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Abstract. SBAS gives ionospheric correction data to GNSS users for more accurate positioning. SBAS uses
obliquity factor of thin shell model to convert slant ionospheric delays to vertical delays which is not precise
especially at lower elevation angle. This paper suggests a new method for estimating the vertical delays which
are needed for generating the ionospheric corrections. The new method uses Chapman profile assumption by
which the vertical electron density distribution can be modeled. It is also assumed that Chapman profile’s
parameters are given and the vertical ionospheric delay can be linearly modeled. We divided ionosphere into
multi-layer and mapped ionospheric vertical delays with a linear function. Converting vertical delays of each
layer to slant delays, we can set a linear equation for the vertical ionospheric delay at IPP. We used IRI model
to get information about ionosphere for simulation to verify our new method. Estimation error of vertical
ionospheric delay at IPP was decreased about 40% in average when using our new method.

1 INTRODUCTION
Global Navigation Satellite System (GNSS) is a system
by which a user can point the user’s location. The user
uses receiver to receive signals from GNSS satellite and
can calculate the position using data of signals. However
there are many errors in space, such as ionospheric error,
tropospheric error, satellite clock/orbit error, which make
inaccuracy of estimation of the user’s location. A major
error among them is the ionospheric error. To mitigate
ionospheric errors in GNSS signal, the user can use
ionospheric models such as Klobuchar or get information
about ionospheric delay from a reference station. Satellite
Based Augmentation System (SBAS) is also the way to
reduce the error of ionosphere. SBAS generates correction
data which helps user to locate user’s position more
precisely. One of the correction data is the ionospheric
correction data. SBAS gives ionospheric correction data
of Ionospheric Grid Point (IGP) and the user uses the
information of IGP to calculate user’s ionospheric delay.
The correction data of ionospheric delay at IGP is
generated with the slant ionospheric delays in signal
between satellites and reference stations. Master stations
of SBAS need vertical ionospheric delays at Ionospheric
Pierce Point (IPP), instead of slant delays, to calculate
ionospheric correction data at IGP. Each reference station
can measure the slant ionospheric delays with dual
frequency, but cannot get the vertical ionospheric delays
directly. As a result, reference stations have to estimate
the vertical ionospheric delay and SBAS uses obliquity
factor of thin shell model to get vertical ionospheric
delays. However, thin shell model has some limitations.
*

First, thin shell model assumes that peak electron density
height is constant. However the peak height is high at
daytime and low at night time [1]. Furthermore thin shell
model does not consider spatial characteristics of
ionosphere. These factors occur errors in estimation of
vertical ionospheric delay from slant ionospheric delay. In
this paper, we suggested a new method for converting
slant ionospheric delays to vertical ionospheric delay to
mitigate the error of thin shell model.

2 Algorithm of the new method
In the new method we made several assumptions. First,
we assumed that the variation of ionosphere is linear. We
also assumed that the vertical electron density distribution
follows Chapman profile [2]. Chapman profile is a model
for electron density distribution of ionosphere. The
function of Chapman profile is below.
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𝑛𝑒 is electron density at height h, 𝑁0 is the peak electron
density, ℎ0 is the peak electron density altitude and H is
the atmospheric scale height. The function of Chapman
profile can be determined with two parameters ℎ0 , H and
we assumed that parameters of Chapman profile can be
known at every point as a priory information.
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Hoque suggested a method for estimating slant
ionospheric delay in signal between a user and satellites
with vertical ionospheric delay [3]. Fundamentally, the
new method which is suggested in this paper started from
the method in the paper of Hoque. The most different
thing of the method of this paper from the Hoque’s is that
the process of the algorithm is inversed.

3 Verification of the new method
We verified the algorithm in the Korean region. We used
reference stations of Korean Augmentation Satellite
System (KASS) to get IPP data [4]. For ionosphere
environment, we used IRI model. To verify our new
method in various environment, we tested for 3 IPP data
(2016.08.09 02h, 17h, 22h) in two different IRI model
(2014.09.01 14h (UTC), 2011.10.23 14h (UTC)). We
treated IRI model data as a true ionosphere environment.
In this paper, it was assumed that electron of ionosphere
exists from 100km to 2000km height. When obtaining the
IPP data, we used broadcast (BRDC) as an ephemeris data
to determine the orbit of global positioning system (GPS)
satellites. Ionosphere was divided into every 5km height
and this interval was used in the new method which is
suggested in this paper.

