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Abstract The dual-frequency multi-constellation (DFMC)

satellite-based augmentation system (SBAS) should be able

to provide a vertical protection level in the range of

10–12 m, which is sufficient to support Category I preci-

sion approach operations. Because of the limited data rate

of the SBAS signal and the need to augment 91 satellites

simultaneously, DFMC SBAS does not broadcast equiva-

lent terms for fast pseudorange corrections in legacy L1-

only SBAS. An analysis of the wide area augmentation

system (WAAS) suggests that the range error after apply-

ing long-term satellite error corrections, known as satellite

clock–ephemeris (SCE) corrections in DFMC SBAS, is not

accurate enough for Category I operations. Thus, it is

necessary to improve the accuracy of these SCE correc-

tions. With the construction of DFMC SBAS, there is an

opportunity to upgrade the SCE correction algorithm.

Based on the fact that the Global Navigation Satellite

System SCE parameter-fitting error constitutes the majority

of the SCE error, we propose a method of computing the

SCE corrections by combining a priori knowledge of the

SCE parameter-fitting error with real-time measurements.

A comparison of the user range error after applying WAAS

SCE corrections and fast corrections indicates that the

proposed method extends the period when a satellite is

augmented by 22.9 % and reduces the root mean square

error by 27 %.

Keywords Satellite-based augmentation system �
Dual-frequency multi-constellation � Satellite

clock–ephemeris error � A priori knowledge �
Wide area augmentation system

Introduction

The satellite-based augmentation system (SBAS) uses

permanent tracking stations to monitoring Global Naviga-

tion Satellite System (GNSS) satellites. The core function

of a SBAS master station is to calculate corrections and

corresponding integrity information with the measurements

collected by tracking stations. The information is broadcast

by the SBAS satellite in real time. Currently, L1-only

SBASs certificated by civil aviation authorities augment

the L1 C/A-only Global Positioning System (GPS). These

SBASs include the wide area augmentation system

(WAAS) and the European Geostationary Navigation

Overlay Service (EGNOS). Legacy L1 SBAS receivers

apply long-term satellite error corrections, which are also

called satellite clock–ephemeris (SCE) corrections in dual-

frequency multi-constellation (DFMC) SBAS, and fast

corrections to correct the slowly varying and fast-varying

components of signal-in-space (SIS) error, respectively.

Ionospheric corrections are computed using ionospheric

delay information (RTCA 2006).

A DFMC SBAS that broadcasts augmentation infor-

mation modulated on the GPS L5-like signal has been

proposed. Its users would benefit from both the direct

mitigation of ionospheric delay using dual-frequency

measurements and the better geometry of satellites in view.

DFMC SBAS should be able to provide a vertical protec-

tion level (VPL) in the range of 10–12 m, sufficient to

enable Category I (CAT-I) precision approach operations.
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The message data rate of DFMC SBAS is 250 bits per

second, which is equal to that of legacy L1 SBAS. In order

to augment 91 satellites concurrently, DFMC SBAS does

not broadcast equivalent terms for fast corrections in

legacy L1 SBAS. Thus, only SCE corrections are used to

correct SIS error in DFMC SBAS (Fidalgo et al. 2014).

In order to evaluate the performance of dual-frequency

SBAS with SCE corrections and fast corrections, VPLs

were computed at each WAAS reference station every 30 s

using measurements on the L1 and L2 frequencies and

messages broadcast by WAAS satellites. The ionospheric

delay was mitigated through an ionospheric-free linear

combination given by:

qIF ¼ f 2
L1qL1 � f 2

L2qL2

f 2
L1 � f 2

L2

ð1Þ

where qIF, qL1, and qL2 are the ionospheric-free pseudor-

ange and the smoothed pseudorange on L1 and L2,

respectively; fL1 and fL2 denote the center frequencies of

GPS L1 and L2. Because of the combination, the iono-

spheric error is almost totally mitigated, whereas the

receiver errors on each frequency were added together.

Thus, the variance of the ionospheric error was set to zero

and the variance of the receiver error was amplified as

follows:

rIF;air ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

f 4
L1 þ f 4

L2

p

f 2
L1 � f 2

L2

rSF;air ð2Þ

where rSF,air is the variance of the L1-only receiver error.

