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ABSTRACT  

 

The current MSAS, Japanese version of SBAS/WAAS, 

ionospheric correction procedure is based on the 

algorithm called as ‘planar fit’. It estimates the 

propagation delays at IGPs and broadcasts them to users 

within the service area. The first order estimator, relates 

to ‘plane’, is used in the algorithm. The previous study 

has shown that the algorithm works relatively well over 

Japan although the absolute delay is large. 

 

The availability of ionospheric corrections for MSAS is, 

however, relatively low due to insufficient measurements 

for performing planar fit. The storm detector often trips 

even for quiet ionosphere conditions. And potential 

problem is the fact that the distribution of residual errors 

after planar fit removal is not Gaussian, which is assumed 

in the overbounding algorithm of MSAS/WAAS. 

 

The authors will introduce zeroth order fit to improve 

availability of ionospheric corrections at IGPs. It will be 

used only when the standard planar fit cannot be applied 

due to trip of the storm detector or insufficient number of 

IPPs. Even with small number of IPPs, zeroth fit does 

provide robust estimates of vertical ionospheric delays at 

IGPs with necessary overbounding information. 

 

Quadratic fit is also introduced to improve the 

performance of estimation process. It needs good 

geometry of the distribution of IPPs being used for fit. 

The authors have tested four candidate metrics to 

determine if quadratic fit can be applied or not. It will be 

shown that HDOP and condition number metrics are 

functional for this purpose. Overbounding of residual 

errors will also be discussed. 

 

With performing zeroth fit, 5-6% of IGPs were saved 

from the unavailable states for a storm condition observed 

in October 2003. The RMS of sigma values which 

overbounded the largest residual error was 1.79 meters. 

Quadratic fit reduced about 12% of residual error in sense 

of RMS for 70% of IGPs. These results can be applied for 

the future (phase-II) MSAS implementation. 

 

INTRODUCTION  

 

The ionosphere is a plasma layer of the upper atmosphere 

distributed approximately 50-1,000 km above the ground. 

Ranging signals transmitted from GPS satellites propagate 

slightly slower during passage through the ionosphere, so 

a few to 100 meters propagation delay would be added to 

measured pseudorange for GPS receivers.  

 



Ionospheric delay, that is, the signal propagation delay 

caused by ionosphere, is now recognized as a major error 

source for satellite navigation systems. ICAO SBAS 

(satellite-based augmentation system), defined by SARPs 

(international standards and recommended practices) [1] 

documents, has a capability to make a correction to 

ionospheric delay effects. It would broadcast users the 

vertical ionospheric delay estimates in meters at the grid 

points (IGP; ionospheric grid point) defined at every five 

by five degrees in geographic latitude and longitude. 

 

The SBAS ionospheric correction procedure was actually 

defined based on the observation and knowledge on the 

ionospheric activities over the US CONUS. In fact the 

ionosphere has the significant activities in the equatorial 

regions while CONUS located in the relatively high 

magnetic latitude region. The equatorial anomalies affect 

on the large-scale structure of electron density of 

ionosphere which might be difficult to be corrected by 

SBAS ionospheric correction messages [2]. Plasma 

bubble effects (also known as depletion), usually occur 

also in the low latitude region, might cause significant 

scintillation which disrupts GPS signals [3]-[5]. ICAO 

SBAS IWG (Interoperability Working Group) meeting 

has pointed out this problem and now has organized 

specialized SBAS Iono-meetings frequently. 

 

SBAS is the international standard system for global and 

seamless satellite-based navigation, so it would be used 

even in the equatorial or low latitude regions. SBAS 

providers need to investigate ionospheric effects around 

the magnetic equator and the low magnetic latitude 

regions in terms of SBAS ionospheric error correction. 

Japan is developing its own SBAS system, MSAS 

(MTSAT-based satellite augmentation system; Japanese 

version of SBAS/WAAS) [6]. MSAS will cover a wide 

range of latitude (25N to 45N in geographic latitude; 15N 

to 35N in magnetic latitude) and the lowest magnetic 

latitude in the coverage is below 15 degrees magnetic 

north, which is close to the equatorial region.  

