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Abstract
In this paper, we propose a solution of designing a topside broadcast ionospheric model to enable the future low earth orbit
(LEO) navigation augmentation (LEO-NA) services. Considering the lack of global station observations to develop the LEO-
NA ionosphere model, we utilize abundant global navigation satellite system (GNSS) data from LEO satellites to determine
the topside global broadcast ionospheric delay. This delay can be combined with existing GNSS broadcast ionospheric delay
correction models to determine LEO-NA ionospheric delay. First, the performance of the different-order spherical harmonic
(SH) model is evaluated in generating a global topside ionospheric map. The results indicate that by increasing the order from
1 to 2, the internal and external accuracy of the model improves significantly. However, increasing the order from 2 to 8 leads
to a decrease in accuracy of 0.10 and 0.11 TECU (total electron content unit) for the internal and external root mean square
error. Taking into account compatibility with the Beidou global ionospheric delay correction model, limited data capacity in
the navigation message, ionospheric model accuracy, and computational efficiency, we select the second-order SH model as
the topside ionosphere broadcast model and outline the strategy for calculating broadcast coefficients. Finally, the accuracy
of the topside global broadcast ionospheric delay correction model is evaluated during periods of high and low solar activity.
The mean values of root mean square in 2009 and 2014 are 1.49 and 1.88 TECU, respectively. The model in 2009 and 2014
can correct for 67.30% and 72.49% of the ionospheric delay, respectively.

Keywords Broadcast ionospheric delay correction model · Low earth orbit (LEO) · Global topside ionosphere

1 Introduction

The ionosphere is an important part of the upper atmo-
sphere extending from approximately 60–2000 km altitude
(Schaer 1999; Kelley 2009). At this height, ions and free
electrons can affect the propagation of electromagnetic
waves and are associated with the frequency of signals used
for ionospheric modelling (Yuan et al. 2017). Ionospheric
modelling studies focus on high-precision and broadcast
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ionosphere delay models, respectively. High-precision and
high-resolution ionosphere delay models are essential for
improving the positioning accuracy of precise point position-
ing (PPP) (Zha et al. 2021; Zhang et al. 2022a), investigating
fine structural changes in the ionosphere, and exploring the
relationship between the ionosphere and natural disasters
(Hernández-Pajares et al. 2011). The continuous advance-
ment of global navigation satellite systems (GNSSs) has
led to significant enhancements in the accuracy and relia-
bility of global ionospheric models (Ren et al. 2016; Liu
et al. 2020). Furthermore, the emergence of low earth orbit
(LEO) constellations has provided a solution to the limita-
tions of global ionosphericmodels in regions with fewGNSS
stations (Ge et al. 2022). Ren et al. (2020a) conducted pre-
cise ionospheric modelling using simulated GNSS and LEO
navigation augmentation (LEO-NA) observations, and their
results demonstrated a notable improvement in ionospheric
model accuracy when combining LEO and GNSS data as
opposed to using GNSS data alone. Additionally, GNSS
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receivers onboard LEO satellites offer a promising oppor-
tunity to study the temporal and spatial characteristics of the
topside ionosphere (Chen et al. 2017; Ren et al. 2020b).

The broadcast ionosphere delay model is commonly used
for ionospheric error mitigation in single-frequency posi-
tioning (Wang et al. 2021). The ionospheric delay can be
corrected by the well-known Klobuchar model with eight
parameters for GPS single-frequency users (ICD-GPS-200
1983; Klobuchar 1991). For Galileo users, a 3-D elec-
tron density model (NeQuick-G) with three parameters is
used to correct ionospheric delay (Angrisano 2013; Prieto-
Cerdeira 2014), adapted from the NeQuick climatological
model with real-time capabilities. The BeiDou Satellite Nav-
igation System (BDS) broadcasts two types of ionospheric
model coefficients on different signals. One model is based
on the slightly modified Klobuchar model (CSNO 2012;
Zhang et al. 2022b). The other model (Beidou global broad-
cast ionosphere delay correctionmodel, BDGIM) is based on
simplified spherical harmonic (SH) functions (CSNO 2018;
Yuan et al 2019), which consist of nine broadcast parameters
and 437 nonbroadcast coefficients. These hundreds of non-
broadcast coefficients should be stored and calculated in the
GNSS chip in advance. GLONASS does not broadcast any
ionospheric correction parameters. For GLONASS users, the
ionospheric delay can be corrected using eight parameters of
the Klobuchar model, which are broadcast by GPS. How-
ever, the receiver should include both GLONASS and GPS
receiving units.