The other algorithms used are the same as those described

in minimum operational performance standards (RTCA

2006).

The results show that among the 99th percentile of VPLs

of each WAAS reference station on May 3, 2015, the

maximum values in the contiguous USA, Alaska, Canada,

and Mexico were 21.7, 39.3, 28.0, and 33.6 m, respec-

tively. These measurements indicate that dual-frequency

WAAS cannot meet the APV-II service level, which has a

vertical alert limit of 20 m. Furthermore, when fast cor-

rections are not applied, as is the case in DFMC SBAS, the

VPLs are even larger, resulting in a degradation in service

performance. Thus, dual-frequency SBAS, using a WAAS-

like SCE correction algorithm and broadcasting SCE cor-

rections only, cannot provide CAT-I service. One method

of improving performance is to reduce the SCE correction

error.

Recent research has mainly focused on the applications

of SBAS corrections, such as static positioning (Arnold

and Zandbergen 2011), civil air navigation (Heßelbarth

and Wanninger 2013), precise point positioning (Dauter-

mann 2014), and low earth orbiting satellite positioning

(Kim and Lee 2015). Another field of study concerns the

computation of ionospheric corrections, in which Kriging

(Sparks et al. 2011a, b) and filtering (Wang and Zhu

2013) methods have been introduced. Although the

computation of SCE corrections is the core function of

the SBAS master station, there are relatively few publi-

cations about it. WAAS was first introduced by Enge

et al. (1996), and enhancements to its system architecture

and algorithms were briefly discussed in Grewal (2012). It

remains rather difficult to reproduce the SCE computa-

tions using public information.

We investigate a method for calculating SCE corrections

to produce smaller errors than the WAAS long-term

satellite error corrections based on observations collected

by WAAS reference stations. First, the main problems with

the traditional SCE correction computation method are

stated. Subsequently, a computation method for SCE cor-

rections using a priori knowledge, hereafter called the AK

method, is proposed, and its implementation is described in

detail. Finally, the performance of SCE corrections com-

puted by the AK method is evaluated against those

broadcast by WAAS.

Problem statement

The main goal of SBAS is to improve the integrity per-

formance. Thus, the ground segment of SBAS should

determine whether a given satellite meets the performance

requirements for certain operations, and form corrections

and integrity messages within the validity period. In gen-

eral, the ground segment uses geometric methods to esti-

mate the SCE error with integrity constraints.

The geometric method is based on the linearized

equation

Dq ¼ l dx dy dz dt½ �Tþe ð3Þ

where Dq, l, and e are the residual pseudorange error, the

observation vector from the reference station to the satel-

lite, and measurement noise, respectively, dx, dy, and dz
are satellite ephemeris errors, and dt is the satellite clock

error. The residual pseudorange error is calculated as:

Dq ¼ qIF �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

xStation � xBEð Þ2þ yStation � yBEð Þ2þ zStation � zBEð Þ2
q

þ DtStation � DtBE

� �

� T̂ ð4Þ

664 GPS Solut (2017) 21:663–673

123



where XBE ¼ xBE yBE zBE DtBE½ �T is the satellite

ephemeris and clock computed by the broadcast message,

XStation ¼ xStation yStation zStation DtStation½ �T is the

antenna phase center position of the station, which is given

by survey data, and the station clock error, which needs to

be estimated in real time. Finally, T̂ is the estimated tro-

pospheric delay.

With the validated measurements collected by all ref-

erence stations, the observation equation is given by:

Z ¼ HX þ e; Z ¼

Dq1

Dq2

..

.

Dqn

2

6

6

6

6

4

3

7

7

7

7
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; H ¼

l1

l2

..

.

ln

2
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;

X ¼

dx

dy

dz

dt

2

6

6

6
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5

; e ¼

e1

e2

..

.

en

2
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ð5Þ

where n is the number of stations monitoring the satellite.

