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Abstract The Low‐Earth‐Orbiting (LEO) satellite has a fast motion and thus contributes to rapid
changes in satellite geometric distribution, which can effectively mitigate multipath effects and offer more
available observations. Recently, some studies have investigated LEO‐augmented Global Navigation
Satellite System (GNSS) positioning and navigation. However, the study of LEO‐augmented global
ionospheric modeling was not yet available. In this paper, we present the performance and accuracy of
global ionospheric model augmented by LEO constellation for the first time. Based on the three kinds of
designed LEO constellations with 60, 96, and 192 satellite simulation data, the results show that LEO
observations can expand the coverage and increase the density of ionospheric pierce points (IPPs).
Meanwhile, the density of IPPs becomes higher with an increasing number of LEO satellites. When the
cutoff elevation is set to 40°, the IPP distribution of GNSS+LEO is still better than that of GNSS‐only at 10°.
This way the cutoff elevation angle of the GNSSmeasurements can be increased, since the mapping function
error and the multipath effects are reduced. Furthermore, the performances of global ionosphere maps
based on the observations of GNSS‐only and GNSS+LEO scenarios are evaluated. Compared with
GNSS‐only, the minimum and maximum bias can be reduced from −18.1 to −7.0 total electron content unit
and from 12.6 to 6.4 total electron content unit, respectively, and the root‐mean‐square values with LEO
constellations of 60, 96, and 192 satellites improve by 35.9%, 46.5%, and 50%, respectively.

1. Introduction

The Global Navigation Satellite System (GNSS) has been widely used to monitor the ionosphere due to its
high accuracy, temporal and spatial resolution, and continuous monitoring either on a regional scale or
on a global scale (Feltens & Schaer, 1998; Hernández‐Pajares et al., 2011; Lanyi & Roth, 1988; Mannucci
et al., 1993; Ren et al., 2019; Schaer, 1999; Wang et al., 2018; Yuan & Ou, 2002). With the completion of
Beidou, Galileo, and the establishment of many other regional navigation systems, the number of available
navigation satellites will be larger than 120 in combination with Global Positioning System (GPS) and Global
Navigation Satellite System (GLONASS). This can provide more observations for ionospheric modeling than
ever (Ren et al., 2016; Yao et al., 2018; Abdelazeem et al., 2017; Zhang et al., 2015). However, the perfor-
mance of GNSS‐based ionospheric model still highly depends on the number of ground‐based stations
and their distribution. Note that there are only a few monitoring stations over areas with harsh natural con-
ditions, for example, Northern Africa, the polar regions as well as the oceans, leading to the low accuracy
and unreliability of ionospheric models over these regions. To improve the accuracy and reliability of the
ionospheric model on a global scale, some research groups start to model the ionosphere combined with
the observations of altimetry satellites such as the Jason missions, radio occultation from the
Constellation Observing System for Meteorology, Ionosphere, and Climate (COSMIC) mission and tracking
data from the Doppler Orbitography and Radiopositioning Integrated by Satellite (DORIS) system ( Alizadeh
et al., 2011; Chen et al., 2017; Dettmering et al., 2014; Hu et al., 2019; Li et al., 2012; Todorova et al., 2008).
However, the improvement is not very obvious due to the limited number of satellites.

The rapid development of LEO satellite constellations provides a potential opportunity to solve the above‐
mentioned problem. The earliest LEO satellite constellation was launched by the United States in the late
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1990s consisting of 66 polar‐orbiting satellites, which is of about 2 times larger than that of GPS.
Nevertheless, users could only observe one LEO satellite at the same time not leading to a performance
enhancement of GNSS PNT (position, navigation and timing). As a result, some of the world's leading scien-
tific and commercial institutions are preparing for the next generation of LEO satellite constellation. In
January 2015, Oneweb announced a partnership with Virgin and Qualcomm to launch a constellation of
648 LEO satellites in 2020 for broadband Internet transmission worldwide (Hanson, 2016). Boeing,
SpaceX, Samsung, and other companies have also proposed their own LEO satellite constellation plans,
and the number of satellites designed has reached more than 3,000–4,000 (Selding, 2015a, 2015b, 2016;
Reid et al., 2016). Up to now, nearly 20 famous institutions and enterprises have announced their LEO satel-
lite launch plans. It is expected that the number of available LEO satellites in the air will reach hundreds or
even thousands after the completion of the plans. Among them, some LEO satellite constellations will also
provide navigation enhancement service. Taking the “Hongyun” and “Hongyan” systems as an example,
they are developed by China Aerospace Science and Technology Corporation and Aerospace Science and
Technology Industry Group, respectively (Li et al., 2019). The first experimental satellite has been launched
by the end of 2018, and constellations composed of more than 150 and 300 LEO satellites are planned to be
launched in 2022 and 2024, respectively. When these projects are completed, the constellations can be used
to provide access to internet transmission worldwide as well as enhance the global PNT service.

