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Abstract: The ionospheric delay is one of the important error sources in the Global Navigation
Satellite System (GNSS) data processing. With the rapid construction and development of GNSS, the
abundant satellite resources have brought new opportunities for ionospheric monitoring. To further
investigate the performances and abilities of Galileo and BDS in ionosphere modeling, we study the
ionosphere modeling based on the 15th order spherical harmonic function, and 364 stations around
the world are selected for global ionospheric modeling of GPS, GLONASS, Galileo and BDS systems
under ionospheric quiet and active conditions, respectively. The results show that the average biases
of the ionospheric models built by GPS, GLONASS and Galileo are relatively small, which are within
2 Total Electron Content Unit (TECU) as compared to the Center for Orbit Determination in Europe
(CODE) global ionospheric map (GIM), while the average biases of the models built by BDS are
between 6 and 8 TECU during the ionospheric quiet and active days, respectively. In addition, in order
to analyze the modeling performances before and after using BDS geostationary earth orbit (GEO)
satellites, BDS is divided into two groups, in which one group contains medium earth orbit (MEO),
inclined geosynchronous orbit (IGSO) and GEO satellites; and the other group contains only MEO
and IGSO satellites. The results show that the influence of GEO satellites on ionospheric modeling
is less than 1 TECU. Due to the distribution of the stations, the 0-value region in the ionospheric
model is mainly distributed in the mid and high-latitude regions of the southern hemisphere. Since
the ionospheric parameters are lumped with the Differential Code Bias (DCB), we also estimate the
DCB parameters and analyze their performances. The DCB estimated in ionosphere modeling shows
strong stability, with the average biases of GPS, GLONASS, Galileo and BDS under 0.25 ns, 0.25 ns,
0.2 ns and 0.42 ns, respectively. We also estimate other DCB types of the four GNSS systems. The
results show that the DCB is stable and shows consistency with Chinese Academy of Sciences (CAS)
DCB products.

Keywords: Global Navigation Satellite Systems; total electron content; ionospheric; DCB

1. Introduction

Global Navigation Satellite System generally refers to the Global Positioning System
(GPS), Russian Global’naya Navigatsionnaya Sputnikova Sistema (GLONASS), Galileo
navigation satellite system (GALILEO) and BeiDou Navigation Satellite System (BDS). The
nominal GPS constellation consists of 21 working satellites and three backup satellites, with
31 satellites currently in orbit. The U.S. proposed the GPS modernization program in 1999,
which is divided into three phases [1]: the first phase launched 12 GPS BLOCK IIR satellites;
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the second phase launched 6 GPS BLOCK IIF satellites; and the third phase launched GPS
BLOCK III satellites [2]. GPS BLOCK III satellites can broadcast new civil L1C which is
compatible with Galileo and BDS satellite systems. The United States placed the fifth GPS III
satellite into orbit on 28 June 2021 [3,4]. As of 31 December 2021, the GLONASS system has
25 satellites in orbit, including 23 GLONASS-M satellites and two GLONASS-K1 satellites.
Russia plans to complete the renewal and upgrade of the constellation by 2025, replacing
GLONASS-M satellites with GLONASS-K satellites. The signals of the renewed GLONASS
satellites will be modulated with Frequency Division Multiple Access (FDMA) and Code
Division Multiple Access (CDMA) technologies, and a new civil signal G3/L3 will be
carried out in the frequency range of 1202–1204 MHz. The nominal Galileo constellation
consists of 30 satellites, and now, Galileo has 26 satellites, including 4 In-Orbit Validation
(IOV) satellites and 22 Full Operational Capability (FOC) satellites [5]. Galileo broadcasts
signals in five frequency bands [6,7], i.e., E1, E5a, E5b, E6 and the combined signal E5 (a + b)
of E5a and E5b. BDS follows a three-step strategy in which the third-generation navigation
satellite system (BDS-3) has completed construction [8]. BDS-3 has MEO, IGSO and GEO
satellites in three types of orbits and multiple types of signal frequencies, such as B1C, B1I,
B2a, B2b, and B3I [9,10], enriching the GNSS data sources. In summary, GPS (broadcast
L1C 1575.42 MHz, L2C 1227.60 MHz, and L5C 1176.45 MHz) and GLONASS (broadcast
G1 1602 + k × 9/16 k = −7 . . . + 12, G2 1246 + k × 7/16, G3 1202.025 MHz) have entered
the development stage of upgrading; the BDS system constellation part (broadcast B1C
1575.42 MHz, B1I 1561.098 MHz, B2a 1176.45 MHz, B2b 1207.140 MHz, B3I 1268.52 MHz
and a combined signal B2 ((B2a + B2b) 1191.795 MHz) has been constructed; GALILEO
(broadcast E1 1575.42 MHz, E5a 1176.45 MHz, E5b 1207.140 MHz, E6 1278.75 MHz and a
combined signal E5 (a + b) 1191.795 MHz) is expected to complete the full deployment of
the first generation system in 2022.