In recent decades, extensive studies on precise global and
topside ionosphere models have been conducted, and broad-
cast ionospheric correction parameters are transmitted in the
navigationmessages of GPS, Galileo, and BeiDou. However,
there is no study on the broadcast ionosphere model of the
LEO-NA.

LEO satellites have the advantages of fast movement
speed and strong signal power, which can effectively supple-
ment and improve global positioning, navigation, and timing
services of GNSS, and have received extensive attention (Li
et al. 2019; Guo et al. 2023). LEO-NA, an application of
a space-based radio system (Ma et al. 2022), is severely
affected by the signal propagation error induced by the
Earth’s ionosphere. In the study of designing the LEO-NA,
the ideal range of the orbital altitude is 900–1500 km (Ma
et al. 2020; Deng et al. 2023). However, a recent study by
Li et al. (2024), based on practical LEO navigation obser-
vations, indicates that the CENTISPACE LEO satellites are
positioned at an altitude of approximately 700 km. Accord-
ing to Jin et al (2021), the maximum value of LEO topside
ionosphere is over 12 total electron content units (TECU)
at 800 km, and it is larger for CENTISPACE satellites at
700 km. Furthermore, LEE et al. (2013) demonstrate that
the maximum topside vertical total electron content (VTEC)
at 1336 km, as observed by JASON-1, can exceed 9 TECU

during periods of high solar activity and remains above 7
TECU during low activity. These findings show that the
ionosphere delay in the LEO navigation signal has obvious
difference from that in GNSS signals. For single-frequency
users, the broadcast ionospheric model is the main method
for mitigating ionospheric delay and enhancing real-time
service accuracy. Wang et al. (2021) analyze the different
GNSS broadcast ionospheric model performance. The RMS
of BDGIM compared to Jason-2/3 reference VTECs can
achieve 9 TECU, and the performance of BDGIM is the best
among GNSS broadcast ionospheric delay correction model.
It means the ionospheric delay can achieve about 1 m using
BDGIM in LEO-NA at 1300 km when the LEO frequency is
consistent with BDS. For the LEO-NA with orbital altitudes
below 1300 km, the performance of GNSS broadcast iono-
spheric models is relatively poorer. Therefore, it is crucial to
establish the broadcast ionospheric model for LEO-NA.

However, there are two major difficulties in LEO-NA
broadcast ionospheric modelling. First, few monitoring sta-
tions provide LEO observations, as the LEO-NA constel-
lation is still in the design and construction stage. Second,
the mathematical structure of the LEO-NA broadcast iono-
spheric model needs to strike a balance between simplicity
and accuracy. The mathematical structure not only affects
its ability to describe and model the global ionospheric total
electron content (TEC) but also determines the number of
coefficients required for implementation and their impact on
communication capacity (Abhigna et al. 2021). Achieving
high-precision ionospheric delay correction often necessi-
tates a relatively complex mathematical structure for the
model. However, the limited number of coefficients available
needed a simpler structure to meet communication capacity
requirements. These two factors are interdependent, and it is
crucial to effectively overcome this technological bottleneck
in modelling.

In this paper, we propose a solution to establish a global
LEO topside broadcast ionospheric delay correction model,
and the ionospheric delay LEO-NA can be determined by
this model and existing GNSS broadcast ionospheric delay
correction models. There are many scientific experiment
satellites equipped with dual-frequency GPS receivers for
precise orbit determination, which provides a promising
opportunity to verify our solution.