 

The ionospheric delay problem is currently the largest 

concern for MSAS program. In early 2004 the MSAS 

Technical Review Board of JCAB (Japan Civil Aviation 

Bureau) established an Ionosphere Working Group for 

this problem. Supporting such activities, the authors are 

investigating the ionospheric effects over Japan to predict 

and improve the actual performance of MSAS on the 

ionosphere. 

 

In this paper the authors will describe the performance of 

the current planar fit algorithm with the monitor station 

configuration for MSAS. In fact, the availability of 

ionospheric corrections is relatively low due to 

insufficient measurements for performing planar fit. The 

storm detector often trips even for quiet ionosphere 

conditions. And potential problem is the fact that the 

distribution of residual errors of planar fit is not Gaussian, 

which is assumed in the overbounding algorithm of 

MSAS/WAAS. 

 

The authors will introduce zeroth order fit to improve 

availability of ionospheric corrections at IGPs. It will be 

used only when the standard planar fit cannot be applied 

due to trip of the storm detector or insufficient number of 

IPPs. Even with small number of IPPs, zeroth fit does 

provide robust estimates of vertical ionospheric delays at 

IGPs with necessary overbounding information. 

 

Quadratic fit is also introduced to improve the 

performance of estimation process. It needs good 

geometry of the distribution of IPPs being used for fit. 

The authors have tested four candidate metrics to 

determine if quadratic fit can be applied or not. It will be 

shown that HDOP and condition number metrics are 

functional for this purpose. Overbounding of residual 

errors will also be discussed. 

 

SBAS IONOSPHERIC CORRECTION  

 

SBAS ionospheric correction procedure defined in SARPs 

[1] would be applied to remove ionospheric delay effect 

and provide precise position to users. SBAS MCS would 

estimate signal propagation delay at IGPs located every 

five by five degrees of geographic latitude and longitude 

within the service area, and then broadcast via the SBAS 

geostationary satellite(s). User receivers apply the 

broadcast corrections from the IGPs using bi-linear 

interpolation, in line with SARPs, or MOPS [7] defined 

for US WAAS. 

 

The broadcast format for propagation delay information 

(MT18 and MT26) and the correction algorithm in user 

receivers are well-defined by SARPs while how MCS 

estimates the propagation delay is open for service 

0-th order fit
(1 parameter)

Ionospheric

delay

RmaxIGP

IPPs used for planar fit

IPPs not used

1-st order fit
(3 parameters)

2-nd order fit
(6 parameters)

Estimated delay at IGP

Figure 1. Planar fit algorithm for SBAS ionospheric 

delay estimation. The current algorithm is the first 

order planar fit. 



providers. Currently it seems that service providers tend 

to employ conservative procedures and parameters for 

ionospheric corrections because they must ensure 

integrity requirements. 

 

The current estimator of ionospheric propagation delay 

for MSAS and WAAS is known as ‘planar fit’ [8]. For an 

IGP, the MCS generates a plane which fits the observed 

vertical ionospheric delays at the surrounding IPPs at the 

same instant. Then the value at the origin is the delay 

estimate for the IGP (See Figure 1). Each IPP should be 

within Rmax = 2,100 km radius from the IGP. If the 

number of collected IPPs is less than Nmin = 10, the planar 

fit is no longer valid and the IGP is set to ‘not monitored’. 

Note that the zeroth and second order fit are also drawn in 

Figure 1 although the current MSAS and WAAS employ 

only the first order plane. 

 

The ionospheric delay around the IGP (latitude 
IGP

φ  and 

longitude 
IGP

λ ) is estimated by 

 

( ) φλφλ ∆⋅+∆⋅+=∆∆
210
ˆˆˆ,ˆ aaaIv,IGP ,                     (1) 

 

where 
IGPIGP

φφφλλλ −=∆−=∆ , . Fitting parameters 

could be solved by 
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where the observation matrix is 
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and observed vertical ionospheric delay values at IPPs are 

given by 
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Vertical ionospheric delay at the IGP is equal to 
0

â , and 

Eqn. (1) can be applied at any location around the IGP. 