Compared with other ionospheric monitoring technologies, GNSS has the advantages
of global coverage, continuous operation, high temporal resolution and near real-time data
collection [11,12]. Therefore, GNSS has become an important tool for scientific research and
industrial applications, such as Precise Point Positioning-Ambiguity Resolution (PPP-AR)
technology [13–15], which achieves high position accuracy through fixing ambiguity, de-
formation monitoring [16,17], water vapor inversion through tropospheric delay [18,19],
high/medium/low satellite orbit determination [20,21] and pedestrian, cycling, and vari-
ous types of aircraft navigation [22,23]. Among others, GNSS has a long history of applying
in ionospheric monitoring and modeling. There are many empirical ionosphere models
that help compute the ionospheric delay corrections for its single-frequency users, such
as Klobuchar in GPS, NeQuick-G in Galileo, and BDGIM in BDS. The Klobuchar model
is widely used, and many researchers established other similar models instead of eight
coefficients [24]. GPS, as the earliest global satellite navigation system, was used by many
scholars to conduct a series of studies on the ionosphere in the early 1990s [25–27], which
proved the important role of GPS in ionospheric monitoring, modeling and imaging. Accu-
rate ground-based GNSS ionospheric modeling of the global and regional ionosphere will
contribute to space ionospheric assimilation, leading to accurate electron density. It will
also help to refine empirical ionospheric models such as IRI [28]. Total Electron Content
(TEC) is one of the key parameters for studying the ionospheric properties [29] and is
crucial for calculating accurate ionospheric delays. Dual-frequency GPS observations were
early provided to be useful in estimating the ionospheric delays [30,31] and thus can be im-
plemented in building the ionospheric models. When extracting TEC from dual-frequency
GPS observations, the entire ionosphere is usually regarded as a thin monolayer [32], and it
has been shown that the increase in the height of the thin-shell model leads to the increase in
TECU, with a maximum difference of 8 TECU for thin-shell models of different heights [33].
In addition, the triangular grids model, spherical harmonic functions model, and global
ionospheric models based on the spherical harmonic functions and generalized triangular
levels have been proposed and applied successively to generate the GIM of the TEC grid.
Although the parameters of different ionospheric models are various, they are consistent



Remote Sens. 2022, 14, 5479 3 of 27

under certain conditions [34], and the bad performance occurs only when the ionosphere
changes drastically. GLONASS has greatly enriched the number of observable satellites and
improved the geometric distribution of Ionospheric Pierce Points (IPPs) [35]. Compared
with GPS, GLONASS has a larger orbital inclination, and Shagimuratov et al. [36] found that
the difference in orbital parameters may cause 2–3 TECU biases in the ionosphere modeling.
In addition, it has been demonstrated that 0 TECU occurs in GLONASS ionospheric model-
ing after correcting Differential Code Bias (DCB) [37]. The effect of IFB (Inter-Frequency
Biases) also needs to be taken into account when using GLONASS for high-precision iono-
spheric modeling [38]. Consequently, fewer studies focus on GLONASS-only ionospheric
modeling, and most of the studies use GPS + GLONASS for global ionospheric modeling.