The optimal estimator for the minimum sum of squares

of the deviation Z � HX̂ is the weighted least-squares

estimator:

X̂ ¼ HTWH
� ��1

HTWZ;

W ¼ diag 1
.

r2
Dq1

; 1
.

r2
Dq2

; . . .; 1
.

r2
Dqn

n o ð6Þ

where r2
Dqi

is the variance of Dqi.
It is clear from (6) that there are two problems that could

markedly affect the service performance:

Problem 1: At least four valid measurements are needed

to solve (6), because there are four unknowns in the state

vector X. This means that SCE corrections cannot be

computed until there are more than three reference stations

monitoring the satellite. Thus, the effective period for which

the satellite is augmented is shorter than the observation

period during which the satellite is monitored by any ref-

erence station, leading to a reduction in service availability.

Problem 2: At the beginning and end of the effective

period, the low elevation of the satellite results in

significant measurement noise and poor station geometry.

In this case, it is rather hard to estimate the SCE error

accurately, leading to a reduction in service accuracy and

integrity.

It is clear from Fig. 1 that the WAAS SCE corrections

are computed using a geometric method. The state of the

satellite changes from ‘‘Not Monitored’’ (UDREI = 14) to

‘‘Monitored’’ (UDREI\ 14) twice in Fig. 1. When these

changes occur, there are 4 and 9 monitoring stations,

respectively (i.e., more than 3). The UDREI trend runs

inversely to that of the number of monitoring stations. At

the beginning and end of the effective period, the number

of monitoring stations is small, whereas the UDREI is

large, which implies that the residual error after applying

SCE corrections and fast corrections is large.

For legacy L1 SBAS users, fast corrections and SCE

corrections are applied together. Thus, there are three dif-

ferent types of user range error (URE): UREBE, which is

the range error caused by the GNSS broadcast message

error; URELT, which is the range error after applying SCE

corrections only; and UREFLT, which is the range error

after applying SCE corrections and fast corrections. UREBE

and URELT are computed as follows:

Fig. 1 Comparison between User Differential Range Error Indicator

(UDREI), which is the integrity parameter broadcast by WAAS, and

the number of monitoring stations of GPS satellite PRN 1 on May 21,

2015

UREBE uoð Þ ¼ uo XBE � XPEð Þ

URELT uoð Þ ¼ uo XBE þ

dx

dy

dz

dt
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þ
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where uo is the observation vector from the satellite to the

origin of the Earth-Centered Earth-Fixed (ECEF) frame,

XPE is the satellite ephemeris and clock computed by

Lagrange interpolation using precise ephemeris pro-

vided by the National Geospatial-intelligence Agency

(NGA), dx dy dz dt½ �TWAAS, d _x d _y d _z d _t½ �TWAAS,

and t0,WAAS are the SCE corrections broadcast by WAAS.

SBAS receiver uses the fast correction as follows:

qcorrected tofð Þ ¼ qmeasured tofð Þ þ PRC tofð Þ þ RRC tofð Þ
� tk � tofð Þ ð8Þ

where qmeasured and qcorrected are the pseudorange before

and after using fast correction, and PRC, RRC, and tof are

the fast corrections broadcast by WAAS. The residual

errors after using SCE corrections and fast corrections are

given by:

where xUser, yUser, zUser, and DtUser are the user receiver’s

position and clock error, xLT, yLT, zLT, and DtLT are the

satellite’s position and clock error, T̂ and Î are the esti-

mations of tropospheric delay and ionospheric delay, UEE

is the user equivalent error. Thus, the relation between

URELT and UREFLT is given by:

UREFLT uoð Þ ¼ URELT uoð Þ þ PRC tofð Þ þ RRC tofð Þ
� tk � tofð Þ ð10Þ

In Fig. 2, URELT is clearly seen as inaccurate because of

the inaccuracy of SCE corrections. UREFLT is much better

than URELT, which suggests that fast corrections play an

important role in reducing SIS error. The cancellation of

fast corrections in DFMC SBAS will therefore necessitate

accurate SCE corrections.

AK method

The problems of the geometric method come from the fact

that the state vector X is totally unknown. It is necessary to

deepen our understanding of the SCE error to overcome

this issue.

The SCE error is the difference between the value of

the satellite ephemeris and clock calculated by the

broadcast message and the true value. The parameters in

the broadcast ephemeris are a result of fitting using

satellite clock and ephemeris predictions, which are

calculated by long-period measurements collected by

stations around the world and high-accuracy dynamic

models.