In recent years, some scholars have begun to carry out relevant research studies on LEO‐augmented GNSS
precise orbit determination and positioning. Reid et al. (2016) proposed to extend the application of commer-
cial LEO constellation to GPS navigation enhancement and demonstrated its feasibility. The results show
that LEO constellation can effectively enhance PNT services. Lawrence et al. (2016) tested the effect of
Iridium system on timing and location services, indicating that Iridium's LEO‐based service can significantly
enhance the capability of GNSS, especially in areas where GNSS signals are uncovered. Li et al. (2019) inves-
tigated the precise point positioning (PPP) performance of the LEO‐augmented full operational capability
multi‐GNSS based on simulated data. The results show that LEO‐augmented GNSS can significantly
improve the accuracy of orbit and PPP. Using the simulated onboard LEO data, the orbit accuracy of
multi‐GNSS can reach 3.3, 2.7, and 2.6 cm in radial, along‐track, and cross‐track components, respectively.
For LEO‐augmented GPS‐ and BDS‐only PPP solutions, the convergence time can be significantly shortened
by 90% from about 25 to within 3 min with a 192‐ or 288‐satellite LEO satellite constellation.

Above all, LEO satellite constellation shows great significance in improving the accuracy of GNSS orbit
determination and positioning as well as accelerating PPP convergence. Meanwhile, LEO satellite constella-
tion with hundreds of satellites provides a large number of observations to establish ionosphere model with a
high accuracy. However, the study of LEO‐augmented global ionosphere mapping was not yet available. In
this contribution, we will present the performance of GNSS‐based global ionospheric modeling augmented
by LEO constellation for the first time. Detailed studies on LEO satellite orbit simulation, LEO‐based iono-
spheric observation simulation, and global ionospheric modeling method and strategy are shown in
section 2. Afterward, we carefully analyze the distribution characteristics of ionospheric pierce point (IPP)
and evaluate the accuracy of global ionospheric model with different solutions based on simulated observa-
tions in section 3. Finally, conclusions and the outlook are summarized in section 4.

2. Materials and Methods

Since many LEO constellations are still under development, there are no available observations from LEO
constellations at present. In order to evaluate the contributions and advantages of LEO constellation to glo-
bal ionospheric modeling, first, we need to obtain LEO‐based ionospheric observations through simulation,
and then conduct global ionospheric modeling by combining GNSS‐based ionospheric observations, and
evaluate its accuracy. The detailed processing strategies of the constellation simulation and the ionospheric
observation simulation will be introduced in the following.

2.1. Data Simulation

To evaluate the impact of the satellite number of LEO constellation on global ionospheric modeling, three
types of LEO constellations of 60, 96, and 192 satellites are designed in this paper. Detailed orbital configura-
tions of the three LEO constellations are listed in Table 1. The orbital inclination is designed as 90°. The
number of orbital planes is 6, 12, and 12, respectively. It is worth noting that the 60‐satellite constellation
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has been adopted by HongYan system. Additionally, we can get a general
view of the designed LEO constellations from Figure 1.

On the other hand, in order to investigate the performance of LEO‐
augmented GNSS ionosphere modeling with the complement of multi‐
GNSS in the future, this study also simulates the GNSS observations based
on the full constellation of the GNSS, including GPS, GLONASS, Galileo,
and BDS, as shown in Table 2. In this way, the assessment results will be

more consistent with the real situation of multi‐GNSS in the future. As we can see, the total number of
satellites for GPS, GLONASS, Galileo, and BDS are 24, 24, 30, and 30, respectively. Among them, the BDS
constellation contains three geostationary satellites and three inclined geosynchronous orbit satellites,
and the rest are 24 medium earth orbit satellites. The other three satellite systems only contain medium
earth orbit satellites with an orbital altitude of about 20,000 km.