Thanks to the rich frequency of Galileo, many scholars have conducted a series of
studies on ionospheric modeling by using Galileo. It was shown in [39] that the iono-
spheric parameters were estimated synchronously with the differential code bias, the mean
deviation of the separated ionospheric parameters from the GIM was about 1.54 TECU,
and the Root Mean Square Error (RMSE) was about 3.75 TECU. Bidaine et al. [40] applied
an algorithm of the combination of the NeQuick model and GNSS data ingestion and
found that the Standard Deviation (STD) of the ionospheric delay estimated by Galileo is
several times higher than that of GPS in strong solar activity conditions. To investigate the
contribution of Galileo observations in the oceanic area, Hernández-Pajares et al. combined
GPS and Galileo observations to estimate the Vertical Total Electron Content (VTEC) and
compared the results with the VTEC estimated by Jason-3 [41]. The results showed that the
improvement after adding Galileo is small; it is only around 2% due to the small number
of stations selected for this experiment that can receive Galileo signals. Wang et al. [42]
modeled the European regional ionosphere using 240 Continuously Operating Reference
Stations (CORS) stations based on the spherical harmonic function and indicated that the
IPP is also minimal on a global scale, since Galileo had fewer satellites than GPS and
GLONASS. The global ionospheric model established by Galileo is consistent with GPS
and GLONASS, although GIMs have some extent of biases. In addition, some scholars
have studied the improvement of Galileo on the estimation of global ionospheric maps [43]
and found that the modeling accuracy of Galileo is better than GPS + Galileo in specific
cases. The authors attributed the reason to the superiority of Galileo’s signal modulation
over GPS and Galileo signals having a larger bandwidth.

BDS owns a hybrid constellation of three types of orbital satellites and has multiple
frequency signals, which provides a rich data resource for studying the Earth’s atmosphere.
Therefore, many scholars have investigated the ionospheric monitoring capability of BDS.
In the literature [44], a TEC estimation method based on single-frequency BDS is proposed,
which uses single-frequency PPP to obtain the ionospheric observations, and they estimate
ionospheric TEC by the adjusted spherical harmonic functions with DCB products. The
results indicated that the RMS of TEC with IGS GIM calculated using this method is around
5.77 TECU during the sunspot peak period and 3.65 TECU during the sunspot quiet period.
To further investigate the accuracy of the BDS ionospheric model, some scholars used BDS
for regional ionospheric modeling [45]. The results presented that the models established
by BDS, GPS, and GLONASS are consistent with each other, and those three systems have
the same monitoring capability for the ionosphere in the Asia-Pacific region. Ren et al. [45]
used BDS for global ionospheric modeling. Due to the limitation of satellites and stations,
the number of BDS IPPs is much less than that of GPS and GLONASS, and consequently,
the accuracy of the global ionospheric model established by BDS is lower than that of GPS
and GLONASS. Before the full completion of BDS-3, the limited number of satellites of
BDS and the small coverage area of GEO and IGSO operating mainly in the Asia-Pacific
region have limited the BDS global ionospheric monitoring capability.

Currently, most of the ionospheric modeling studies focus on GPS and GLONASS,
while fewer studies are involved in global ionospheric modeling using Galileo or BDS data.
This is due to the limited number of satellites and stations in previous studies when global
ionospheric modeling can be performed using Galileo or BDS. With the rapid development
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of Galileo and BDS as well as the construction of the global MGEX (Multi-GNSS Experiment)
stations, the increasing number of stations can track Galileo, and BDS satellites proved
a reliable data source for realizing single-system global ionospheric modeling. We select
364 stations worldwide and analyze the global ionospheric modeling of GPS, GLONASS,
Galileo and BDS individually based on the 15th-order spherical harmonic function. In
addition, we focus on the validity and reliability of Galileo and BDS in global ionospheric
modeling applications. To further investigate the accuracy of ionospheric modeling under
different conditions, the data during geomagnetic storms are selected for comparison with
data modeled under geomagnetic quiet conditions. Moreover, we focus on the ionospheric
modeling accuracy of Galileo and BDS systems during different conditions. It is well known
that DCB needs to be estimated simultaneously with the ionospheric modeling because
the ionospheric parameters and DCB are coupled with each other. Therefore, the accuracy
of DCB also reflects the accuracy of ionospheric modeling. We analyze and evaluate the
satellite DCB of GPS, GLONASS, Galileo and BDS simultaneously.