We consider the SCE error in two cases when the

satellite is monitored by the SBAS ground segment:

Case 1: Let there be no unplanned perturbations of the

satellite and the onboard atomic clock works well. In this

case, the SCE error is a mixture of measurement errors in

the tropospheric delay, multipath error and receiver noise,

inaccuracy of dynamic models, SCE parameter-fitting

error,. i.e., the difference between the SCE value calculated

with the broadcast message and that used for fitting the

SCE parameters in broadcast message by the GNSS master

station, and round-off error due to the scale factor resolu-

tions of the parameters. The measurement error and model

inaccuracy can be reduced by suitable preprocessing

techniques (Shallberg et al. 2001; Böhm et al. 2006, 2007;

Dach et al. 2007; Shallberg and Sheng 2008) and

improving the solar radiation pressure model (Rodriguez-

Solano et al. 2012; Arnold et al. 2015), as well as by

combining other measurements such as satellite laser

ranging observations (Hackel et al. 2013). The round-off

error cannot be reduced, because the scale factor resolutionFig. 2 UREBE, URELT, and UREFLT of GPS PRN 1 on May 21, 2015

DqLT ¼ qmeasured �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

xUser � xLTð Þ2þ yUser � yLTð Þ2þ zUser � zLTð Þ2
q

þ DtUser � DtLT

� �

� T̂ � Î

¼ URELT þ UEE

qFLT ¼ qcorrected �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

xUser � xLTð Þ2þ yUser � yLTð Þ2þ zUser � zLTð Þ2
q

þ DtUser � DtLT

� �

� T̂ � Î

¼ UREFLT þ UEE

ð9Þ
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should not be changed once the Interface Control Docu-

ment (ICD) has been publicly released. There is no infor-

mation on the accuracy of the SCE value predicted by the

GNSS master station. If the SCE predictions are assumed

to be accurate to around 30 cm, which is the same level as

the International GNSS Service (IGS) Ultra-Rapid products

(Springer and Hugentobler 2001), then by comparing this

with the accuracy of GPS SIS error at the 3 m level

(Anonymous 2015a), we reach the conclusion that the bulk

of the SCE error comes from the SCE parameter-fitting

error. In this case, the SBAS should provide corrections for

the satellite.

Case 2: Unplanned perturbations or anomalies occur in

the atomic clock. This renders the satellite unsuitable for

navigation, and SBAS should provide a ‘‘Do Not Use’’

warning. On receipt of this warning, SBAS users should not

consider this satellite when computing navigation solutions.

Therefore, SBAS should compute SCE corrections only

in Case 1. Considering that SCE parameter-fitting error is

the main source of SCE error, the computation of the SCE

error mainly focuses on calculating the difference between

the real and predicted SCE values. Based on this idea, the

AK method, which is a computation method for SCE

corrections using a priori knowledge, is proposed. A priori

knowledge Xap refers to the SCE parameter-fitting error,

and it is calculated as follows:

Xap ¼ Xpred � XBE ð11Þ

where Xpred is the SCE prediction used by the GNSS master

station for fitting the SCE parameters. The SBAS master

station can obtain Xpred from a GNSS master station or the

IGS.

In order to obtain the SCE corrections, the AK method is

divided into three parts. The first part combines a priori

knowledge and real-time measurements to estimate the

SCE error. The second part reduces the effect of changing

the number of monitoring stations with a Kalman

smoother. The last part computes SCE corrections

according to the SBAS ICD.

Combine a priori knowledge and real-time measurements

The first step combines the a priori knowledge and real-

time measurements. For this purpose, we use the mini-

mum-variance unbiased estimator (Gelb 1974):

XMV ¼ Xap þ KHT HKHT þ R
� ��1

Z � HXap

� �

PMV ¼ K� KHT HKHT þ R
� ��1

HK
ð12Þ

where PMV, K, and R are the error covariance matrixes of

XMV, Xap, and Z, which is the same Z as in (5).

