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Abstract— Retrieval of ionospheric electron density below low
Earth orbit (LEO) altitude using global navigation satellite
system radio occultation (RO) sounding requires total elec-
tron content (TEC) calibration by subtracting TEC on the
non-occultation side from that on the occultation side. However,
this calibration is not applicable to RO missions, where the
occultation antennas cannot observe non-occultation side TEC.
This article proposes a methodology for retrieving ionospheric
electron density through multiantenna-based data filling. The
non-occultation side TEC observed by using a precise orbit
determination (POD) antenna data is connected to the occultation
side TEC observed by an occultation antenna, enabling the appli-
cation of the calibration technique. The methodology involves
modeling TEC in the remaining gap between the data from
POD and occultation antennas by utilizing the Epstein function
with a varying scale height. The interior-point method is used to
determine the optimal parameters for the function that best fits
the observations. The proposed method is validated by applying
it to Korean multipurpose satellite-5 (KOMPSAT-5) data and
comparing the electron densities retrieved from KOMPSAT-5
data with collocated ionosonde observations. The results demon-
strate that the electron density values retrieved by the proposed
algorithm are in good agreement with those obtained from
ionosonde measurements.

Index Terms— Electron density retrieval, global navigation
satellite system (GNSS) radio occultation (GNSS RO), ionosphere,
total electron content (TEC) calibration.

I. INTRODUCTION

THE ionosphere is part of Earth’s upper atmosphere,
situated at altitudes ranging from 75 to 1000 km above

Earth’s surface. Within this region, atoms and molecules are
ionized, leading to an impact on the propagation of electro-
magnetic waves through the ionosphere. Therefore, monitoring
the ionosphere is crucial for maintaining reliable radio commu-
nication and navigation systems, as well as for predicting and
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mitigating the effects of ionosphere-induced space weather on
these systems. Traditional methods for observing and measur-
ing the ionosphere rely on in situ measurements from satellites
and rockets, and observations from ground-based instruments
such as the network of global navigation satellite system
(GNSS) reference stations, ionosondes, and incoherent scatter
radars. Although these techniques provide accurate measure-
ments, they suffer from limited global coverage. Ground-based
measurements are restricted to specific locations, and in situ
satellite and rocket measurements cover a small region at a
time, resulting in incomplete and sparsely sampled data. The
sparsity of data presents significant challenges in accurately
characterizing the spatial and temporal variability of iono-
spheric processes and phenomena.

GNSS radio occultation (RO) has emerged as a com-
plementary technique that can overcome the limitations of
other sounding instruments [1]. GNSS RO is a remote
sensing technique that observes Earth’s atmosphere, includ-
ing the ionosphere, based on the degree of refraction and
delay in GNSS signals received from low Earth orbit (LEO)
satellites. GNSS RO provides global coverage of Earth’s
ionosphere, including remote and oceanic regions where other
ground-based monitoring techniques are not feasible, since the
RO technique uses signals from GNSS constellations covering
most of Earth’s surface. In addition, the RO technique provides
high vertical resolution measurements of electron density with
a resolution of 1 km or better in the ionosphere. The global
positioning system/meteorology (GPS/MET) experiment was
a proof-of-concept mission for sounding Earth’s atmosphere
using the GNSS RO technique. This mission was highly
successful in monitoring the ionosphere [2], [3], [4] and
led to the development of several RO missions to provide
ionospheric electron density profiles, including challenging
minisatellite payload (CHAMP) [5], gravity recovery and
climate experiment (GRACE), constellation observing system
for meteorology, ionosphere and climate-1 (COSMIC-1) [6],
[7], COSMIC-2 [8], [9], meteorological operational satellite-
A (MetOp-A) [10], [11], Feng-Yun 3C [12], and Korean
multipurpose satellite-5 (KOMPSAT-5) [13]. Due to the advan-
tages of the GNSS RO technique, the demand for its data is
increasing in various fields that require ionospheric observa-
tions and space weather monitoring. Electron density profiles
from RO provide valuable resources for these purposes [14],
[15], [16]. Furthermore, integrating RO-derived electron den-
sity profiles into the data assimilation process can improve
the accuracy of atmospheric/ionospheric models, leading to
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Fig. 1. 2-D geometry of an occultation event. The red dash-dotted line
represents the ray path between the GNSS and LEO satellites during the
occultation event. It contains both the section of the ray above the LEO
altitude (green dotted line) and the section below the LEO altitude (yellow
shadow with yellow solid line). The black circle denotes the point of the
largest straight-line impact parameter.

a deeper understanding of both neutral states and space
weather [17], [18].