 

Additionally, the MCS must determine the variance of the 

estimate as well as the absolute delay, to broadcast GIVE 

(grid ionosphere vertical error) values. User receivers use 

GIVE values to compute the confidence bound of position 

estimate for providing integrity. Once the plane is 

generated and vertical delay at the origin is estimated, the 

formal error estimate can be computed in terms of 1-

sigma expectation. 
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Propagation delays at IPPs are obtained from L1/L2 dual 

frequency measurements at Monitor Stations with slant-

to-vertical conversion below, assuming the thin shell 

ionosphere at the height of Hiono = 350 km above the 

ground, 

 

slant

ionoE

E

v
IE

HR

R
I ⋅









+
−=

2

cos1 ,              (6) 

 

where RE is radius of the earth; and E is the associate 

satellite elevation angle above the horizon. 

 

Integrity is the most important requirement to SBAS, so it 

provides users the bounding information of measurements. 

For ionospheric corrections, GIVE value is broadcast for 

this purpose. SBAS needs to determine whether each IGP 

is in storm condition or not because the current bounding 

algorithm assumes that the residual errors of planar fit are 

under the normal distribution. The ‘storm’ condition 

means this assumption cannot be applied. 

 

This decision is based on the chi-square statistics, 
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Figure 2. Distribution of observation sites for the 

dataset. 



compared with the threshold, ( )32

1
−

−

n
FAP

χ , where n is the 

number of IPPs for this fit. If chi-square statistics is larger 

than this threshold, the IGP is determined to be in storm 

condition and the associate GIVE value is set to the 

maximum to protect users. 

 

If chi-square is less than threshold, which means the IGP 

can be expected not in storm condition, SBAS computes 

GIVE value based on the formal error term described in 

Eqn. (5). Note that, however, small chi-square does not 

guarantee that the actual residual error is bounded by 

GIVE value. 

 

PLANAR FIT PERFORMANCE FOR MSAS 

 

For investigating ionospheric effects on MSAS, at first we 

need appropriate datasets of ionospheric propagation 

delay observations during quiet and stormy geomagnetic 

conditions. The datasets was prepared as described in [9] 

using dual frequency observations provided by the 

GEONET GPS observation network operated by Japan's 

Geographical Survey Institute. All stations in the network 

have dual-frequency survey-grade GPS receivers and 

provide their measurements at every 30 seconds in the 

RINEX format. We chose 28 stations from this network 

as shown in Figure 2 and created the ionospheric delay 

datasets without cycle slips or IFBs (interfrequency biases 

[10][11]). Additional 6 IGS stations were also used to 

improve stability of IFB estimation processes. 

 

As a quiet condition, we chose observations on June 27, 

2002, with Kp index of 0 to 1. The severe storm occurred 

on October 29-31, 2003, was analyzed as a storm 

condition. During this storm, Kp index varied from 4 to 9, 

the maximum value of the index. 

 

Figure 3 is a 2-dimensional histogram which represents 

the distribution of differential ionospheric delays after 

planar fit removal corresponding to IPP separation for a 

quiet condition of ionosphere. The differential delays are 

spatially decorrelated so the distribution becomes 

compact, but tails of the distribution seems to spread a 

pretty wide. Note that a total of 31 stations (including all 

stations in Figure 2) are used to create this plot because 

characterization of ionosphere should be done with as 

many stations as possible regardless of the configuration 

of MSAS monitor stations. 