The structure of this paper is as follows: Sect. 2 presents
the methodology of the topside ionospheric delay correction
model in detail. Data collection, experimental schemes, and
validation methods are described in Sect. 3. Then, Sect. 4
shows the solution of topside broadcast ionospheric delay
correction model and its performance at different solar activ-
ity. Finally, conclusions are provided in the last section.
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2 Data andmethod

With the development of LEO-NA constellations, there
will be abundant ground-based stations, and the LEO TEC
observableswill be used to establish a global LEO-NAbroad-
cast ionosphere delay correction model. As the navigation
signal of the LEO is affected by the bottom ionosphere, the
LEO-NA broadcast ionospheric delay can also be obtained
as follows:

ILEO - NA � IGNSS − Itopside (1)

where ILEO - NA and IGNSS denote the LEO-NA and GNSS
broadcast ionosphere ionospheric delay correction, respec-
tively, and Itopside denotes the broadcast ionospheric delay
correction from LEO satellites to GNSS satellites. As the
GNSS broadcast ionosphere ionospheric delay correction is
stable andmature, the focus of this study is to construct a top-
side broadcast ionospheric model and evaluate its accuracy.
SH can provide a precise representation of the global iono-
sphere TEC, and BDGIM is also developed based on the
SH. The SH coefficients used in topside ionosphere mod-
elling are analysed to strike a balance between achieving
high-precision global ionospheric TEC estimation and min-
imizing the number of broadcast coefficients.

2.1 Observational data

Considering practical LEO-NA constellation and the study
of designing the LEO-NA constellation, the COSMIC and
MetOp-A have similar altitudes of 800 km in the range of
LEO-NA orbital altitude. Moreover, those satellites can pro-
vide abundant observation to establish topside ionosphere
model. Table 1 shows the basic information of the 7 LEO
satellites selected to conduct this research, including the
orbital altitude, orbit type, orbital inclination, and launch
time. TheCOSMICmission is a program designed to provide
advances in meteorology, ionospheric research, climatol-
ogy, and space weather, and its constellation includes six
microsatellites. It was launched in mid-April 2006, and
retired in 2020, and satellites gradually dispersed to their
final orbits at ~ 800 km during the first 17 months after
the satellites were launched. The MetOp-A is designed to
deliver continued, long-term datasets to support operational
meteorology, environmental forecasting, and global climate
monitoring. This mission has an altitude of 817 km and an
inclination angle of 98.7°. Chen et al (2017) show that the
precision and reliability of the model created by the COS-
MIC and MetOp-A are better than those using the COSMIC
data alone. Figure 1 shows the global distribution of topside
ionospheric pierce points (TIPPs) within 4 h. The increasing
number of LEOs yields a greater abundance of observational

data, while simultaneously ensuring a more equitable global
distribution of TIPPs.

This research utilized the PodTec products from the COS-
MIC and MetOp-A satellites, which were obtained from
the COSMIC Data Analysis and Archive Center (CDAAC),
to calculate TEC. The PodTec files provide UTC, three-
dimensional coordinates of LEO and GPS satellites, obser-
vation elevation of the GPS-LEO observation link at the LEO
satellite and the slant TEC (STEC) on a signal path which’s
accuracy levels the phase to the pseudorange. Notably, while
the COSMIC PodTec product has undergone corrections for
the differential code bias (DCB) of satellites and receivers,
the DCB of MetOp-A has not been corrected in the product
(Chen et al. 2017).

2.2 Global topside ionospheremodelling

Considering the orbital altitude of LEO satellites, the topside
ionospheric electron content can be assumed to be a thin
shell, as illustrated in Fig. 2. PodTec products can provide the
STEC along a signal propagation path, and can be converted
to VTEC using the following formula:

STEC � M(z) × VTEC + DCBr (2)

where the mapping function M(z) depends on the zenith of
angle z of the slant ray path. Zhong et al. (2016) examined
the application of three mapping functions for LEO-based
GNSS observations and illustrated that the F&K geometric
mapping function is best suited for LEO-based TEC con-
version. Therefore, the F&K mapping function (Foelsche &
Kirchengast 2002) is employed for LEO topside TEC con-
version, converting topside STEC to topside VTEC at each
TIPP. The F&K mapping function can be expressed via the
following formula:

M(z) � 1 + Rpp/Rorb

cos z +
√(

Rpp/Rorb
)2 − (sinz)2

(3)

where Rpp � Re + Hpp, Rorb � Re + Horb, Re is Earth’s
radius, Hpp is defined as the altitude of the TIPP, and Horb

is the orbit altitude of LEO satellites.
It is feasible to fit the STECusing the SHmodel to produce

a LEO topside global ionosphere model. The SH are defined
as follows:

VTEC (β, s, t)

