Stanford and the existing ionosphere es-
timation algorithms. Table 2 shows that the overall rms value of
vertical positioning error is about the same (2.8 m) for both the
Stanford and the existingalgorithms,but the Stanford modi� ed grid
algorithm reduces the maximum WAAS user vertical positioning
error about 30% (3.83 m) compared with the existing grid algo-
rithm (5.81 m). Typically, ionospheric errors have a greater impact
on vertical positioning than horizontal positioning.

Because both the � rst and the second con� gurations use the ex-
isting grid algorithm the test results can provide the performance
comparison between FVWAAS and CVWAAS. Table 2 shows that
the FVWAAS algorithm improves the WAAS user rms vertical po-
sitioning error about 15% (2.8 m) compared with the CVWAAS
algorithm (3.3 m). This is because the CVWAAS has an extra WRS
clock synchronizationerror due to ephemeris errors.

VI. Dynamic Tests
Dynamic tests were conducted at Palo Alto airport near Stanford

University using the same three Stanford real-time experimental
WRSs used for the static tests at 3:20 p.m. on Dec. 21, 1994. A
total of four landings and takeoffs were performed. The map of the
WRSs and the airport are shown in Fig. 3.

The GSV-1002 single-frequency receiver was installed in the
Piper Dakota airplane and the weather information available at the
airport was applied before the � ight tests. During the � ight test
WAAS correctionwas generated and transmitted to the airplane via
uhf link. As a truth source we have used the surveyed locationof the
runway at Palo Alto airport, where we have applied a � at runway
model. A previous survey con� rms that this approximation should
be accurate to better than 1 m (Ref. 16). The centerlineat the desired
touchdown point of the runway (55 m from the start) is taken as the
local origin, and the total length of the runway is just over 760 m.
The coordinate of the runway is shown in Fig. 10.

Fig.11 Vertical positioningerrors of the stand-aloneaircraft user (3:20
p.m. in local time, Dec. 21, 1994, four landings and takeoffs).

Fig. 12 Perfect datalink.The vertical positioning errors of the aircraft
user (FVWAAS, 3:20 p.m. in local time, Dec. 21, 1994, without weighted
least-square in WAAS user position calculation, four landings and take-
offs).

Fig. 13 Perfect datalink.The vertical positioning errors of the aircraft
user (FVWAAS, 3:20 p.m. in local time, Dec. 21, 1994, with weighted
least-square in WAAS user position calculation, four landings and take-
offs).

The � ight data were collected near after the peak ionospheric
period in real time at 1-Hz rate for WRSs and at 5 Hz for an airborne
user. We postprocessed the � ight data as if these were real-time
� ight tests. Because the correctionsare applied at the 250-bpsrate17

there is a resulting latency in the WAAS corrections of up to 6 s. In
the airborne user the current correction is generated with a simple
velocity model from two previous corrections.

The vertical errors of the stand-aloneaircraft user on the runway
are plotted in Fig. 11, and the errors are between §70 m mainly
because of SA. We ran the tests for three different con� gurations to
compare the performanceof each algorithm, and the vertical errors
of the aircraft user on the runway are plotted in Figs. 12 and 13. All
of the tests used the existing grid ionosphere estimation algorithm.
The � rst test used the FVWAAS and the simple least-squaresolution
for theairborneuser,and the resultsare shownin Fig. 12. The second
test used FVWAAS and the weighted least-square solution for the
airborneuser, and the resultsare shown in Fig. 13.The third test used
CVWAAS and the weighted least-square solution for the airborne
user, and the results are very similar to the second test and therefore
are not shown.

For each of the landings and takeoffs it is safe to assume that the
wheels of the airplanewere on the runway from roughly50 to 500 m
from the desired touchdown point. In Fig. 12 there is a bias in the
verticalpositioningerrorsbecauseof the runway-re� ectedmultipath
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due to the low elevation satellite, which effect is similar to adding
noise, bias, and jumps to pseudorange measurement, and this bias
does not appear in Fig. 13, which uses the weighted least-square
solution. The weighted least-square solution technique reduces the
multipath effect by lowering the weight of the noisy pseudorange
measurement from the low elevation satellite. In Fig. 13 the vertical
positioningerrors are §2.5 m, which is well within the §4.1-m 95%
error limits for a category I ILS landing system. These � ight test
results indicate that both FVWAAS and CVWAAS are quali� ed for
real-timeWAAS operation.These resultsmight be a little optimistic
consideringthat the solar activity,which was low during the year the
� ight testswereperformed,will increaseup to three timesthecurrent
value during maximum solar cycle. But the ionosphere estimation
error will increase at lower magnitude,18 and we believe that the
requirement for category I precision approach will still be met.

VII. Conclusions
We compared two different WAAS algorithms for ephemeris er-

ror and satellite clock error estimation, FVWAAS and CVWAAS.
Both the static and dynamic test results showed that better than
3.5 m of WAAS user vertical positioning accuracy can be achieved
using the FVWAAS or CVWAAS algorithm even with 6-s latency,
which is well within the §4.1-m 95% error limits for a category
I ILS landing system. Both algorithms are quali� ed for real-time
WAAS operation, and the algorithm has to be chosen based on
available processing power and accuracy requirement. We intro-
duced the Stanford modi� ed grid ionosphere estimation algorithm
that takes into account the ionosphere measurement noise as well
as the distance from the grid to the ionospheric pierce point, and
the static test results indicated that it reduces the maximum WAAS
vertical positioning error about 30% (3.83 m) compared with the
existing grid algorithm (5.81 m). The � ight test results showed that
the weighted least-square solution reduces bias and jumps that are
due to multipath of low elevationsatellite in WAAS user positioning
errors.
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