 

Variance of differential ionospheric delays can be 

characterized as sigma values computed from 68.3, 95.5, 

and 99.7% containment levels. Figure 4 shows estimated 

sigma values with and without planar fit removal, versus 

IPP separation. The bottom plot is with planar fit removal, 

actually corresponds to the parameter  σdecorr in [8]. Note 

that while the distribution of differential ionospheric 

delays is almost normal without planar fit, after planar fit 

removal the distribution moves away from the normal 

distribution with having tails spreading wide. According 

to 1-sigma plot in the bottom of Figure 4, σdecorr value 

could be around 35-40 cm, which agrees with the value in 
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Figure 4. Variance of differential vertical delays, 

computed from 68.3, 95.5, and 99.7% containment 

levels, versus IPP separation for a quiet ionospheric 

condition. After planar fit removal, distribution of the 

residuals becomes away from the normal distribution. 

 

Figure 3. 2-D histogram representing the distribution 

of differential vertical delays after planar fit removal 

versus IPP separation. No storm detector. 



CONUS, 35 cm for WAAS [12]. In contrast with case of 

WAAS, however, three curves in the bottom plot of 

Figure 4 have clear correlation with IPP separation. 

 

Table 1 summarizes the performance of planar fit 

evaluated at user stations, with various fitting parameters 

for quiet and storm conditions. RMS errors were around 

0.53 meter for a quiet condition and 0.65-0.8 meter even 

for stormy ionosphere. This means the planar fit does 

work well overall for MSAS. 

 

‘Sigma ratio’ means the ratio between sigma values 

derived from 99.7% (3-sigma) and 68.3% (1-sigma) 

containment levels, which would equal to 1 if the 

distribution is completely normal. Even for a quiet 

condition the residual errors are off the normal 

distribution, and the ratio is over 2.2 for a storm condition. 

 

There is large differences in the availability of IGPs 

between two conditions; 92-99% of IGPs are available for 

a quiet condition, while 83-95% for a storm condition. 

Small Rmax value tends to lower availability due to 

insufficient number of IPPs. The original storm detector 

described in [8] was applied so unavailable cases were 

caused by both the number of IPPs less than Nmin and trip 

of the storm detector. Values in brackets represent 

availability without storm detector exclusion. Planar fit 

was not performed at 1-15% of IGPs due to insufficient 

number of IPPs for a storm condition. Note that loss of 

IGPs due to trip of the storm detector is 0-0.02% and 2-

4.5% for quiet and storm conditions, respectively. MSAS 

causes relatively low availability of IGPs due to this 

exclusion. 

 

Here, the performance of planar fit was evaluated with the 

dataset explained above. The dataset was divided into two 

parts; (i) IPP measurements: observations measured by 

MSAS 6 stations (Monitor Stations; red stations in Figure 

2) are used as IPPs for generating fitting ‘plane’; (ii) 

Pseudo-IGP measurements: observations at the other 16 

stations (User Stations; green stations in Figure 2) are 

used as pseudo-IGPs for evaluating how the ‘plane’ is 

good or bad, so never used for estimation process. 

Because SBAS must bound user positioning error at any 

(unknown) user location, we need to evaluate its 

performance using these User Stations which provide 

pseudo-IGP measurements, other than Monitor Stations. 

Planar fit was performed at each pseudo-IGP and 

evaluated as the difference between the ‘plane’ and true 

measurement at the pseudo-IGP (called ‘residual’). 

Hereinafter, IPP and IGP represent Monitor and User 

observations, respectively, as described here. 

 

INTRODUCING QUADRATIC AND ZEROTH FIT 

 

One possible way to improve correction performance may 

be applying quadratic fit (second order fitting). Vertical 

ionospheric delay should be modeled below, instead of 

Eqn. (1), 
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where 6 fitting parameters can be solved by the similar 

way to Eqn. (2). The extensions to Eqn. (1)-(3) are 

straightforward, and Eqns. (5) and (7) can be applied 

without any modifications. 

 

Clearly Eqn. (8) is not linear function while SARPs 

defines ionospheric correction algorithms for SBAS user 

receivers using bilinear interpolation. In fact, planar fit 

estimates the vertical ionospheric delays at IGPs, but it 

has no assumption on user algorithms. In the same way 

quadratic fit certainly can be applied for estimation of 

vertical delays at IGPs. Bounding information depends on 

user algorithms but estimation process does not. 