�
N∑

n�0

n∑
m�0

P̃nm (sin β)
(
c̃n,m, t cos (ms) + s̃n,m, t sin (ms)

)

(4)

where β and s are the latitude and sun fixed longitude of
the pierce point, respectively; P̃nm are normalized associated
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Table 1 Information on LEO
satellites used in this analysis Satellite Altitude (KM) Orbit type Inclination (°) Launch

COSMIC-1 800 Drifting 72 2006/04/14

COSMIC-2 800 Drifting 72 2006/04/14

COSMIC-3 800 Drifting 72 2006/04/14

COSMIC-4 800 Drifting 72 2006/04/14

COSMIC-5 800 Drifting 72 2006/04/14

COSMIC-6 800 Drifting 72 2006/04/14

MetOp-A 827 Sun-synchronous 98.7 2006/10/19

Fig. 1 Global TIPPs of COSMIC and MetOp-A satellites with 4 h. (left) Only COSMIC constellations; (right) COSMIC and MetOp-A

Legendre functions with degree n and order m; c̃n,m, t and
s̃n,m, t are coefficients of SH to be determined at time t ; and
N is the maximum degree of the SH.

The topside TEC derived from PodTec and the variation
in the topside ionosphere at time t can be calculated and
described by Eq. (4). However, the number of topside iono-
spheric observations is limited, which may lead to data gaps.
Thus, the coefficients of SH are estimated every several hours
on a global scale. According to Eqs. (2–4), assuming that
there are q GPS satellites tracked by COSMIC and MetOp-
A satellites in a given epoch, the observation equation can be
formed as follows:

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

STEC1
C (t)

...

STECq
C (t)

STEC1
M (t)

...

STECq
M (t)

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

�

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

M
(
z1C (t)

) · · · 0 0 · · · 0 0

...
...

...
...

...
...

...

0 · · · M
(
zqC (t)

)
0 · · · 0 0

0 · · · 0 M
(
z1M (t)

) · · · 0 1

...
...

...
...

...
...

...

0 · · · 0 0 · · · M
(
zqM (t)

)
1

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

×

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

VTEC1
C (β, s, t)

...

VTECq
C (β, s, t)

VTEC1
M (β, s, t)

...

VTECq
M (β, s, t)

DCBM

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

(5)

Fig. 2 Single-layer model of the LEO topside ionosphere

where C and M respectively mean COSMIC and MetOp
satellites; DCBM is the MetOp-A GPS receiver DCB value.

3 Processing strategy and assessment
method

To comprehensively demonstrate the statistical results, the
performances of the topside TEC are evaluated from day
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Fig. 3 Solar conditions from 2007 to 2017

Table 2 Detailed modelling strategies used in this study

Items Processing strategy

Sampling rate 10 s

Height of thin layer 1200 km

Fitting function Spherical harmonics expansion with the
different degree and order

Estimated parameters Spherical harmonics coefficients and
MetOp-A DCB

Estimator Least square method

Time spacing for map 4 h

Mapping Function F&K mapping function

Reference Frame Sun-fixed geomagnetic coordinate

Cut-off elevation 15°

of year (DOY) 001, 2009 to DOY 365, 2009, and DOY 001,
2014 toDOY365, 2014. The solar conditions from are shown
in Fig. 3. The experimental period covers nearly one solar
cycle. Given that the sampling rate of the original data is 1 s,
the amount of data is large, and the sampling rate is reduced
to 10 s. Based on the thin layer assumption, the shell height
of the plasmasphere is set to 1200 km (with an ionospheric
range from 800 km to 20,200 km). Considering that the top-
side TEC is small and the structure of the plasmasphere is
less complex than that of the whole ionosphere, a spherical
harmonic function with 9 × 9 or 8 × 8 order (Chen et al.
2017) has been adopted in some related studies to establish
a global plasmasphere model. In this study, the max order
is set to 8 and different order models are used to analyze
the performance of ionospheric delay correction. The F&K
mapping function is employed for topside ionospheric obser-
vation conversion. The total number of sessions is 6, ensuring
the sufficient observations to achieve global modelling. The
least-squares method is employed to estimate the spherical
harmonic coefficients and MetOp-A DCB. The cut-off ele-
vation was set as 15°. The detailed modelling strategies are
listed in Table 2.