The two problems of the geometric method mentioned

above are solved by (12): First, whenever the satellite is

observed by any reference station, the SCE error can be

estimated, because the inverse of (HKHT þ R) exists in the

observation period. Thus, the effective period is the same

as the observation period. Second, the weights assigned to

the a priori knowledge and real-time measurements depend

on their error covariance matrixes. When the measurement

noise is large or the station geometry is poor, the estimation

relies more on the a priori knowledge, whose error

covariance is small and relatively constant because the

GNSS stations are spread worldwide. Thus, the estimation

of SCE error remains highly accurate at the beginning and

end of the effective period.

Reduce the effect of change of monitoring stations

In Case 1, the real SCE error varies slowly with time.

However, there may be a step response in the estimation

when the number of monitoring stations changes. A Kal-

man filter is introduced to estimate the current SCE error

using XMV. The key to Kalman filters is the state transition

model. Considering that a satellite’s motion during a short

period has an approximately constant speed and turn rate in

its orbital plane, the planar constant turn (CT) model (Li

and Jilkov 2003) can be used to describe the transition in

the ephemeris state. However, it is difficult to describe the

transition in the satellite clock state as accurately as that of

the ephemeris state. Considering that the main part of the

clock error varies slowly with time and the frequency of the

atomic standards aboard a GPS satellite is 10.23 MHz, we

treat the clock drift rate as a time-correlated stochastic

process. Thus, we choose the Singer model (Singer 1970),

which characterizes the unknown target acceleration as a

time-correlated stochastic process, to describe the satellite

clock error.

The key elements of the Kalman filter are the state

equation and the observation equation. The state equation

is given by:

XK kð Þ ¼ UK kð ÞXK k � 1ð Þ þ vK kð Þ ð13Þ

where XK(k), UK(k), and vK(k) denote the state vector,

transition matrix, and process noise vector at time tk,

respectively. The state vector XK(k) is given by:

XK kð Þ ¼ x; €x; €x; y; _y; €y; z; _z; €z;Dt;D _t;D€t½ �Ttk ð14Þ

where x, y, z, and Dt describe the satellite ephemeris and

clock, respectively. The discrete-time state transition

matrix UK(k) is given by:

UK kð Þ ¼ UCT kð Þ 0

0 USinger kð Þ

� �

ð15Þ

where UCT and USinger are the discrete-time state transition

matrixes derived from the planar CT model and the Singer
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model, respectively. The parameter a in the Singer model is

set to 240 s, which is equal to the time-out of SCE cor-

rections for the precision approach. The covariance of

vK(k) is conservatively set to:

Qv kð Þ ¼ QCT kð Þ 0

0 QSinger kð Þ

� �

ð16Þ

where QCT(k) is the covariance of the process noise in the

planar CT model with a power spectral density in each

earth-centered inertial (ECI) axis of SCT = diag{9 m2/Hz,

9 9 10-4 (m/s)2/Hz, 1 9 10-8 (m/s)4/Hz}, and QSinger(k) is

the covariance of the process noise in the Singer model with

a power spectral density of SSinger = diag{4 m2/Hz,

1 9 10-2 (m/s)2/Hz, 1 9 10-4 (m/s)4/Hz}.

The observation equation is given by:

ZK kð Þ ¼ HKXK kð Þ þ eK kð Þ ð17Þ

where ZK(k), HK(k), and eK(k) denote the observation

vector, observation matrix, and observation noise at time tk,

respectively. The CT model is given in an inertial frame, so

the ECI frame is chosen. The observation vector ZK is

calculated from XMV as follows:

ZK kð Þ ¼ CECI
ECEF kð Þ � XMV kð Þ þ XBE kð Þð Þ ð18Þ

where CECI
ECEF is the conversation matrix from ECEF to the

ECI frame. The observation matrix is given by:

HK ¼

1; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0; 0

0; 0; 0; 1; 0; 0; 0; 0; 0; 0; 0; 0

0; 0; 0; 0; 0; 0; 1; 0; 0; 0; 0; 0

0; 0; 0; 0; 0; 0; 0; 0; 0; 1; 0; 0

2

6

6

4

3

7

7

5

ð19Þ

which is time-invariant. We treat XMV as a random variable

in (18); thus, the observation error eK comes from the

uncertainty of XMV. Because the planar CT model and

Singer model are independent, the covariances between

ephemeris and clock are zero. Thus, the covariance of eK(k)

is conservatively set to:

Re kð Þ ¼ CECI
ECEF kð Þ

PMVð1; 1Þ PMVð1; 2Þ PMVð1; 3Þ 0

PMVð2; 1Þ PMVð2; 2Þ PMVð2; 3Þ 0

PMVð3; 1Þ PMVð3; 2Þ PMVð3; 3Þ 0

0 0 0 PMVð4; 4Þ

2

6

6

6

4

3

7

7

7

5

CECI
ECEF kð ÞT

ð20Þ

where PMVði; jÞ is the (i, j)-th element of PMV. The final

SCE error estimation X̂esti is given by:

X̂esti ¼

dx̂
dŷ
dẑ
dt̂

2
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6

4

3

7

7

5

esti

¼ CECI T
ECEF

x

y

z

Dt

2
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6

4

3

7

7

5

K

�XBE ð21Þ

where elements of x y z Dt½ �TK are the same with those

of XK.

Compute SCE corrections

The SCE error estimations of GNSS broadcast mes-

sages with the same issue of data from the most recent

900 s are used to compute the SCE corrections XF using

a least-squares estimator. dx and d _x are fitted as

follows:

dx
d _x

� �

F

¼ HT
FHF

� ��1
HT

F

dx̂1

dx̂2

..

.

dx̂m

2

6

6

6

4

3

7

7

7

5

esti

; HF ¼

1 t1 � t0
1 t2 � t0

..

. ..
.

1 tm � t0

2

6

6

6

4

3

7

7

7

5

ð22Þ

where dx̂k is the first element in X̂esti;k at time tk, and t0 is

the reference time of the SCE corrections. The other ele-

ments in XF can be fitted in the same way. The SCE cor-

rections XF are then quantized according to the scale factor

resolutions in the SBAS ICD. The quantized SCE correc-

tions are denoted by XAK. The flowchart of the AK method

described above is illustrated in Fig. 3.

Performance evaluation

In this section, the performance of the AK method is

evaluated and compared with WAAS SCE corrections and

fast corrections in terms of its effective period, which is

the period when a satellite is augmented, and the accuracy

of SCE corrections. The correction error bounds are

analyzed to check whether the integrity requirement has

been met.

For the performance evaluation, we obtained data from

37 WAAS reference stations provided by the National

Geodetic Survey (NGS), WAAS broadcast messages pro-

vided by the National Satellite Test Bed (NSTB), and GPS

broadcast messages and antenna phase center precise

ephemeris provided by NGA. Because it was not possible

to obtain the satellite clock and ephemeris predictions used

in the GPS master station, the GPS Ultra-Rapid ephemeris

provided by IGS was used to calculate Xpred in (11). The

antenna L1 phase center positions of the SBAS tracking

stations are the same as those given by WAAS perfor-

mance report #53 (Anonymous 2015b). The station clock

error is estimated by common view time transfer method

(Enge et al. 1996). The ionospheric delay is mitigated

through ionospheric-free linear combination given by (1),

and tropospheric delay is estimated by GMF and GPT

method (Böhm et al. 2006, 2007). The uncertainties of

station clock, ionospheric delay, and tropospheric delay

estimations are all propagated to the variance of Dqi in (4).

This section considers URELT, UREFLT, and UREAK.

URELT and UREFLT can be computed by (7). The URE
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after applying the SCE corrections is computed by the AK

method as:

UREAK uoð Þ ¼ uo XBE þ

dx

dy

dz

dt

2

6

6

6

4
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7

7

7
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AK

þ

d _x
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B
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@

1

C

C
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A

ð23Þ

where dx dy dz dt½ �TAK and d _x d _y d _z d _t½ �TAK are

the SCE corrections computed by the AK method, and

t0,AK is the reference time.

If not specified, the results presented below are based on

data from May 21 to June 19, 2015. Results from PRN 8

are not available, because it was not assigned to a healthy

GPS satellite.

Effective period

In general, using more satellites will result in more accu-

rate navigation solutions. Considering that the effective

period indicates how long a satellite can be used for nav-

igation, it is important to extend the effective period as far

as possible.