 

It has already been shown that the performance of 

quadratic fit largely depends on the geometry of IPPs [9]. 

With poor geometry, the quadratic fit will not provide 

vertical delay estimate properly. Quadratic fit requires 

good geometry so we need a proper metric which can 

determine if the fit should be applied or not. 

 

Recall that the distribution of the differences of vertical 

ionospheric delays before applying planar fit is normal 

according to Figure 4. Thus we can also introduce zeroth 

fit model which has only one unknown variable to be 

estimated, simply as, 

 

( )
0
ˆ,ˆ aIv,IGP =∆∆ φλ ,                           (9) 

 

Table 1. The performances of planar fit. 

Rmax

[km] 

Rmin 

[km] 

RMS 

Error 

[m] 

Max 

Error

[m] 

Sigma 

Ratio 

Avail-

ability 

Quiet Condition 

1200 500 

1200 800 
0.514 7.26 1.28 

0.9262 

(0.9262)

1500 500 

1500 800 
0.528 3.95 1.28 

0.9831 

(0.9833)

2100 500 

2100 800 
0.541 5.25 1.39 

0.9992 

(0.9994)

Storm Condition 

1200 500 

1200 800 
0.670 14.5 2.23 

0.8334 

(0.8546)

1500 500 

1500 800 
0.736 12.0 2.65 

0.9072 

(0.9411)

2100 500 

2100 800 
0.806 15.8 2.86 

0.9447 

(0.9909)

 



being no longer a function of latitude nor longitude. 

Estimator for zeroth fit is actually the weighted average of 

vertical ionospheric delays at IPPs. Matrix G has only one 

column and its elements are all ‘1’. 

 

Zeroth fit does not have any spatial gradient, so it is 

expected to be robust function not generating estimates 

too large or too small. The residual error of zeroth fit is 

bounded by the uncertainty of vertical ionospheric delay 

itself. Zeroth fit may be performed with bad geometry 

such that planar fit cannot be applied due to less number 

of IPPs. 

 

Now we have three fitting functions; (i) planar fit as 

standard algorithm; (ii) quadratic fit which has potential 

to improve the quality of estimates but requires good 

geometry; and (iii) zeroth fit which is robust and 

functional even under poor geometry. Remaining problem 

is developing the right metric to determine which 

functions should be used. 

 

PERFORMING ZEROTH FIT 

 

The original chi-square metric, defined in Eqn. (7), is 

developed as ‘storm detector’ to determine if the IGP is in 

storm condition or not. To achieve low false alarm rate, 

the threshold is set to relatively high value so the detector 

is unlikely to trip unless true storm condition. 

 

If the detector trips, planar model of ionospheric delays 

can no longer be applied. Under such poor geometry, we 

now have zeroth fit for estimation process. Zeroth fit is 

actually identical to weighted average so it is robust and 

generates reasonable estimates under such conditions. 

Zeroth fit can also be applied to cases of insufficient 

number of IPPs, i.e., 
min

Nn < . 

 

Zeroth fit is performed when the storm detector trips or 

the number of IPPs is insufficient for planar fit. So it must 

work even with small number of IPPs. We applied the 

following IPP selection algorithm for zeroth fit. 

 

1. If there is at least one IPP within Rmin, set Rmin as fit 

radius. 

2. If there is no IPP within Rmin, enlarge fit radius to 

catch the nearest IPP. 

3. If there is no IPP within Rmax, zeroth fit can no 

longer be performed. 

 

Actually this strategy is equivalent to the standard IPP 

selection algorithm for planar fit with Nmax = Nmin = 1. 