The root mean square error (RMSE) is chosen as the cri-
terion to evaluate the internal and external precision of the
model. The expression is as follows:

RMSE �
√√√√ 1

N

N∑
i�1

(
STECmodel, i − STECre f , i

)2 (6)

where STECmodel, i is the calculated STEC from the SH
model andmapping function; N is the total number of values.
In the calculation of the internal RMSE, the PodTec used to
fit the model is regarded as STECre f , i . When calculating the
external RMSE, the STECre f , i is from the PodTec that is not
used during the model’s establishing. The commonly used
evaluation indicators for the accuracy of ionospheric time
delay model correction include the mean bias, root mean
square (RMS), and correction percentage (PER) between the
calculated TEC values of different ionospheric models and
the ionospheric TEC reference values (Yuan et al. 2019). Bias
and RMS represent the average value and root mean square,
respectively, of the difference between the ionospheric TEC
calculated based on the ionospheric delay correction model
and the reference ionospheric TEC. PER represents the per-
centage of correction by the ionospheric delay correction
model relative to the reference ionospheric TEC. Bias and
RMS are absolute accuracy indicators, while PER is a rel-
ative accuracy indicator. The three evaluation indicators are
expressed as follows:

Bias �
N∑
i�1

TECi
model − TECi

re f

N
(7)

RMS �

√√√√∑N
i�1

(
TECi

model − TECi
re f

)2

N
(8)

PER �
⎛
⎝1 − 1

N

N∑
i�1

abs
(
TECi

model − TECi
re f

)

TECi
re f

⎞
⎠ × 100%

(9)

where TECi
model is the calculated TEC from the model;

TECi
re f is the reference TEC; and N is the total number

of values.

4 Solution and results

To obtain a high-precision and high-resolution global top-
side ionospheric map (GTIM), the SH function with 9 ×
9 or 8 × 8 is commonly used in the modelling process.
The maximum order is set as 8 in this paper. First, this
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Fig. 4 Performance of the GTIMs with different orders at 10:00:00 UT, DOY 206, 2009

section evaluates the effectiveness of SH models with dif-
ferent orders. Then, the topside ionosphere broadcast model
coefficients are determined. Finally, the topside ionospheric
delay correction effect is analysed during periods of high and
low solar activity.

4.1 Performance of different order topside
ionospheremodel

The order of the SH function represents the global resolution
of the physical parameters it describes, and the correspond-
ing coefficients of each component have certain physical
meanings. The distribution of the topside global ionospheric
VTEC at 10:00:00 UT on DOY 206 2009, obtained from the
topside global spherical harmonic function ionospheric TEC
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Fig. 5 The internal and external RMSEs of SH models with different
orders

model of different orders, is given in Fig. 4. The horizon-
tal coordinates denote geographic longitude, and the vertical
coordinates indicate geographic latitude. The order of the
corresponding spherical harmonic function is labelled on the
upper side of each plot.As the order of the spherical harmonic
function increases, the resolution of the global ionospheric
TEC gradually increases. However, as the order of spherical
harmonics increases, the number of estimated parameters in
the functions also increases. Due to the limited number of
TIPPs and their uneven global distribution, the model may
yield negative values forVTECwhencomputedglobally. The
difference in the topside VTEC values for different orders of
SH is not significant because there is a small electron content
in the topside ionosphere.

Figure 5 shows the internal and external precision of dif-
ferent order spherical harmonic functions. As the order of the
model increases, the internal and external accuracy improves.
Specifically, when the order is increased from 1 to 2, the
internal and external accuracy of the model improves sig-
nificantly. The internal and external RMSE decrease from
1.48 and 1.56 TECU to 1.21 and 1.25 TECU, respectively.
In addition, as the order continues to increase from 2, the
improvement in accuracy is relatively small. The increase in
order from 2 to 8 results in a decrease in accuracy of 0.10
and 0.11 TECU for the internal and external RMSE.

The values from 8th order spherical harmonic functions
are regarded as the reference ionosphere VTEC, and Table 3
shows the RMS and PER for SH models of different orders.
The first-order model, which has 0.99 TECU and corrects
only for 64.32% of the ionospheric delay, has the worst
performance. When the order increases to 2, the perfor-
mance of the model is significantly improved. The value of
RMS decreases to 0.54 TECU and the correction percentage
increases to 78.51%. As the order continues to increase, the
improvement in model performance becomes more gradual,
and the values of RMS and correction percentage are 0.34
TECU and 88.85% with the 7th order model.