Fig. 1 illustrates the GNSS RO technique using the 2-D
geometry of an occultation event. In Fig. 1, r represents the
distance between the Earth’s geometric center and one point
on the ray path, while p denotes the straight-line impact
parameter. The straight-line impact parameter is defined as
the perpendicular distance between Earth’s center and the
straight-line path followed by the ray approaching the atmo-
sphere. The ray path between the GNSS and LEO satellites
(red dash-dotted line) during the occultation event comprises
both a section of the ray above the LEO altitude (green dotted
line) and a section below it (yellow solid line within the yellow
shadow). Therefore, correcting the contribution of ionospheric
information above the LEO altitude is essential for accurately
retrieving the electron density profile below the LEO altitude.

Initially, ionospheric information above the LEO altitude
was replaced by a climate model or extrapolated based on
information below the LEO altitude [2]. Schreiner et al. [3]
introduced another technique that allows for a solution of
ionospheric information below the LEO altitude only, without
using ionospheric climatology or extrapolation for the iono-
sphere above the LEO altitude. This method involves utilizing
observational data from both the ascending and descending
parts of the LEO with respect to the point of the largest
impact parameter. The observational data are the data that
are continuously collected from a single pair consisting of
a GNSS satellite and an antenna on the LEO satellite. The
point of the largest straight-line impact parameter is marked
with a black circle in Fig. 1. On the left side of the maximum
straight-line impact parameter point is the “non-occultation
side,” where the elevation angle of the line-of-sight to the
GNSS satellite at “A” is positive. On the right side is the
“occultation side,” where the elevation angle of the line-of-
sight to the same GNSS satellite is negative. Assuming that
the GNSS satellite is in the LEO plane, and the LEO is close
to circular, the data on the non-occultation side (data along
the section “AB”) are subtracted from the occultation side
data (data along the section “AC”) at the given straight-line

impact parameter. This process yields ionospheric information
below the LEO altitude, and the resulting data are referred
to as “calibrated” ionospheric information (information along
the section “BC”). In [3], it was stated that this calibration
technique introduces errors (e.g., due to horizontal inhomo-
geneity of electron density) that are statistically closer to zero
than those introduced by using climatology or extrapolating
observational data. The term “calibration technique” in this
article refers to the method described in [3].

However, this calibration technique is applicable only when
the non-occultation side observations are available. The avail-
ability of observations on the non-occultation side depends on
the viewing geometry and data coverage of antennas used to
probe the ionosphere below the LEO altitude. There are two
types of antennas in RO missions: precise orbit determina-
tion (POD) and occultation antennas. The POD antennas are
used to determine the precise orbit of the LEO satellite (as
the name implies), while the occultation antennas are used
to retrieve atmospheric/ionospheric profiles. Fig. 2 depicts
a simple illustration of the antenna placements and data
coverage of several missions. While the POD antennas of
CHAMP, GRACE, MetOp-A, and KOMPSAT-5 are mounted
in the zenith direction, the POD antennas of COSMIC-1 and
COSMIC-2 are tilted approximately 75◦ from the zenith to
allow ionospheric profiling via the occultation technique [19],
[20], [21]. The POD antennas of COSMIC satellites can con-
tinuously track the same GNSS satellite on both the occultation
side (i.e., negative elevation) and the non-occultation side (i.e.,
positive elevation). Therefore, the calibration technique can be
applied. The CHAMP, GRACE, MetOp-A, and KOMPSAT-5
utilize limb pointing (fore-/aft-looking) occultation antennas
to monitor the ionosphere below the LEO altitude. Unlike
the POD antennas on COSMIC missions, the occultation
antennas on these missions lack the capability to observe
the non-occultation side. This is because the same GNSS
satellite tracked as an occulting satellite would be above the
local horizon of LEO on the non-occultation side, while the
maximum observational altitudes are limited to near or below
the LEO altitudes.

Other methods can be applied in the absence of observations
on the non-occultation side. In studies [5], [10], and [22],
a model-assisted technique was applied where the ionosphere
and plasmasphere above the LEO altitude were modeled by
a Chapman layer function superposed with an exponential
decay function. Model parameters were determined by an
iterative process to obtain a smooth transition between model
outcomes and measurements obtained from the occultation
antenna. The results in [10] validated that the model-assisted
technique can successfully retrieve the electron density profiles
from the MetOp-A data. However, the estimation accuracy can
vary depending on the models used and the quantity of avail-
able observations. In studies [23] and [24], the ionospheric
information above the LEO altitude was computed from
POD antenna measurements using a dual-layer tomographic
voxel model outlined in [25]. The electron content above
the LEO altitude was implemented and solved in a Kalman
filter, utilizing all the GNSS observations above the LEO
altitude. The method includes smoothing with a low-degree
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range refers to the summation of the true range between GNSS
and LEO satellites, along with satellite/receiver clock biases,
tropospheric error, and non-dispersive delays in hardware
signal paths. The carrier phase observables contain an integer
ambiguity, λi Ni (i = 1, 2), where λi is the carrier wavelength
at frequency fi . The term ε indicates the low levels of
multipath and thermal noise errors compared to the code mea-
surements. I/ f 2

i denotes the ionospheric delay at frequency fi .
Bi is the dispersive components of the satellite and receiver
instrumental phase delay biases at frequency fi . In this study,
we do not include a centimeter-level phase wind-up term
in (1), assuming it has been corrected as discussed in [30].