 

For a severe storm condition, the residual errors of zeroth 

fit with IPP selection algorithm described above is shown 

in Figure 5. RMS value was slightly over 2 meters and the 

largest error was around 12 meters. Note that here zeroth 

fit was performed only when the storm detector tripped or 

the number of IPPs was insufficient to perform the 

standard planar fit. Even though, comparing with Table 1, 

the largest residual was less than planar fit. With 

performing zeroth fit, 5.5% of IGPs were saved from the 

storm (largest GIVE value) and unavailable (‘not 

monitored’) states, so became available for users. Red 

plots in Figure 6 indicate pseudo-IGPssaved by zeroth fit 

while green ones are the whole IGPs. Improvements on 

the availability of ionospheric corrections can be expected 

in the southwestern part of MSAS service area. 

Figure 5. Histogram plot of residual errors of zeroth

fit for a storm condition. The fit was performed only

when the storm detector tripped or the number of

IPPs was insufficient for the standard planar fit. 
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Figure 6. Zeroth fit was performed at pseudo-IGPs

indicated by red points. They were saved from the

storm (largest GIVE value) and unavailable (‘not

monitored’) states, so became available. Green plots

are the whole pseudo-IGPs being evaluated. 



 

Overbounding Residuals of Zeroth Fit 

 

Because zeroth fit is performed with small number of 

IPPs, often only one, GIVE values cannot be computed by 

Eqn. (5) any more. One way to provide overbounding 

parameters is setting it constant. Another way is 

describing σoverbound as a function of a kind of metric 

representing the quality of the estimation. In case of n = 1, 

residual errors of zeroth fit would simply be proportional 

to the distance between IGP and IPP. Here, we employ 

the distance to the weighted centroid of IPP(s) as a metric 

providing σoverbound. 

 

Figure 7 shows sigma values computed from 68.3, 95.5, 

and 99.7% containment levels of residual errors versus 

the distance to the weighted centroid. For relatively short 

distance this metric describes the linear relationship 

between residuals and the metric. After a peak, the 

number of observations is, however, insufficient so that 

the shape of the function is not clear.  

 

The broadcast σoverbound must bound the largest estimation 

error at any IGPs as follows, 

 

rorLargest Er
overbound

>σ33.5 .                (10) 

 

Here we introduce a linear function bounded within [σfloor, 

σlim]: 

 

( ) ( )[ ]baxx limflooroverbound += ,min,max σσσ ,        (11) 

 

where x is an empirical metric describing the uncertainty 

of ionospheric delay and/or the geometry of IPPs, here the 

distance to the centroid. A red curve in Figure 8 is 

example of this function. Using Eqn. (12), σoverbound can be 

computed for every IGPs as shown in Figure 9. For our 

stormy dataset, RMS of σoverbound was 1.79 meters. In 

comparison with Table 2, the broadcast bounding 

parameter, σoverbound, for zeroth fit is close to the results of 

planar or quadratic fits. 

 

RIGHT METRIC FOR QUADRATIC FIT 

 

Next, we need a metric indicating availability of quadratic 

fit. The 4-of-4 geometry check employed in [9] is a 

possible metric indicating if quadratic fit can be 

performed or not. Unfortunately this metric is based on 

the geometry against four quadrants so does not have 

isotropic property. 

 

We have tested four candidate metrics: 

 

1. Chi-square Metric : chi-square statistics divided by 

the threshold of the storm detector, i.e., 

( )32

1

2
−

−

n
FAP

χχ . 

2. HDOP: computed relative to the IGP location 

(height could be set to zero) with assuming IPPs 

used for planar fit as GPS satellites. 

Figure 9. Histogram plot of overbounding sigma

values for zeroth fit. RMS is 1.79 meters. Compare

with Table 2. 

Figure 7. Sigma values computed from 68.3%

(Green), 95.5% (Red), and 99.7% (Blue) containment

levels of residual errors for zeroth fit. 

 

Figure 8. σoverbound to bound the observed largest

residual errors versus the distance to the centroid.

Red curve represents the proposed bounding function.



3. Condition Number: the ratio between the largest and 

smallest singular values of matrix G used for planar 

fit. 