Table 3 The RMS and PER for SH models with different orders

Order RMS (TECU) PER (%)

1 0.99 64.32

2 0.54 78.51

3 0.47 81.86

4 0.46 83.46

5 0.41 84.55

6 0.37 86.63

7 0.34 88.85

Fig. 6 All 81 coefficients of the eighth-order SH model (The first 9
coefficients and the remaining 72 coefficients are represented using
different colours)

4.2 Determination of the topside ionosphere
broadcast model

The SH function is a solution of the Laplace equation in
spherical coordinate form. Coefficients of different orders
represent the amplitudes of signals of different frequencies
and the contribution of signals of different frequencies to
the composite signal. Increasing the number of broadcasting
coefficients can enhance the accuracy of ionosphere broad-
casting. Since significantly less data capacity is desirable
for communication, the number of broadcast coefficients for
ionospheric model is limited (Abhigna et al. 2021). From the
exiting GNSS broadcast ionospheric models, the numbers of
broadcast coefficients in GPS Klobuchar, NeQuick-G, and
BDGIM respectively are 8, 3, and 9. Figure 6 shows the
coefficients of the 8th order SH function model. It is evident
from the figure that the maximum information carried by all
81 coefficients is truncated to the first 9 coefficients, and the
remaining 72 coefficients have lower magnitude. The sim-
ple truncation of the number of spherical harmonics function
model coefficients from 81 to 9 is selected as a trade-off
between navigation data handling capability and the accu-
racy of the ionospheric model. The maximum magnitudes
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Fig. 7 Difference between the GTIM obtained using the initial 9 coeffi-
cients of the 8th order SH model and the GTIM obtained using the 2nd
order SH model on DOY 206, 2009

Fig. 8 The daily bias between the GTIM obtained using the initial 9
coefficients of the 8th order SH model and the GTIM obtained using
the 2nd order SH model in 2009 and 2014

of spherical harmonics function coefficient information are
retained in the first 9 coefficients of the eighth-order model;
only those coefficients are broadcast to the users to estimate
the topside ionospheric delay error.

However, it is noteworthy that the number of 2nd order
SH model coefficients is also 9, and the difference between
2nd order and 8th order SH model is not significant. The
differences between the GTIM obtained from the initial 9
coefficients of the 8th order SH model and the GTIM using
the 2nd order SH model are depicted in Fig. 7. The max
value is less than 0.5 TECU. To comprehensively evaluate
the bias between the two GTIMs, the daily average bias in
2009 and 2014 is computed and shown in Fig. 8. Compared
to the LEO topside ionosphere, the difference can be ignored.
Considering the computational efficiency of modelling, it is
more appropriate to select the coefficients of the 2nd order
SH function model as the LEO-NA topside broadcast iono-
spheric model coefficients.

From Eq. (1), the LEO-NA ionospheric delay is computed
by the GNSS and LEO-NA topside broadcast ionospheric
delay corrections. The BDGIM is also based on the SH
model, and the strategy of LEO-NA topside ionospheric
model is consistent with the BDGIM. The BDGIM coef-
ficients are updated every 2 h, and the previous 24 h of

actual GNSS measurements are used for solving the iono-
spheric model parameters in each calculation. Similarly, the
9 broadcast parameters of the LEO-NA topside broadcast
ionospheric model are updated every 2 h, and a similar pro-
cessing strategy shown in Fig. 9 is adopted for its parameter
solving (Wang 2017). This can avoid the failure of model
parameter solving due to the lack of observational data in the
corresponding time period.