The process of ionospheric observation simulation is shown in Figure 2. The Satellite Tool Kit (STK) soft-
ware (a sophisticated space‐analysis platform, http://www.agi.com/products) is employed to simulate the
orbit of both LEO satellite constellations and GNSS constellations in this study. Then we can obtain the
IPPs according to the coordinates of the stations and satellites. Afterward, the ground‐based GNSS slant total
electron content (STEC) measurements, ground‐based LEO STEC measurements, and LEO‐based GNSS
STEC measurements are simulated using a ionospheric electron density model (Bilitza et al., 2017;
Kumar, 2016; Nava et al., 2008), for example, International Reference Ionosphere (IRI; http://www.irimo-
del.org/). In this paper, we use the latest version of IRI model, which is IRI2016 version (the download
address of Fortran source code: http://www.irimodel.org/IRI‐2016/). Finally, model the ionosphere by sphe-
rical harmonics (SH) function. Note that these simulated observations do not consider other kinds of errors,
for example, the tropospheric delay, observational noise, multipath effects, clock offsets, and differential
code/phrase biases. In the following, the performance of the LEO‐augmented ionosphere model is evaluated
in different aspects, for example, the distribution of IPPs and the modeling accuracy.

Based on LEO satellites, we can not only acquire observations from GNSS satellites through LEO‐based
GNSS receiver but also receive navigation‐enhanced signals from LEO satellites through GNSS ground sta-
tions. Figure 3 is the schematic diagram of the mechanism of LEO‐augmented GNSS observation. It indi-
cates that LEO satellite can not only perform as a GNSS receiver to receive GNSS signals, monitoring
ionosphere upside, but also can observe the bottomside of the ionosphere between ground stations and
LEO satellites. Here the Figure 4a shows the global distribution of GNSS ground‐based stations and
Figures 4b–4d are the global distribution of LEO satellite‐based stations with 60, 92, and 192 LEO satellites,
respectively. As is shown in the figure, GNSS ground‐based stations are mostly located in continents,
especially in Europe, while there are few in the oceans. On the contrary, LEO satellite‐based stations have
a better distribution, evenly distributed on the Earth's surface. And with the increasing number of LEO
satellite, which is 60, 96, and 192, respectively, the density of LEO satellite‐based stations is getting higher.

2.2. Ionosphere Modeling

As is shown in Figure 3 that there are three types of observables according to the relationship between GNSS
ground‐based monitoring stations, LEO satellites, and GNSS satellites. In this study, we can simulate these

Table 1
Detailed Information of the Three Designed LEO Constellations

Sat. Num. Plane Num. Orbit Type Inclination (°)

60 6 Polar satellite 90
96 12 Polar satellite 90
192 12 Polar satellite 90

Figure 1. Designed Low‐Earth‐Orbiting (LEO) constellations: (left) 60 LEO satellites, (middle) 96 LEO satellites, and
(right) 192 LEO satellites.
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three types of observations with IRI model. Once the simulated iono-
spheric observations from IRI are obtained, we can estimate the iono-
sphere model from the ionospheric observations converted by a specific
ionospheric mapping function at each IPP using a specific fitting model.
In this study, the ionospheric single‐layer mapping function is used to
convert STEC to vertical total electron content (TEC). Besides, we apply
a series expansion in SH to fit the ionospheric observations on the global
scale, which can be expressed as follows (Schaer, 1999):

MF·STEC φ; λð Þ ¼ ∑nmax
n¼0∑

n
m¼0

ePmn sinφð Þ eCmncos mλð Þ þ eSmnsin mλð Þ
� �

(1)

where MF is the ionospheric mapping function; n and m represent the
degree and order of the SH expansion, respectively; nmax is the largest

order of the expansion of SH expansion; ePmn is the normalized associated Legendre function of degree n
and order m; φ denotes the geomagnetic or geographic latitude of the IPP; λ and λ0 are the longitude of
the IPP and the Sun, respectively; STEC (φ, λ) is the STEC value at corresponding IPP; and eCmn and eSmn

are the SH coefficients have to be estimated. The detailed strategy to estimate the ionospheric key
parameters in this paper is shown in Table 3.

3. Results and Discussion

Generally, the number of IPPs and their spatial distribution will affect the accuracy of the modeling signifi-
cantly. In this sense, the distribution and characteristic of LEO‐based IPPs compared with that of GNSS will
be analyzed in this section. The performance of the estimated global ionosphere model obtained from
GNSS/LEO observations will be presented as well.