4. Relative Centroid Metric (RCM) [13]: The ratio of 

the distance between IGP and the weighted centroid 

of IPPs to planar fit radius. 

 

Both HDOP and condition number metrics increase with 

the poor geometry. All of these four candidate metrics 

have isotropic property. Note that the chi-square metric is 

based on residuals of fit thus does not reflect the geometry 

of IPPs, while the other three metrics depend only upon 

the geometry. IPPs should be weighted based on the 

corresponding satellite elevation angle with obliquity 

factor defined by Eqn. (6). 

 

Figure 10 shows sigma values computed from three 

containment levels of residual errors of planar and 

quadratic fit at IGPs for a storm condition. Above four 

candidate metrics are taken as horizontal axis. Green and 

red curves represent the results of planar and quadratic fit, 

respectively. Three metrics other than chi-square are 

usable to determine which of planar and quadratic fit can 

provide less residual error. For example, if HDOP metric 

is less than 0.6 (this is an example of the threshold value 

described below), quadratic fit is valid and will provide 

less residual error than planar fit for the associate IGP. 

For this analysis, fitting parameters were set as Rmax = 

2100 km, Rmin = 800 km, Nmax = 30, Nmin = 10. All of the 

following analyses were conducted with the same 

parameters. 

 

Resulted performance is a function of the threshold value 

for each metric. Figure 11 shows the relationship between 

RMS residuals and the threshold value. Green, red, and 

blue curves represent HDOP, condition number, and 

RCM metrics, respectively. Only IGPs meeting 

HDOP<0.8, Condition Number<24, or RCM<0.5 (about 

70% of the whole) are drawn in the plots at the left for an 

emphasis on the effects of introducing quadratic fit. 

HDOP and condition number metrics will reduce 12% of 

RMS residuals while RCM does 7%. With the whole 

IGPs, the plots at the right indicates that the right metric is 

condition number and the optimal threshold is around 38. 

        
(a) Chi-square Metric                                                              (b) HDOP Metric 

         
(c) Condition Number                                                          (d) Relative Centroid Metric 

Figure 10. Sigma values computed from 68.3%, 95.5%, and 99.7% containment levels of residual errors versus candidate

metrics. (Green) Planar fit; (Red) Quadratic fit. Quadratic fit will reduce residual errors when a metric is small. 



In this figure HDOP and condition number metrics are 

divided by 2 and 50, respectively, for scaling purpose. 

 

With selection of fitting order by the condition number 

metric with the threshold of 38.4, the resulted residual 

error distributed as shown in Figure 12. RMS of residuals 

was 0.77 meter and the largest error was 15.8 meters. 

Note that this largest residual was occurred with planar fit 

due to poor geometry and residuals of quadratic fit were 

within 7.5 meters. Quadratic fit was performed at pseudo-

IGPs indicated as red points in Figure 13. Only planar fit 

was applied due to degradation of the geometry at the 

IGPs far from monitor stations. 

 

Overbounding Inflation Factor 

 

Again, SBAS computes and broadcasts GIVE values at 

every IGPs to protect users from residual errors after 

applying corrections. Because the distribution of residual 

errors of planar fit is not always normal, the formal error 

term defined by Eqn. (5) cannot overbound the residual 

errors of estimated vertical ionospheric delays at IGPs. 

 

The inflation factor Rirreg introduced in [8] is defined as, 

 

( )
( )3

3

2

1
2

−

−

=

−

n

n
R

MD

FA

P

P

irreg
χ

χ
.                        (12) 

 

120 135 150 165

30

45

60

Longitude, E

L
a
t
i
t
u
d
e
,
 
N

15

30

45

MLAT

 
Figure 13. Quadratic fit was performed at pseudo-

IGPs indicated by red points. Green plots are the

whole pseudo-IGPs being evaluated. 

Figure 12. Histogram plot of residual errors for storm

condition with performing quadratic fit when the

condition number metric is less than the optimal

threshold, 38.4.
 