Legacy L1 SBAS users should make sure that naviga-

tion solutions use only satellites whose SCE corrections,

fast corrections, and integrity data have been received.

Therefore, the effective period is the duration for which

SCE corrections, fast corrections, and integrity data are all

available. The fast corrections and integrity data are not

available as long as the SCE corrections in WAAS. Thus,

the effective period of WAAS is the same as the available

period of UREFLT. If the AK method is used in a legacy L1

SBAS, the fast correction parameters can be set to zero,

meaning that the effective period of the AK method is the

same as the available period of UREAK.

It is clear from Fig. 4 that the blue line is longer than the

red dash line, especially the red dash line is not available

around 60,000 s, while the blue line is available. Therefore,

the effective period of GPS PRN 1 was much longer under

the AK method than for WAAS. The statistics of the GPS

satellites, listed in Table 1, indicate that the effective per-

iod of every satellite was longer under the AK method than

for WAAS and that the effective period of the GPS con-

stellation was extended by 22.9 %.

Accuracy of SCE corrections

The SCE corrections are used to correct the SIS error, so

the fundamental measurement of the computation method

is the accuracy of these corrections. Figure 5 shows that the

Fig. 3 Flowchart of the AK

method

Fig. 4 Effective period of GPS PRN 1 on May 21, 2015
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amplitude of the SCE error after applying the SCE cor-

rections computed by the AK method is markedly smaller

than that given by WAAS, which means the accuracy of

the SCE corrections with the AK method does not vary

significantly with satellite motion.

The SIS error reduces the position accuracy by

increasing the range error. Thus, users are more concerned

about the range error than the SCE error. Figure 4 shows

that the long-term biases of UREFLT and UREAK are both

smaller than 1 m, which is small enough to meet position

accuracy requirement of CAT-I (95 % horizontal error is

16 m, and 95 % vertical error ranges from 6 to 4 m).

However, the variance of UREAK in the middle part and the

right part is obviously smaller than that of UREFLT. Avi-

ation user needs a robust service during a precise approach

operation (typically 150 s); a slowly changing URE like

UREAK with a small long-term bias would not trigger an

approach alert, but a fast-changing URE like UREFLT

around 3.6 9 104 s may do.

The performance statistics for SCE correction errors are

not provided here. Instead, the accuracy of SCE corrections

is evaluated by examining the root mean square (RMS) of

URE. First, URELT and UREAK are compared in Table 2.

The results show that the RMS of UREAK was smaller than

that of URELT in 29 of the 31 satellites and that the RMS of

UREAK across the GPS constellation was 41.5 % smaller

than that of URELT.

It is obvious from Table 2 that UREAK is much smaller

than URELT. Let us now compare UREAK with UREFLT.

The results in Table 3 show that there are 25 satellites for

which the RMS of UREAK was less than that of UREFLT

and that the RMS of UREAK across the GPS constellation

was 27.0 % smaller than that of UREFLT.

Thus, the SCE corrections computed by the AK method

are more accurate than those broadcast by WAAS in terms

of URE. Note that there are 38 WAAS reference stations,

each with three independent receivers. However, the

measurements provided by NGS were collected by one

receiver at each station, making it impossible to conduct

cross-thread processing. This may result in larger correc-

tion errors under the AK method.

Table 1 Extension of the effective period

PRN Extension percentage (%) PRN Extension percentage (%) PRN Extension percentage (%)

1 18.0 12 18.8 23 16.5

2 28.0 13 18.4 24 31.1

3 20.9 14 27.1 25 31.3

4 28.9 15 26.7 26 26.6

5 31.4 16 29.2 27 19.7

6 32.3 17 26.2 28 14.0

7 13.0 18 16.6 29 16.4

8 N/A 19 22.7 30 16.1

9 16.8 20 33.9 31 32.2

10 23.7 21 14.3 32 17.3

11 28.9 22 13.8 Constellation 22.9

Fig. 5 SCE correction error of GPS PRN 1 on May 21, 2015. a–

c show ephemeris correction error in each axis of ECEF frame,

respectively. d shows the clock correction error
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Integrity

The SIS integrity requirement states that the error bound

computed from the integrity information provided by

SBAS should be larger than the actual URE. If this

requirement is not met, a navigation failure may occur.