Using the assumption of straight-line propagation, the TEC
can be expressed as the following equation:

TEC =
f 2
1 f 2

2 (L1 − L2)

40.3
(

f 2
1 − f 2

2

) = TECtrue + BiasN + BiasB
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f 2
1 f 2

2

40.3
(

f 2
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2
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)
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f 2
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2

40.3
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1 − f 2

2

) (B1 − B2). (2)

The TEC in (2) includes not only the true TEC (TECtrue),
but also the bias error caused by integer ambiguities (BiasN )

and inter-frequency biases (BiasB).
To obtain the ionospheric information below the LEO

altitude, it is necessary to remove the ionospheric contribution
above the LEO altitude. In [3], this is done through the
calibration process. The calibrated TEC can be estimated by
using the following equation:

TECcalibrated = TECOccultation side − TECNon-Occultation side. (3)

TECOccultation side is the observational TEC along the ray
connecting the GNSS and LEO satellites on the occultation
side. TECNon-Occultation side is the observational TEC on the non-
occultation side, corresponding to the ascending/descending
part for the setting/rising occultation event. During the cal-
ibration process, the bias terms in (2) are canceled out if
the observations are obtained from the same receiver and
transmitter within an arc of continuous observations, as there
would be no change in bias terms [31]. After obtaining the
calibrated TEC, it can be related to electron density (Ne(r))

through (4), under the assumption of spherical symmetry [3]

TECcalibrated(p) = 2
∫ porbit

p

r Ne(r)√
r2 − p2

dr (4)

where r is the radius and p is the straight-line impact parame-
ter. Under the assumption of spherical symmetry, the electron
density can be expressed as a function of radius, such that
Ne = Ne(r). The electron density can be derived by using the
Abel inversion as in (5) [3]

Ne(r) = −
1
π

∫ porbit

r

dTECcalibrated/dp√
p2 − r2

dp. (5)

Equation (5) can be analytically solved by (6) as a function
of the straight-line impact parameter [32]

Ne(pi ) =
3
4

TEC(pi )
√

2pi (pi+1 − pi )
−

n−i∑
k=1

ck,i Ne(pi+k). (6)

pi is the straight-line impact parameter that has the same
magnitude as the radius (r) at the i th spherical layer. The
coefficients (ck,i ) are derived in [33].

Assuming constant electron density in the upper most layers
around the orbit altitude, the TEC near the orbit altitude can
be written approximately as (7), which is derived from (4) [34]

TECcalibrated(p) ≈ 2Ne(pmax)
√

2pmax(pmax − p) (7)

where pmax is the maximum straight-line impact parameter,
assumed to be equal to the orbit radius (“orbit altitude”
above the Earth’s surface). The electron density at the orbit
altitude (Ne(pmax)) is found by linear regression of the square
of the calibrated TEC for the uppermost few kilometers
(about 10 km) of the straight-line impact parameters. Starting
from the highest altitude, the final electron density profile
is obtained sequentially down to the lower altitudes, which
is why this method is also called the “onion peeling”
method [35].

III. COVERAGE AND DATA CONNECTIVITY OF POD AND
OCCULTATION ANTENNAS

In this section, we examine the coverage and data con-
nectivity of the POD and occultation antennas. The top row
of Fig. 3 displays the percentage distributions of elevation
angles from the POD (POD) and occultation (OCC) antenna
data gathered on a single day for: 1) COSMIC-1 (March 7,
2013); 2) CHAMP (January 5, 2008); and 3) KOMPSAT-5
(January 7, 2020). The days are randomly selected because
the results for any day are similar. Five LEO satellites of
the COSMIC-1 mission were available, while CHAMP and
KOMPSAT-5 each had one LEO satellite. Each bar repre-
sents the percentage of the data points within a 2◦ elevation
angle bin relative to the total data points across all eleva-
tion angles. The percentages for the POD and occultation
antennas are calculated separately. The COSMIC-1 satellite
is equipped with the POD antenna whose boresight vector
is tilted toward the flight direction, enabling it to observe
both the non-occultation (Non) and occultation (Occ) sides.
The distribution of data points for negative elevation angles is
attributed to the tilt of the POD antenna. For CHAMP, the
POD and occultation antennas provide observations on the
non-occultation (i.e., positive elevation) and occultation (i.e.,
negative elevation) sides, respectively. The KOMPSAT-5’s data
point distribution is comparable to that of CHAMP, but its
POD antenna can cover parts of the occultation side (negative
elevation), indicating its ability to track signals below the local
horizon of the LEO satellite. This capability can be attributed
to the boresight of the POD antenna. Since KOMPSAT-5
was primarily designed to provide synthetic aperture radar
images, the spacecraft was tilted from the zenith regularly [36],
potentially leading to a more extensive negative elevation
coverage compared to CHAMP. The difference in the OCC
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Fig. 3. Coverages of the POD and occultation antennas on the non-occultation (gray) and occultation (white) sides on a single day for (a) COSMIC-1 (March
7, 2013), (b) CHAMP (January 5, 2008), and (c) KOMPSAT-5 (January 7, 2020). The top row shows the distributions of elevation angles from the POD
(blue bars) and occultation (OCC) antenna data (red bars). The bottom row illustrates examples of TEC from the POD (blue solid curves) and the occultation
antennas (red dotted curves) tracking the same GNSS satellites during their ascending and descending parts of the LEO satellite with respect to the point of
maximal straight-line impact parameter.