         
Figure 11. RMS of residual errors versus the threshold of the candidate metrics for determining which of planar or 

quadratic fit is used. If a candidate metric is less than the threshold, quadratic fit should be used; otherwise planar fit is 

performed. Green, red, and blue curves represent HDOP, condition number, and RCM metrics, respectively. (Left) RMS 

residual error versus threshold for about 70% of IGPs (HDOP<0.8; Condition Number<24; RCM<0.5). HDOP and 

condition number metrics will reduce 12% of RMS residuals; (Right) plotted for the whole IGPs. 



Broadcast sigma values are multiplied by this factor as 

follows, 

 

formalirregoverbound R σσ ⋅= ,                      (13) 

 

where 
IGPvI

formal
,

ˆσ̂σ =  so that 
overbound

σ33.5  overbounds 

the largest error at the IGPs. 

 

This algorithm can be tested and evaluated by the actual 

ionospheric delay distribution. Figure 14 (a) shows the 

relationship between the largest normalized residual error 

and computed Rirreg. The normalized residual error means 

residual error divided by the corresponding σformal. The 

original Rirreg cannot bound the actual error completely, so 

we need to multiply it at least twice for planar fit and 1.5 

times for quadratic fit, respectively, to bound the largest 

estimation error. 

 

Plots (b)-(d) in Figure 14 show the largest normalized 

error versus the candidate metrics defined in the previous 

subsection. Here, again, we introduce a linear function 

bounded within [1, Rlim] similar to Eqn. (11) as a inflation 

factor: 

 

( ) ( )[ ]baxRxR
limoverbound

+= ,min,1max ,        (14) 

 

where x is a empirical metric describing the uncertainty of 

ionospheric delays and/or the geometry of IPPs. Red 

curves in Figure 14 are examples of the inflation factor 

functions. 

         

     (a) Rirreg                                                                           (b) HDOP Metric 

        
(c) Condition Number                                                          (d) Relative Centroid Metric 

Figure 14. Inflation factor to overbound the observed largest residual errors versus candidate metrics. (Green) Obser-

vation; (Red) Proposed linear function for predicting inflation factor. 

Table 2. Statistics of Overbounding Sigma Values. 

RMS of formaloverboundR σ⋅  

Metric x = HDOP, CN, 

or RCM 
x = Rirreg 

HDOP 1.748 m 1.903 m 

Condition 

Number 
1.926 m 2.079 m 

RCM 1.942 m 1.943 m 

 



 

With the inflation factor functions for these metrics, 

broadcast GIVE value is evaluated. The statistics of 

overbounding parameters, with inflation factors shown in 

Figure 14, is summarized in Table 2. The proposed 

metrics can slightly decrease RMS value of 

formaloverboundR σ⋅  and HDOP is the most efficient metric 

for this purpose. 

 

CONCLUDING REMARKS 

 

The authors introduced quadratic and zeroth fit as a part 

of the ionospheric correction algorithm for SBAS, in 

addition to the current planar fit, and evaluated 

improvements expected for MSAS. Zeroth fit improves 

availability of IGPs about 5-6%, while quadratic fit 

reduces 12% of estimation error in RMS sense for 70% of 

IGPs. The broadcast bounding parameter, σoverbound, for 

zeroth fit, 1.79 meters in RMS, is close to the results of 

planar or quadratic fits. Due to the small number of 

monitor stations for MSAS, the proposed approach would 

improve the availability of the whole system and can be 

applied for the future (phase-II) MSAS implementation. 

 

Further investigations should include: evaluating other 

correction methods such as multi-layer ionospheric model 

or Kriging algorithm; considering temporal variations of 

ionosphere; and studying scintillation effects. 

 

The ground facilities of MSAS are now all ready for 

operation and waiting for launch of geostationary 

satellites. MTSAT-1R, the first geostationary satellite for 

MSAS, is planned to be launched in February 2005 so 

that MSAS program is accelerated ahead. 
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