3.1. Accuracy Index

For the evaluation of the accuracy of the ionosphere models estimated from GNSS‐only, GNSS+LEO‐BTM,
and GNSS+LEO‐BTM+LEO‐UP, four statistical indices are used to quantify their performance, that is, the
bias, the standard deviation (STD), the root‐mean‐square (RMS) value and the improvement (Imp). The
equations are given as follows:

bias ¼ <TEC0−TECref>

STD ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
<TEC0−TECref−bias>2

p

RMS ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
<TEC0−TECref>2

p

Imp ¼ <TEC0−TECref>
TECref

8>>>>><
>>>>>:

(2)

where TEC0 is the TEC value obtained from the estimated ionosphere model, TECref is the reference TEC
value derived from IRI GIM, and the symbol < > denotes the mean value during the chosen time period.

Table 2
Detailed Information of Simulated GNSS Constellations

Satellite
System GPS GLONASS Galileo

BDS
MEO

BDS
GEO

BDS
IGSO

Sat. num. 24 24 30 24 3 3
Inclination
(°)

56 64.8 56 55 0 55

Altitude
(km)

20,180 19,100 23,220 21,528 35,786 35,786

Abbreviations: GEO: geostationary satellites; GLONASS: Global
Navigation Satellite System; GNSS: Global Navigation Satellite System;
GPS: Global Positioning System; IGSO: inclined geosynchronous orbit
satellites; MEO: medium earth orbit.

Figure 2. Flowchart of the data simulation process.
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3.2. Performance of the IPP Distribution

To analyze the distribution of the IPPs from the combination of LEO satel-
lite constellations, we present the global coverage of IPPs derived from 192
LEO satellites in different length of time in Figure 5. Here the green, the
red, and the blue dots represent the distribution of IPPs derived from
GNSS‐only, LEO‐BTM, and LEO‐UP, respectively. It can be seen that with
the increase of observation time, the coverage and density of IPPs based
on all the three solutions are becoming wider and higher. For GNSS‐only,
the improvement is mainly embodied in density while IPPs are barely cov-
ered in some land areas and the oceans. And LEO‐BTM‐based IPPs' cover-
age is a lot better than the GNSS‐only‐based one. It is gettingmore obvious
with time getting longer. LEO‐BTM has limited contribution to the IPP
distribution with the length of time by 5min. On the contrary, the number

of IPPs increases considerably with the length of time by 15 min. However, there are still many data gap
areas shown in the subplot. For the IPPs of LEO‐UP, it shows a much better distribution even during short
observing session, and the density also increases to a certain extent, thus further improving the accuracy of
ionospheric modeling. This is attributed to the fact that ionosphere monitoring based on GNSS‐only and
LEO‐BTM highly depends on the number and the distribution of ground stations. In areas like some part
of Africa, Antarctica, and the oceans, the lack of ground stations results in serious inadequacy of IPPs.
Furthermore, the IPP distribution of LEO‐UP seems to be good enough with the length of time by 5 min,
which indicates that a great deal of data observed by LEO satellite constellation may provide a potential
opportunity for real‐time ionospheric modeling with high‐temporal resolution and high accuracy if the
observed data can be obtained in real time. Considering efficiency and feasibility, it is also of great impor-
tance to explore the optimal time length for modeling.

And that is where the LEO satellites contribute most to the IPP distribution compared with GNSS‐only. This
can be more clearly reflected in the following two areas. Figures 6 and 7 show the regional coverage of IPPs
in polar region and Africa, respectively. The distribution of ground stations, IPPs of GNSS‐only, and LEO of
192 satellites is represented by green, red, and blue dots, respectively. Due to the GNSS orbit inclination
(55–65°), the IPP distribution in polar region is not very ideal even though the number of GNSS stations is
very large. However, it is obvious that LEO satellite‐based ionospheric observations have a better coverage

Figure 3. Schematic diagram of ionospheric top‐side and bottom‐side obser-
vation from Low‐Earth‐Orbiting (LEO) and Global Navigation Satellite
System (GNSS) satellites.

Figure 4. Distribution of ground‐based Global Navigation Satellite System (GNSS) stations and Low‐Earth‐Orbiting
(LEO) satellite‐based stations with different LEO satellite number.
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and higher density of IPPs in polar region because of the polar‐orbiting satellites for most LEO constella-
tions. In the Central African, the number of GNSS stations is relatively limited due to the harsh natural
conditions. These areas cannot be observed with GNSS‐only. From Figures 6 and 7, we can see that LEO con-
stellation can significantly reduce the coverage of areas without GNSS observations.