Figure 1. Conceptual figure of the new method
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Our algorithm divided ionosphere into multi-shell. Figure
1 is a conceptual figure of the new method. First, we get
vertical ionospheric delay at reference station from the
slant delay of a satellite which has the highest elevation
angle at the moment. When converting the slant delay to
vertical delay, we use the obliquity factor of the thin shell
model. It is acceptable idea because the error of the
obliquity factor is negligible when the satellite has high
elevation angle. 𝐼𝑖 in the figure 1 means the vertical delay
of ionosphere along the whole height at the point where
line of sight (LOS) vector and the i’th shell meet. What
we want to solve is vertical ionospheric delay at IPP, so
we set it as an unknown character 𝑥. By assuming that
the variation of ionosphere is linear, we can mapping the
overall delay of the ionosphere as equation (4). Also we
assumed that the distribution of vertical electron density
follows the Chapman profile we can express the segment
of whole ionospheric delay of i’th point as equation (5). If
we multiply i’th obliquity factor of equation (7) to each
segment and add them all, we can get slant ionospheric
delay as a result like equation (6). Finally, by substituting
equation (4), (5) into (6), we can solve the linear equation
and get vertical ionospheric delay at IPP like equation (8).
Obliquity factor in equation (7) can be obtained using
geometric equations like the law of sines.

Figure 2 Ionospheric delay map
(up : 2014.09.01 14h(UTC), down : 2011.10.23 14h(UTC))

Figure 2 shows the vertical ionospheric delay of each IRI
data. Because the time is 14h UTC, 23h for South Korea,
activity around South Korea region is weak
comparatively. Figure 3 and figure 4 show the result of
estimation error of thin shell model and the new method.
Circles in figures indicate IPPs and colors in the circle is
degree of the error of each method.
As we can see in the figure 3, estimation error of thin shell
model increases as IPPs are far from the Korean region
where reference stations are. It means that estimation
error at IPPs between the reference station and a satellite
with a low elevation angle is high if the thin shell model
is used. However, as we can see in the right-hand side of
the figure 3, estimation error of IPPs with low elevation
angle were mitigated if the new method is used. Besides
overall error of estimation were mitigated.
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center is shorter than other IPP located at circumference.
Variation of vertical ionospheric delay is can be treated
linear in short distance. So estimation error of IPPs which
have short distance can be more decreased when using the
new method which assumed that variation of ionosphere
is linear.
Table 1. Estimation error of each method (RMS)
IRI data

IPP data

Thin shell
model error
(m)

New method
error
(m)

02h
17h
22h
02h
17h
22h

0.1434
0.1165
0.1512
0.0685
0.0588
0.0862

0.0472
0.0601
0.0615
0.0415
0.0575
0.0663

2014.09.01
14h
2011.10.23
14h

Table 2. Percentage of mitigated error at IPP
IRI data
2014.09.01 14h

2011.10.23 14h

Figure 3 Estimation error at IPP (date : 2014.09.01 14h)
(left : thin shell model , right : new method,
up : 02h IPP data, middle : 17h IPP data, down : 22h IPP
data)

IPP data

Mitigated error (%)

02h
17h
22h
02h
17h
22h

67.09
48.41
59.33
39.41
2.21
23.09

Overall result of simulation is on table 1. In table 2, there
are percentage points mitigated error at IPP. The
percentage point indicates decreased error by using the
new method over the error of thin shell model. As we can
see in the table 1, estimation error was mitigated at all
case. Besides the mitigated error was range from 2.2% to
67.1%. The average of mitigated error was about 40%.
The future work is to verify the new method in various
ionosphere environment especially when the activity of
ionosphere is severe. It is because when the ionosphere is
severe, the assumption that ionosphere linear may occur
the error more than in the weak ionosphere environment.
However, with previous result, we verified that our new
method works well in weak ionosphere environment.

4 Conclusion
In this paper we suggested the new method for converting
slant ionospheric delay to vertical ionospheric delay at
IPP. We used the Chapman profile which is model for
vertical electron density distribution of ionosphere.
Furthermore, with assumption that variation of
ionosphere is linear and parameters of Chapman profile is
given, the slant delay can be expressed in linear equation
of vertical delay at IPP. Verification was performed with
simulations which are consist of two IRI model sets and
three IPP data sets. As a result, the estimation error at IPP
was mitigated about 40% on average when using the new
method instead of the thin shell model.

Figure 4 Estimation error at IPP (date : 2011.10.23 14h)
(left : thin shell model , right : new method,
up : 02h IPP data, middle : 17h IPP data, down : 22h IPP
data)

Figure 4 shows that the estimation error is also decreased
in another ionospheric environment when using the new
method instead of the thin shell model. Comparing the
IPPs which located at center of the map, we can see that
estimation error is mitigated. It is because distance
between the reference station and the satellite of IPPs at
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