distributions between Fig. 3(b) and (c) can be attributed to
the difference in the occultation antenna boresights on the
CHAMP and KOMPSAT-5 satellites.

The bottom row in Fig. 3 presents TEC profiles as a
function of altitude, acquired through tracking a GNSS
satellite. TEC retrievals from POD and occultation antennas
are shown by blue solid and red dotted curves, respectively.
The bottom part of Fig. 3(a) shows an event where the POD
antenna of a COSMIC-1 satellite C006 tracks the GPS PRN
22 satellite. As the TEC data from this event covers both
non-occultation and occultation sides within a continuous arc,
the calibrated TEC can be estimated by directly subtracting
the non-occultation side TEC from the occultation side TEC.
On the other hand, missions such as CHAMP and KOMPSAT-
5 use occultation antennas to monitor the ionosphere below
the LEO altitude. These antennas track signals only in
negative elevation angles with respect to the LEO local
horizon and provide data only on the occultation side [red
dotted curves in Fig. 3(b) and (c)]. Therefore, the calibration
technique, which requires the availability of data from the
same GNSS satellite being tracked during both ascending and
descending phases, is not applicable.

However, the POD antennas on the CHAMP and
KOMPSAT-5 satellites can track the GNSS satellite above the
LEO altitude on the non-occultation side. This implies that
during an event where the ascending and descending LEO
satellite tracks the same GNSS satellite, the POD antenna
covers the non-occultation side while the occultation antenna
covers the occultation side. Consequently, the data from these
antennas can be connected to apply the calibration technique.

The CHAMP example in the bottom panel of Fig. 3(b)
reveals that the POD antenna can track GPS PRN 22 on the
non-occultation side up to the top altitude, while the occulta-
tion antenna tracks the same GNSS satellite from the top to the
lower altitudes on the occultation side. By connecting them,
we can differentiate them for a given altitude, to calculate the
calibrated TEC. For KOMPSAT-5, although the occultation
antenna cannot track GPS PRN 12 up to the top altitude, the
POD antenna can cover some parts of the occultation side,
indicating its ability to track signals below the LEO local
horizon. This capability is attributed to the boresight of the
POD antenna, as previously mentioned.

While the cases depicted in the bottom panels of Fig. 3(b)
and (c) show either no gap or a small gap between the data
from the POD and occultation antennas, it is important to
note that in many cases, this gap can be significantly larger.
This study specifically focuses on scenarios where there is no
gap between the data from the two antennas and where the
POD antenna can cover some portions of the occultation side
despite a gap. The primary aim of this study is to verify the
use of the POD antenna data for filling in non-occultation side
observations and enabling the calibration technique. As part of
future work, we plan to extend our algorithm to handle larger
gaps, such as cases where there is no available data near or at
the top altitude from either the POD or occultation antenna.

IV. MULTIANTENNA-BASED DATA FILLING METHOD

This section presents a multiantenna-based data gap filling
method. Instead of modeling the entire ionosphere above
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Fig. 4. Flowchart of the proposed multiantenna-based data gap filling method. “A,” “B,” and “C” correspond to the sections in Section IV.

the LEO altitude or employing a tomographic model, this
approach directly uses ionospheric observations from the POD
antenna, which tracks the same GNSS satellite tracked by the
occultation antenna on the occultation side. By filling the TEC
above the LEO altitude with the observations from the POD
antenna and connecting it to the TEC from the occultation
antenna, the TEC can be calibrated by applying the same
process utilized for the COSMIC missions.

Fig. 4 shows an overview of the proposed multiantenna-
based data gap filling method. The input data consist of
receiver independent exchange format (RINEX) data from
both the POD and occultation antennas, as well as the positions
of the GNSS and LEO satellites. The details of each procedure
are explained as follows.