However, the SIS integrity risk requirement in a fault-free

case is allocated to be 1 9 10-7 per 150 s (Roturier et al.

2001), which is too small to evaluate. The SIS integrity risk

requirement is set to be 1 9 10-3 per second here, which is

the same probability used in analyzing the range error

bounding in Anonymous (2015b). The evaluation is done

for all epochs in the effective period over 30 days, so that

the dataset of each satellite has about 1.7 million samples.

Therefore, it is enough to analyze the SIS integrity risk

with these samples. Considering that URE is treated as

normal distributed with zero mean in the users’ receiver,

the integrity requirement is assumed to hold if:

PI ¼ P NUREAK tð Þ ¼ UREAK tð Þj j
r̂UREAK

tð Þ \3:29

	 


� 99:9 %

ð24Þ

where 3.29 is the quantile of the standard normal distri-

bution with probability 99.9 %, NUREAK is the normal-

ized UREAK, and r̂UREAK
is the estimated standard

deviation of UREAK which is calculated from the

covariance matrix PK of the SCE corrections in the

Kalman filter as follows:

r̂UREAK
tð Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

uo tð ÞPK tð Þuo tð ÞT
q

ð25Þ

where uo is the same as in (7).

It is clear from Table 4 that the probability of NUREAK

in each GPS satellite being smaller than 3.29 is greater than

99.9 %. Thus, Eq. (24) holds, and the integrity requirement

is met.

Table 2 RMS of URELT and

UREAK

PRN RMS (m) PRN RMS (m) PRN RMS (m)

URELT UREAK URELT UREAK URELT UREAK

1 0.982 0.832 12 0.890 0.455 23 0.945 0.702

2 1.245 1.047 13 0.889 0.933 24 1.418 1.181

3 0.928 1.039 14 1.011 0.667 25 1.043 0.507

4 0.790 0.788 15 0.976 0.547 26 2.085 0.692

5 1.649 0.528 16 1.532 0.625 27 1.824 0.737

6 3.066 1.160 17 0.822 0.617 28 1.153 0.721

7 0.760 0.539 18 1.009 0.598 29 0.787 0.527

8 N/A N/A 19 1.455 0.802 30 1.522 0.582

9 1.351 0.646 20 1.876 0.677 31 0.937 0.561

10 1.472 1.330 21 1.055 0.599 32 1.444 0.900

11 1.091 0.642 22 1.329 1.303 Constellation 1.384 0.810

Table 3 RMS of UREFLT and

UREAK

PRN RMS (m) PRN RMS (m) PRN RMS (m)

UREFLT UREAK UREFLT UREAK UREFLT UREAK

1 0.814 0.841 12 0.689 0.404 23 0.785 0.552

2 1.120 0.955 13 0.755 0.954 24 0.805 1.246

3 1.006 1.065 14 0.911 0.577 25 0.752 0.430

4 0.719 0.763 15 0.730 0.544 26 1.751 0.715

5 0.816 0.494 16 1.112 0.520 27 1.882 0.712

6 0.733 1.220 17 0.765 0.503 28 1.072 0.702

7 0.665 0.487 18 0.918 0.528 29 0.593 0.484

8 N/A N/A 19 1.518 0.696 30 0.771 0.519

9 0.895 0.661 20 1.129 0.539 31 0.679 0.539

10 1.489 1.258 21 0.952 0.558 32 1.329 0.852

11 1.035 0.518 22 1.314 1.245 Constellation 1.064 0.777
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Conclusions

The importance of SCE corrections in SBAS cannot be

overemphasized. We have proposed a computation method

that provides SCE corrections using a priori knowledge.

Our approach overcomes the two key problems encoun-

tered by traditional methods. Performance evaluations

showed that:

1. Our AK method extends the effective period of

corrections by 22.9 %, increasing the availability of

the augmentation service.

2. The RMS of UREAK is smaller than that of both

URELT and UREFLT (by 41.5 and 27.0 %, respec-

tively), increasing the accuracy of the augmentation

service.

3. Equation (24) holds for every satellite, ensuring the

integrity of the augmentation service.
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