4.3 Performance of the topside ionosphere
broadcast model

To present a comprehensive comparison, the quality of
the topside global broadcast ionospheric delay correction
model is accessed in 2009 and 2014. Due to the lack of
high-precision external reference GTIM values, PodTec in
effective range time is chosen to evaluate the RMS and PER
of the topside broadcast ionospheric model. Figure 10 shows
the daily RMS values in 2009 and 2014. The blue points rep-
resent 2009, and the red points represent 2014. The mean
RMS values in 2009 and 2014 are 1.49 TECU and 1.88
TECU. Overall, the RMS of 2014 is slightly higher than that
of 2009. Figure 11 shows the daily PER values of the top-
side broadcast model in 2009 and 2014. The mean values of
PER in 2009 and 2014 are 67.30% and 72.49%, respectively.
Compared with the results in 2009, the PER values are larger
in 2014. Overall, the values of PER and RMS are more stable
in 2009. Notably, 2014 is themost active year within the solar
activity cycle, and the value of the LEO topside ionosphere
is the largest at this time. The PER reflects the relative accu-
racy improvement of the model, while the RMS reflects the
absolute accuracy. When the TEC reference value is large,
even if the relative accuracy indicator is high, the absolute
error value may still be large. Generally, in years with high
ionospheric activity, the relative accuracy indicator is higher,
while the absolute accuracy indicator tends to be lower.

Figure 12 shows the performance of topside broadcast
ionospheric model at different local time (LT) in 2009 and
2014. The variation of yearly average LEO topside TEC
with LT is shown in Fig. 12a. The variation in 2009 and
2014 shows the same tendency. The mean electron content
reaches its daily maximum at LT 14:00, and it is respec-
tively 3.89 and 6.03 TECU in 2009 and 2014. The daily
minimum is at LT 4:00, and it is respectively 3.02 and 4.81
TECU. Figure 12b shows the variation of yearly RMS with
LT. In 2009, the RMS value increases during LT 0:00–3:00,
5:00–9:00, and 12:00–18:00. It reaches the daily maximum
value, 1.57TECU, at LT18:00, and the dailyminimumvalue,
1.43TECU, atLT5:00. In 2014, theRMSvalue increases dur-
ing LT 0:00–2:00, 4:00–14:00, and 17:00–18:00. It reaches
the maximum value, 2.03 TECU, at 14:00, and the minimum
value, 1.69 TECU at 23:00. Figure 12c shows the LT varia-
tion in the yearly PER of the LEO topside global broadcast
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Fig. 9 The strategy of updating
LEO-NA topside broadcast
ionospheric parameters

Fig. 10 The daily RMS values of the differences between the topside
broadcast models and PodTec observations in 2009 and 2014

Fig. 11 The daily PER values of the topside broadcast model in 2009
and 2014

ionospheric model in 2009 and 2014, and the LT variation of
yearly PER in 2009 and 2014 have the similar tendency. The
PER value decreases during LT 0:00–3:00 and 15:00–22:00,
and increases during 4:00–12:00. The peak appears at LT
13:00 in 2009 and the value is 69.16%. In 2014, the peak
appears at LT 12:00 and the value is 74.58%.

The previous sections present the performance of the
model at different times. This section demonstrates the per-
formance of the broadcast model in terms of latitudinal
behavior. From Table 1, the PodTec cannot provide abundant
information in the region beyond 72º as only the Metop-A’s
inclination is over 72º. During the accuracy evaluation pro-
cess, the number of reference values available in the region
above 72º is limited, resulting in unreliable accuracy eval-
uation results. Thus, this section focuses on the model’s

Fig. 12 a, b and c represent the variation in the topside ionospheric
yearly average TEC, RMS, and PER, respectively, with LT in 2009 and
2014

performance in the region within 72º latitude. Figure 13a
shows the variation in yearly average topside TEC with lat-
itude in 2009 and 2014. The variation in 2009 and 2014 has
the same tendency. The values of the topside TEC in 2009
and 2014 reach the maximum at the equator, and the max-
imum values are 4.47 and 7.51 TECU. Figure 13b shows
the variation in the model’s RMS with latitude in 2009 and
2014. The maximum value of RMS, 2.29 TECU, in 2014,
also reaches the equator. There is no significant difference in
the region between 30º south latitude and 30º north latitude
in 2009, and the values are approximately 1.60 TECU. The
RMS increases at latitudes higher than 60ºS and 62.5°N in
2009. In 2014, it increases at latitudes higher than 50ºS and
60°N. The variation in the model’s PERwith latitude in 2009
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Fig. 13 a, b and c represent the variation in the topside ionospheric
yearly average TEC, RMS, and PER with latitude in 2009 and 2014,
respectively

and 2014 is shown in Fig. 13c. In region below 60º, the PER
is more than 70% in 2014, and it is more than 60% in 2009.