A. Search for the Pairs That Can Be Connected

In this study, we only connect pairs where both the POD
and occultation antenna data are present within a continuous
ascending and descending event. The first task is to identify
the data pair from the POD and occultation antennas that
was transmitted from the same GNSS satellite. At this step,
we estimate TEC in the time domain using the methodology
described in Section II. For pre-processing, outliers due to
cycle slips are detected and removed. Then, the TEC observa-
tions from the POD and occultation antennas for each GNSS
satellite are combined. For a single GNSS satellite, the time
interval between consecutive occultation events is more than
an hour. A temporal threshold of 30 min is applied to dif-
ferentiate between separate occultation events. If the temporal

gap between the POD antenna and occultation antenna data is
smaller than the threshold, we identify that the POD antenna
data contain information on the non-occultation side, allowing
them to be connected for the calibration technique. Next, TEC
is converted from the time domain to the altitude domain (i.e.,
straight-line impact parameter domain).

B. Categorization Into Two Types (Type A and Type B)
According to Altitude Gap

As mentioned previously, our investigation focuses on two
cases: 1) where there is no data gap between the two antennas’
data and 2) where a gap exists, but the POD antenna data can
cover some parts of the occultation side. The connectable pairs
can be categorized into two types according to an altitude gap.
Fig. 5 shows examples of two types from KOMPSAT-5 data:
1) Type A where there is no gap and 2) Type B where there
is a gap, with the POD antenna data covering some portions
of the occultation side. The black solid curve represents TEC
observed from the POD antenna and the black dotted curve
is TEC observed from the occultation antenna. The altitude
gap (1altitude) is the vertical distance between the altitude
of the POD antenna TEC termination at the occultation side
and the altitude of the occultation antenna TEC termination.
If the altitude gap of a specific event is smaller than a defined
threshold, the event is defined as “no gap” (i.e., Type A).
In this study, the threshold is set to be 5% of the orbit altitude.
For example, if we take the KOMPSAT-5 data with an orbit
altitude of approximately 560 km, the threshold would be
around 28 km. With a threshold of 28 km, a 1altitude smaller
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Fig. 5. Illustration of the two types from KOMPSAT-5. (a) Type A and
(b) Type B. (a) For Type A, extrapolation (or interpolation) is used to connect
the POD antenna data (black solid curve) and occultation antenna data (black
dotted curve). After obtaining the extrapolated values (blue triangle and red
square), the difference between those values is added to the occultation
antenna data, resulting in the leveled occultation antenna TEC (purple solid
curve). (b) For Type B, the method for filling the remaining data gap (gray
shadow region) is applied to connect the data from the two antennas. First,
we model the calibrated TEC (blue dotted curve with diamonds) and add
the non-occultation side TEC (black solid curve highlighted in yellow) to
obtain the modeled occultation side TEC (red dotted curve with circles).
Subsequently, the TEC from the occultation antenna is leveled to align with
the modeled occultation side TEC.

than 28 km is categorized as Type A [Fig. 5(a)], and larger
than 28 km is categorized as Type B [Fig. 5(b)].

For Type A, we apply cubic spline extrapolation to con-
nect the POD and occultation antenna data. If there is
data overlap, interpolation method is used for their connec-
tion. Fig. 5(a) shows an example of Type A obtained from
KOMPSAT-5 data, which has an altitude gap of approximately

17 km. We define the middle altitude between the altitude
gap as the connecting altitude. The blue triangle point in
Fig. 5(a) shows the extrapolation from the POD antenna
data at the connecting altitude, and the red square point is
the extrapolation result from the occultation antenna data at
the connecting altitude. A bias is evident between the two
extrapolation results, which can be attributed to a difference
in bias values [in (2)] for each observation. Equations (8)
and (9) describe the non-occultation side TEC from the
POD antenna and the occultation side TEC from the occul-
tation antenna, respectively. The Bias(=BiasN + BiasB) for
each antenna would be different because of antenna hardware
differences. Without correcting this bias difference during
calibration, an uncorrected bias will remain. Therefore, the
leveling process is essential to obtain accurate TEC estimates
by mitigating the effect of bias difference. Leveling is con-
ducted by adding the amount of bias difference to the TEC
from the occultation antenna. The leveled occultation side TEC
(Leveled Occ. side TECOCC) from the occultation antenna has
the same Bias as the POD antenna data, as indicated in (10).
Thus, the remaining bias (BiasPOD) can be removed during the
TEC calibration process by subtracting (8) from (10). The TEC
from the occultation antenna, after leveling, is represented as
the solid purple curve in Fig. 5(a)

Non. Occ. side TECPOD

= Non. Occ. side TECtrue + BiasPOD (8)
Occ. side TECOCC

= Occ. side TECtrue + BiasOCC (9)
Leveled Occ. side TECOCC

= Occ. side TECtrue + BiasOCC + (BiasPOD − BiasOCC)

= Occ. side TECtrue + BiasPOD. (10)

However, for Type B [Fig. 5(b)], connecting the data from
the POD and occultation antennas by extrapolation is chal-
lenging due to the presence of a large remaining data gap
(i.e., large 1altitude). Therefore, to connect the observations
from two different antennas for Type B, it is necessary to fill
the remaining gap by modeling.