Figure 8 presents the global coverage of IPPs with LEO satellite constellations of different satellite number.
The length of observation time lasts 2 hr. The red dots represent IPPs with LEO‐BTM, while the blue dots
denote IPPs with LEO‐UP. Obviously, with the increase of the number of LEO satellites, both the coverage
and density of LEO‐UP and LEO‐BTM IPPs have a significant improvement. However, the improvement is
no longer distinct when the number of LEO satellites exceeds 96. On the other hand, IPPs of LEO‐UP are
more evenly distributed than that of LEO‐BTM because of the free limit of ground stations. Moreover,
IPPs with LEO constellation of 60 satellites appear strip‐like distribution. This is due to the fact that these
LEO satellites are distributed in 6 polar‐orbiting planes.

Figure 9 shows the density of IPPs based on GNSS‐only and GNSS+LEO with different satellite cutoff eleva-
tions of 10, 20, and 40°, respectively. The left subfigures are related to GNSS‐only, and the right ones are with
GNSS+LEO. Compared with that of GNSS‐only, the density of IPPs based on GNSS+LEO can be improved
significantly. Even if the cutoff elevation is increased to 40°, the IPP density of GNSS+LEO is still better than
that of GNSS‐only at 10° especially in the oceans with approximately 200 more ionospheric observations in a
grid (2.5° × 5°). This way the cutoff elevation angle of the GNSS measurements can be increased, since the
mapping function error and the multipath effect are reduced.

3.3. Accuracy Assessment of Ionosphere Modeling

The aforementioned analyses show that LEO‐augmented GNSS can improve the number and distribution of
IPPs globally, which can improve the accuracy of the ionosphere models. In this part, to further verify the
contribution of LEO observations in ionospheric modeling, we analyze the modeling results from the three
solutions, that is, GNSS‐only, GNSS combined with LEO‐BTM (GNSS+LEO‐BTM), and GNSS combined

Table 3
Detailed Information for Ionosphere Model

Spacial range
Elevation
cutoff

Fitting
function Spatial resolution

degree and
order

Mapping
function

Representation in the
time domain

Sampling
rate

Shell
height

90°S–90°N,
180°W–180°E

10° SH
expansion

2.5°×5°
(Latitude×Longitude)

15×15 MSLM piece‐wise linear
function

30 s 450 km

Figure 5. Distribution of ionospheric pierce points derived from Low‐Earth‐Orbiting (LEO) constellation with 192 satel-
lites within different time spans, that is, 5 min, 30 min, and 2 hr, respectively.
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with LEO‐BTM and LEO‐UP (GNSS+LEO‐BTM+LEO‐UP). Details of the modeling strategies are shown in
Table 3.

To know the modeling results of different solutions, Figures 10a–10c show the global ionosphere maps based
on GNSS‐only, GNSS+LEO‐BTM, and GNSS+LEO‐BTM+LEO‐UP solution every 2 hr on day of year (DOY)
001, 2017, respectively. It can be seen that all the three solutions are able to describe and characterize the
temporal and spatial characteristics of the ionosphere and apparently have inherent consistency. The max-
imum TEC values of the three models are all over 40 total electron content unit (TECU).

It is hard to distinguish the difference of different global ionosphere models from the three solutions in
Figure 10. In order to perform their difference and evaluate their accuracy, it is necessary to select the true
reference ionosphere model. Considering ionospheric observations of GNSS and LEO satellites are simu-
lated by applying IRI model, thus, the ionospheric TEC values calculated by IRI model can be used as true
reference values, which are named as IRI‐GIM in short. Then the difference between calculated GIMs and
IRI‐GIM can be used to describe the accuracy of TECmodeling with different system combinations, which is
embodied in Figures 11–13.

As we can see from Figure 11, which shows the difference between GNSS‐only and IRI model every 2 hr on
DOY 001, 2017, the performance of GNSS‐only is significantly worse in the southern hemisphere, oceans,
and regions near the equator, especially in Pacific at 0:00 UTC and 2:00 UTC and central Africa between
16:00–22:00 UTC. The maximum deviation in these areas can reach around ±6 TECU. This is due to the fact
that during 0:00–2:00 UTC and 16:00–22:00 UTC, the ionospheric camel‐back structure is temporarily
located in the ocean area and central Africa, respectively (see Figure 10). However, there are none or few
GNSS ground stations in these areas, resulting in limited number and uneven distribution of IPPs (see

Figure 6. Distribution of monitoring stations and ionospheric pierce points (IPPs) derived from Global Navigation
Satellite System (GNSS) and Low‐Earth‐Orbiting (LEO) over polar region.