5 Conclusions and discussion

The LEO global broadcast ionospheric delay correction
model is an important component of the LEO-NA service
system. Considering that there are no ground station obser-
vations from LEO satellites and there are many available
LEO onboard observations, the bottom-side broadcast iono-
spheric delay can be calculated from the topside and GNSS
global broadcast ionospheric delay correction model. In this
paper, a solution, adopting 2nd order SH function model as
topside broadcast ionospheric model, is proposed to facili-
tate single-frequencyLEO-NA ionospheric corrections in the
future.

The performance of different order SHmodels is evaluated
in producing a global topside ionosphericmodel.As the order
of the spherical harmonic function increases, the resolution
of the global ionospheric TEC gradually increases, and the
internal and external accuracy improves. When the order is

increased from1 to 2, the internal and external accuracy of the
model significantly improves. With the values from the 8th
order spherical harmonic functions regarded as the reference
ionosphere VTEC, the value of RMS is 0.54 TECU, and
the correction percentage is 78.51% in the 2nd order SH
model. As the order continues to increase, the improvement
in modelling accuracy does not show significant changes.

Since significantly less data capacity is desirable for
communication, the number of broadcast coefficients for
ionosphericmodel is limited. Themaximum information car-
ried by all 81 coefficients of the eighth-order SH model is
truncated to the first 9 coefficients. The number of the 2nd
order SH model is also 9, the difference between GTIMs
obtained from the initial 9 coefficients of the 8th order SH
model and the 2nd order SH model is calculated. Compared
to the LEO topside ionosphere, the difference can be ignored.
Considering the lower data capacity in the navigation mes-
sage, the ionospheric model’s accuracy, and the modelling’s
computational efficiency, the 2nd order spherical harmonic
function model is selected as the topside ionosphere broad-
cast model. Moreover, the strategy of updating the LEO-NA
topside broadcast ionospheric parameters is consistent with
BDGIM.

The performances of the topside global broadcast iono-
spheric delay correction models in 2009 and 2014 are
evaluated. The mean RMS values in 2009 and 2014 are 1.49
TECU and 1.88 TECU. The mean values of PER in 2009
and 2014 are 67.30% and 72.49%, respectively. The values
of PER and RMS are more stable in 2009 than those in 2014.
The yearly PER and LT relationship is similar in 2009 and
2014. The peak appears at LT 13:00 in 2009 and the value
is 69.16%. In 2014, the peak appears at LT 12:00 and the
value is 74.58%. However, there are some differences in the
relationship between RMS and time in 2009 and 2014. In
2009, it reaches the daily maximum value, 1.57 TECU, at LT
18:00. In 2014, the maximum value is 2.03 TECU at 14:00.
In addition, the performance of the broadcast model in terms
of latitudinal behaviour is analysed. The maximum value of
RMS, 2.29 TECU, in 2014, reaches at the equator. However,
there is no significant difference in the region between 30º
south latitude and 30º north latitude in 2009, and the values
are approximately 1.60 TECU. In region below 60º, the PER
is more than 70% in 2014, and it is more than 60% in 2009.

From the study of practical LEO-NA and designing LEO-
NAconstellation, the orbit is between 700–1500 km. Limited
by the number of LEO satellites at the same orbital altitude, it
is difficult to establish the global ionosphericmodel and show
the performance of the solution at other orbital altitude. This
solution considersmany issues in actual system construction,
including the absence of LEO global station observations,
data capacity limitations in the navigation message, and the
necessity for accurate ionosphere correction. The broadcast
ionospheric solution demonstrates universality, making it
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suitable for widespread and effective implementation across
LEO navigation systems at different altitudes that require
ionospheric delay correction. For low Earth orbit naviga-
tion systems with orbital altitudes different from 800 km,
the performance of the model exhibits a slightly different
accuracy compared to the statistical results presented in the
paper. In addition, there are no ground station observations
from the LEO, and the bottom ionospheric delay correction
performances from the topside and GNSS global broadcast
ionospheric delay correction models cannot be evaluated.
The next step of our work will focus on mapping topside
ionospheric VTEC from multiple LEO satellites at different
orbital altitudes to prove this solution. Moreover, we will
use ground station observations in building the broadcast
ionosphere model from LEO at the appropriate time in the
development of the LEO system.
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