C. Filling the Remaining Data Gap Region

This section proposes an algorithm for filling the remaining
data gap between the data from the POD and occultation
antennas to connect the data from both antennas.

We use an electron density model to fill the remaining data
gap that exists above the density peak altitude (i.e., topside).
Several analytical functions are available for electron density
reconstruction, including exponential, alpha/beta Chapman,
and Epstein [37], [38], [39], [40], [41]. We have chosen the
Epstein function with a varying scale height (H) for two
main reasons: 1) a varying H is necessary to model the
electron density profile more realistically by reflecting its
actual behavior and 2) H can be modeled linearly using the
Epstein layer equation in a straightforward manner.
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The Epstein (sech-squared) layer is defined as

Ne(p) = 4Ne(phm F2) ×
exp
( p−phm F2

H

)[
1 + exp

( p−phm F2
H

)]2 (11)

where Ne(phm F2) and phm F2 are the F2 peak density and its
height, respectively. According to the above equation, H for
the Epstein function can be directly calculated by the following
equation [42], [43]:

H(p) =
p − phm F2

ln
[

1
Ne(p)

(2Ne(phm F2) − Ne(p) + A)

] (12)

where

A = 2
√

Ne(phm F2)
2
− Ne(p)Ne(phm F2).

Fig. 6 shows the comparison between results from applying
a constant H and a varying H . The black solid curve in
Fig. 6(a) represents the electron density profile retrieved from
a KOMPSAT-5 Type A event. The curves with red triangles
and purple squares depict the electron density reconstructed
from the Epstein layer by applying constant H values. The
curve with yellow circle markers represents the density profile
obtained by applying (12) in the Epstein layer equation.
According to Fig. 6(a), the electron density profiles modeled
with constant H values (red curve with triangles and purple
curve with squares) are hard to match with the true profile.
In contrast, when the varying H is applied (yellow circles),
the modeled profile shows good agreement with the true
electron density profile. This is evident because the varying
H is directly measured from the true electron density profile
by (12). Fig. 6(b) shows the values of H as a function of
altitude. The varying H can be fit into a linear function as
shown by the dotted line with light-blue color, aligning with
the previous findings outlined in [42] and [43].

By utilizing the linear trend of the effective scale height,
(12) is simplified to the following linear form, as derived
in [42]:

H(p) =
d H
dp

(p − phm F2) + H0. (13)

To model the remaining data gap region by applying the
Epstein layer with a varying H , which is the combination
of (11) and (13), we have to find the optimum pair of
three parameters: Ne(phm F2), H0, and d H/dp. Fig. 7 shows
the flowchart for searching the optimum pair of parameters.
To conduct the optimum pair search, we use the interior-point
method which is one of the most promising methods for
the numerical solution of constrained nonlinear optimiza-
tion problems [44], [45]. At each iteration, the interior-point
method computes the gradient and Hessian of the objective
function, which represent the direction and rate of change
of the function, respectively. Based on these calculations, the
interior-point method determines the direction to move in the
space of possible solutions to the problem and how far to move
in that direction.

The first step for finding the optimum pair is to set the initial
range (lower bound and upper bound) of the three parameters.
The initial values are the midpoint of each range. In this study,

Fig. 6. Comparison of electron density profiles for different scale heights
(H) for a KOMPSAT-5 Type A event. (a) Extension of the observed electron
density profile (black solid curve) to above the occultation antenna TEC
termination altitude using the Epstein function with different scale heights.
The reconstructed electron density profiles using the Epstein function with
constant H values (55, 70) are shown with red triangle and purple square
symbols. The profile reconstructed using the Epstein function with a varying
H is shown with yellow circles, while the profile from a linearly fit H is
illustrated by a light-blue dotted line. (b) H profiles used for (a).

we set the initial range to 0 to 20 × 105 el/cm3 for Ne(phm F2),
0–80 km for H0, and 0 to 0.3 for d H/dp.

Afterward, we model the TEC on the occultation side from
the altitude at which the data from the occultation antenna
terminates (p1) up to the orbit altitude (pn) as a function of
the straight-line impact parameter, using the initial parameter
values.

To model the occultation side TEC, we first model the
TEC along the section of the ray below the LEO altitude
(i.e., calibrated TEC) from the altitude of occultation antenna
TEC termination to the top altitude (i.e., orbit altitude). The
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Fig. 8. Illustration of 1TEC (a) and 1Ne slope (b) with two example pairs
(P1 and P2). (a) 1TEC is defined as the difference between the observed
TEC (black solid curve) and modeled TEC (dotted curves) on the occultation
side (Occ) within the altitude where POD antenna data are available. In the
diagram, pair P2 (green dotted curve) shows the best fit to the observations,
with the smallest 1TEC. (b) 1Ne slope is defined as the difference in slopes of
the density profiles above and below the occultation antenna TEC termination
altitude (gray dash-dotted line). The smallest 1Ne slope is seen in the results
from pair P2, indicating smooth connection of two profiles.