Figure 7. Distribution of monitoring stations and ionospheric pierce points (IPPs) derived from Global Navigation
Satellite System (GNSS) and Low‐Earth‐Orbiting (LEO) over Africa.
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Figure 5), which makes the results of ionospheric modeling quite different from the actual ionospheric
values. Figure 12 shows the accuracy of GNSS ionosphere model augmented by LEO‐BTM every 2 hr on
DOY 001, 2017. In this figure, the maximum of deviation is around ±2 TECU. Compared with that of
GNSS‐only, GNSS augmented by LEO‐BTM observations can improve the accuracy of ionosphere model
by about 2 TECU on the whole. Besides, it has raised the accuracy remarkably in central Africa due to the
abundant observations of LEO satellites. But the geographical coverage of improvement is still limited,
because LEO‐BTM observations can only expand the IPP coverage to a certain extent considering the limit
of ground‐based stations. Through comparing corresponding areas with those in Figure 13, we can see that
the accuracy of ionosphere model is improved considerably after adding LEO‐UP and LEO‐BTM observa-
tions. However, there are strip‐like errors near the equator and in the ocean area, which is probably caused
by the degree and order of the chosen SH expansion.

To verify what causes the strip‐like errors near the geomagnetic equator and over the oceanic region, differ-
ent degree and order values of the SH expansions, namely, 8, 15, 20, and 30, have been chosen to model the
global ionosphere, respectively. The differences between the ionospheric modeling results with different SH
expansion orders and the reference values (IRI‐GIM) are shown in the Figures 14a–14d, respectively. As we
can see, when we use low‐order SH expansion to model the ionosphere, that is, 8, the strip‐like error is

Figure 8. Distribution of ionospheric pierce points derived from different Low‐Earth‐Orbiting (LEO) constellations
within 2 hr.

Figure 9. Density of ionospheric pierce point (IPP) derived from Global Navigation Satellite System (GNSS) and Low‐
Earth‐Orbiting (LEO)‐augmented GNSS with different cutoff elevations angles, namely, 10, 20, and 40°.
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Figure 10. Global ionospheric maps derived from Global Navigation Satellite System (GNSS)‐only, GNSS+LEO‐BTM,
and GNSS+LEO‐BTM+LEO‐UP every 2 hr on day of year 001, 2017 (Unit: total electron content unit [TECU]).
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Figure 10. (continued)

Figure 11. Differences between Global Navigation Satellite System (GNSS)‐only and the International Reference
Ionosphere model results every 2 hr on day of year 001, 2017 (Unit: total electron content unit [TECU]).
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Figure 12. Differences between Global Navigation Satellite System (GNSS) augmented by LEO‐BTM and International
Reference Ionosphere model results on day of year 001, 2017 (Unit: total electron content unit [TECU]).

Figure 13. Differences between Low‐Earth‐Orbiting (LEO)‐augmented Global Navigation Satellite System (GNSS) and
International Reference Ionosphere model results on day of year001, 2017 every 2 hr (Unit: total electron content unit
[TECU]).
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Figure 14. Accuracy of Global Navigation Satellite System (GNSS) + Low‐Earth‐Orbiting (LEO) global ionosphere model
using spherical harmonics (SH) with different order and degree of 8, 15, 20, and 30 every 2 hr on day of year 001, 2017.
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obviously larger than that of other high‐order SH expansion, that is, 15, 20, and 30. Besides, with the increase
of SH expansion order, the accuracy of ionospheric modeling is also remarkably improved. Especially, when
the degree and order of SH expansion is larger than 20, the strip‐like errors almost disappear. Moreover, the
maximum deviation is not more than 0.5 TECU. It can be seen that LEO satellite constellation provides more

Figure 14. (continued)
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uniformly distributed ionospheric observations for global ionospheric modeling, which can not only
improve the accuracy of ionospheric modeling but also provide the possibility of establishing a high
spatial‐resolution ionospheric model based on SH expansion with higher order.