Slope 1 is the slope of the modeled electron density profile,
determined using a few points around the connecting point.
Slope 2 is the slope of the electron density profile from the
observed data.

Fig. 8 illustrates the definitions of 1TEC and 1Ne slope
with two example pairs (P1 and P2). With respect to the
altitude where the occultation antenna data terminate, the
lower part is where the data from the occultation antenna
exists, and the upper part is where there are no data. According
to Fig. 8(a), the modeled occultation side TEC using pair P2
(green dotted curve) shows the closest match with the true
occultation side TEC (black solid curve) obtained from the
POD antenna. In Fig. 8(b), 1Ne slope is the slope difference
between slope 1 and slope 2. Its value is the smallest for pair

Fig. 9. Mean (blue solid curve) and standard deviation (blue dashed curve)
of the percentage differences between the electron density profiles of Type A
events and those reconstructed from arbitrarily masked data. These results are
derived using 90 Type A events from KOMPSAT-5 observations. The range
of the arbitrary gap is indicated by the gray shadow region.

Fig. 10. Geographic distribution of collocated peak density observations from
KOMPSAT-5 (represented by filled circles) and ionosonde stations (denoted
by black crosses). The color scheme of the circle markers corresponds to the
NmF2 values as indicated in the accompanying color bar.

P2 (green curve), ensuring a smooth transition of the data at
the connecting point of two different outcomes.

The objective function for determining the optimal values
of Ne(phm F2), H0, and d H/dp is defined as the minimization
of (17), which is the sum of the squares of (15) and (16)

Objective function = indicator2
+ 1Ne slope2. (17)

As the indicator and 1Ne slope have similar scales, additional
weighting is not applied to the objective function.

The optimum pair is searched within the initial set range
using the interior-point method. If the optimum value of
F2 peak density (Ne(phm F2)opt.) searched from the initial
set range differs significantly from the F2 peak density in
the retrieved electron density profile (Ne(phm F2)retrieved), the
maximum value of the F2 peak density range is updated to
Ne(phm F2)retrieved and the searching process is re-conducted
until the absolute difference between Ne(phm F2)opt. and
Ne(phm F2)retrieved becomes smaller than the threshold (e.g., less
than 10% of the F2 peak density from the retrieved electron
density profile).
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Fig. 11. Comparison of ionospheric parameters (NmF2 and hmF2) retrieved from KOMPSAT-5 observations and those from ionosonde observations. (a) and
(b) Scatter plots of the KOMPSAT-5 NmF2 and hmF2 against collocated ionosonde measurements. The black solid lines represent the best-fit line, while
gray dashed lines denote y = x . The color scale indicates the density of the data points. (c) and (d) Percentage distributions of NmF2 and hmF2 differences
between KOMPSAT-5 and ionosonde observations.

By applying the final optimum pair of the three parameters
to (11), (13), and (14), we connect the TEC data from the
POD and occultation antennas by filling the gap between
the two antennas’ data with the modeled occultation side
TEC. Subsequently, we obtain the calibrated TEC from the
connected data and retrieve the final electron density profile.

V. VALIDATION OF THE PROPOSED METHOD USING
KOMPSAT-5 DATA

A. Validation of the Modeled Remaining Gap

We first validate the method described in Section IV-C using
Type A events selected from KOMPSAT-5 observations. The
validation process involves artificially removing (or masking)
a portion of the data. This masking transforms Type A events
into Type B events. Arbitrary data gaps are introduced in the
400–500 km altitude range in the occultation side observations
for 90 Type A events from KOMPSAT-5 during the year
2015. The method described in Section IV-C is then applied

to retrieve the electron density profiles from the arbitrarily
masked data. Fig. 9 presents the statistics of the percentage
differences between the electron density profiles retrieved
from the original Type A events and those retrieved from the
arbitrarily masked data. The percentage differences within the
altitude range of 200–550 km are binned by 10 km altitude
bins and the statistics are calculated for each bin. In Fig. 9,
the mean values are illustrated by the blue solid curve and
the standard deviation values are represented by the blue
dashed curve. The mean ranges from −5.7% to 0.3%, and
the standard deviation ranges from 5.5% to 22.4%. Within
the arbitrary gap region, the mean and standard deviation
values are relatively larger than those in other altitude regions.
This could be attributed to either the relatively small value
of electron density in higher altitudes or modeling error.
At altitudes below 400 km, the mean values are nearly zero
across all altitudes. The increase in standard deviation below
250 km may also be attributed to smaller values of the electron
density in this altitude region. Both the mean and standard
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deviation values for altitude around the F2 peak height region
(altitude between 250 and 350 km according to the analyzed
90 profiles) remain within approximately 10%.