To understand the difference between the different solutions and the IRI‐GIM, we study the statistical
results during 30 days as shown in Table 4, including bias, STD, RMS values, and the improvement of
GNSS+LEO compared with that of GNSS‐only. According to the results, it indicates that the accuracy of
the ionosphere model of the LEO‐augmented GNSS improves significantly compared with GNSS‐only. To
be more specific, the improvement of the model increases with the increasing number of LEO satellites.
The minimum and maximum biases reduce from −18.1 TECU to −7.0 TECU and from 12.6 TECU to 6.4
TECU, respectively. Besides, STD and RMS also show clear improvement. Themore LEO satellites, the more
obvious the improvement of model accuracy. In terms of GNSS+LEO‐BTM+LEO‐UP, the RMS with LEO
constellations of 60 and 96 satellites have been improved by 35.9% and 46.5%, respectively. Especially, with
GNSS augmented by 192 satellite LEO constellation, the improvement can remarkably reach 50%.

4. Conclusions

This study is aimed at investigating the contributions and benefits made by LEO constellations to the perfor-
mance of GNSS global ionospheric modeling. First, three LEO constellations of 60, 96, and 192 LEO satellites
are typically designed. Together with multi‐GNSS constellations, that is, GPS, GLONASS, BDS, and Galileo,
we have simulated ionospheric observations by applying STK software and IRI model and then conduct the
global ionosphere modeling. Finally, we assess LEO contributions by analyzing the performance of LEO‐
augmented GNSS ionospheric modeling in the aspects of IPP distribution and ionosphere model accuracy.
After the above discussion, the following conclusions can be drawn:

1. In terms of IPP distribution, LEO constellation can expand the coverage and increase the density of IPPs,
effectively filling the data gap in some areas, where IPPs derived from GNSS are limited by the number
and distribution of ground tracking stations globally, especially in the oceans, polar region, and part of
Africa. And with the prolongation of observation time and more LEO satellites, the IPP coverage shows
more considerable expansion. Based on 192 LEO satellites, LEO‐based observations have a uniform dis-
tribution globally even with the short length of time by 5 or 15 min, which is of great significance for real‐
time ionospheric modeling. Additionally, the IPP density of GNSS+LEO when the cutoff elevation is set
to 40° is better than that of GNSS‐only at 10°, especially in the oceans with approximately 200 more IPPs
within a grid (2.5° × 5°). This way the cutoff elevation angle of the GNSSmeasurements can be increased,
since the mapping function error and the multipath effect are reduced. It is beneficial to improve the
accuracy of ionospheric model by increasing the cutoff elevation.

2. As for the accuracy of ionosphere model, based on the GNSS‐only solution and GNSS+LEO solution, the
modeling performances of these solutions are evaluated. For GNSS+LEO solution using 30‐day data, the
RMS with LEO constellations of 60, 96, and 192 satellites have been improved by 35.9%, 46.5%, and 50%,
respectively, compared with that of GNSS‐only. And the minimum and maximum biases of ionosphere
model using GNSS+LEO solution can be reduced from −18.1 to −7.0 TECU and from 12.6 to 6.4
TECU, respectively.

Finally, we want to mention that this paper mainly focuses on the LEO contributions to ionosphere model-
ing in an optimal situation, where the simulated observations do not consider errors, such as observation

Table 4
The Statistical Accuracy of Different Solutions Using 30‐Day Data Between DOY 001–030, 2017

Systems Models Mean bias Min bias Max bias STD RMS Improvement (%)

GNSS G −0.11 −18.1 12.6 1.13 1.14 ‐

LEO(60) G+L −0.02 −10.4 7.9 0.73 0.73 35.90
LEO(96) G+L −0.07 −8.2 7.2 0.61 0.61 46.50
LEO(192) G+L −0.06 −7.0 6.4 0.57 0.57 50.00

Note. Unit: TECU; G: GNSS; L: LEO.
Abbreviations: DOY: day of the year; GNSS: Global Navigation Satellite System; LEO: Low‐Earth‐Orbiting; RMS: root mean square; TECU: total electron content
unit.
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noise, code/phase hardware delays, and multipath effects. To conduct further research, we will simulate
more realistic observations and analyze the impact of different types of errors on the ionospheric
modeling results. Besides, considering different LEO constellations have different ionospheric detectable
ranges due to their different orbital altitudes, how to make full use of LEO and GNSS observations to
achieve the optimal data fusion is a key issue to build a high‐precision and high‐resolution ionospheric
model. All these will be studied in the next step.
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