B. Comparison Between Ionospheric Parameters Retrieved
From KOMPSAT-5 and Ionosonde Measurements

The ionospheric parameters retrieved from KOMPSAT-5
data by applying our proposed method are compared with
those derived from collocated digital ionosonde observations.
Our investigation focuses on two ionospheric parameters: F2
peak density (NmF2) and F2 peak height (hmF2). In this
analysis, the time window between the two datasets is limited
to 30 min and a maximum 5◦ (∼500 km) longitude/latitude
difference is set as the criterion for collocation. This collo-
cation criterion is comparable to or within the collocation
window defined in other previous studies (2◦ from [27], 5◦

from [9], 1200 km from [3], and 1800 km from [5]). The
dataset used for the validation covers the year 2015, coinciding
with the initiation of RO data provision from the KOMPSAT-
5 mission and near the solar maximum during solar cycle 24
(April 2014).

Fig. 10 shows the geographic distribution of collocated peak
density observations from KOMPSAT-5 (represented by filled
circles) and ionosonde stations (denoted by black crosses). The
color scheme of the circle markers corresponds to the NmF2
values, as indicated in the accompanying color bar. There
are 31 collocated ionosonde stations, and the total number
of collocated events is 646.

Fig. 11 provides a comprehensive visualization through
scatter plots of NmF2 and hmF2, along with histograms illus-
trating the distribution of differences compared to ionosonde
observations. With a total of 646 data points analyzed, NmF2
values derived from KOMPSAT-5 are in good agreement with
those from ionosondes, as indicated by the high correlation
coefficient value of 0.96 [Fig. 11(a)]. The distribution of NmF2
deviations is shown in Fig. 11(c). The mean NmF2 difference
is 0.02 × 105 el/cm3, with both the standard deviation and
root-mean-square (rms) being 0.88 × 105 el/cm3. These values
are comparable to those reported in previous studies for other
missions (e.g., CHAMP: mean value of 0.7 × 105 el/cm3

and rms value of 1.0−2.5 × 105 el/cm3 [46], COSMIC-1:
mean value of −0.2−1.2 × 105 el/cm3 and standard deviation
value of 0.6−1.9 × 105 el/cm3 [47], MetOp-A: mean value
of 0.05 × 105 el/cm3 and standard deviation value of 1.10 ×

105 el/cm3 [11], and Spire Global: mean value of −0.15 ×

105 el/cm3 and rms value of 1.07 × 105 el/cm3 [48]). Accord-
ing to Fig. 11(b), the hmF2 values retrieved from KOMPSAT-5
exhibit a clear linear relationship with those derived from
ionosonde observations, as indicated by the slope (1.02) of
the best fit line being close to 1.0. However, the correlation
coefficient is relatively lower (0.63) compared to that of NmF2.
It is important to note that there may be limitations in the
accuracy of hmF2 derived from ionosonde measurements,
as its accuracy strongly depends on the performance of the
true height inversion algorithm. The distribution of hmF2
deviations is depicted in Fig. 11(d). The mean value of hmF2
differences is −7.41 km, with standard deviation and rms

values of 28.28 and 29.21 km, respectively. The statistics of
hmF2 differences are also comparable to those from other
missions (e.g., COSMIC-1: mean value of −7.0−7.5 km and
standard deviation value of 24−48 km [47], COSMIC-2: mean
of 4.16 km and standard deviation of 19.57 km [9], MetOp-A:
mean of −2.4 km and standard deviation of −36 km [11], and
Spire Global: mean of −7.71 km and rms of 27.13 km [48]).

VI. CONCLUSION

This study aims to retrieve electron density profiles from
RO data using the calibration technique, even in cases where
non-occultation side observations are missing (common in
many RO missions). To address this challenge, we proposed a
multiantenna-based data gap filling method that connects the
observations from the POD and occultation antennas and mod-
els the remaining data gap between them. We evaluated the
proposed method by modeling the ionosphere in the remaining
data gaps, which were arbitrarily masked from KOMPSAT-5
RO data. The results show that our proposed method can effec-
tively reconstruct the ionosphere in the arbitrary gap regions,
with nearly identical profiles to the original data. We applied
the proposed method to the KOMPSAT-5 data processing and
compared the resulting electron densities with those obtained
independently from ionosonde observations. The ionospheric
parameters derived from our method exhibit good agreement
with those from ionosonde observations. The validation results
demonstrate that our method effectively fills and corrects the
ionospheric information above the LEO altitude by connecting
the observations from the POD and occultation antennas.

This proposed method presents the possibility of using
POD antenna observations to correct ionospheric information
above the LEO altitude. This approach can be applied to
other RO missions with similar antenna placements and data
observability. This proposed method relies on the coverage of
POD antenna observations on the non-occultation side. If there
is a large gap between the data from two antennas, or if there
is no POD antenna data on the non-occultation side, additional
modeling or alternative methods, such as those described
in [10], [23], and [24], may need to be employed. Therefore,
we plan to extend our algorithm to include modeling for
significantly large gaps between the POD and occultation
antenna data.
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