The structure of this manuscript is as follows. Section 1 is the Introduction. Section 2
introduces the principles of data selection and theories related to ionospheric modeling
and DCB estimation. Section 3 first analyzes the IPPs distribution of the four systems and
then evaluates the global ionospheric modeling performance of the four systems and its
accuracy and analyzes the ionospheric anomalies. Finally, Section 4 analyzes the accuracy
of DCB, and the fifth section is the summary and conclusion of this manuscript.

2. Materials and Methods
2.1. Experimental Data

In this manuscript, 364 stations are selected around the world, and their distribution
is shown in Figure 1. It can be seen from the figure that almost all stations can receive
GPS and GLONASS satellite signals. Due to the construction of MGEX stations in recent
years, the stations supporting Galileo and BDS satellite signals are also evenly distributed
worldwide. On this basis, the global ionospheric modeling strategy in this manuscript is as
follows: (1) We select GPS C1W/C2W codes, GLONASS C1P/C2P codes, Galileo C1X/C5X
codes, and BDS C2I/C6I codes; (2) The epoch interval of observation data is 30 s; (3) The
satellite cut-off altitude angle is 7◦; (4) We use a carrier phase smoothing pseudorange
algorithm; (5) The order of the spherical harmonic function is 15.
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The factors affecting ionospheric condition mainly include solar and geomagnetic
activity. An important index to reflect the solar activity is the radioactive flux F10.7, which
classifies solar activity into four levels: low, moderate, high, and very high, with boundaries
of 90 sfu, 130 sfu, and 196 sfu, respectively. The geomagnetic activity mainly is measured
by the Dst index, which describes the changes of the ring current during magnetic storms,
the global geomagnetic disturbance index Kp index, and the interplanetary equivalent
three-hour amplitude Ap index. The larger absolute value of the Dst index represents the
more intense geomagnetic activity.

We show the amplitudes of solar activity and geomagnetic activity in 2021 in Figure 2.
In order to study the modeling accuracy of the four systems in different conditions of the
ionosphere, we select the data of 2021 and day of year (DOY) 213–242 as the experiment
period, when both solar activity and geomagnetic activity are at relatively low levels; these
can be referred to as the ionospheric quiet days. The data of DOY 288–317 in 2021, when the
solar activity is strong and the indicators of geomagnetic activity indicate the occurrence of
magnetic storms, are selected as the active ionospheric days.
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2.2. Ionospheric TEC Modeling and DCB Estimation

The approach uses the pseudrange observations and carrier phase observations from
the global multi-system GNSS stations to model the global ionosphere. The observation
model is as follows [44]{

Ps
r,i = ρs

r + c · (dtr − dts) + Ts
r + Is

r,i − c · Br,i − c · Bs
i + εs

r
Φs

r,i = ρs
r + c · (dtr − dts) + Ts

r − Is
r,i − c · br,i − c · bs

i + λi · Ns
r,i + ξs

r
(1)

where Ps
r,i and Φs

r,i are code and phase measurements at frequency i; ρs
r denotes the geo-

metric distance from the satellite to the receiver; c denotes the speed of light; dtr and dts

refer to the clock errors of the receiver and the satellite; Ts
r denotes the tropospheric delay

error, Is
r,i denotes the ionospheric delay error at frequency i; Br,i and Bs

i are the hardware
delay effects of the receiver and satellite; λi is the wavelength at frequency i; Ns

r,i denotes
the carrier phase ambiguity at frequency i; εs

r and ξs
r are the sum of noise and multipath

effects for code and phase observations, respectively.
The pseudorange and carrier observations are combined by the geometry-free model

for ionospheric delay and DCB, whose results are constructed as

P4 = Ps
r,2 − Ps

r,1 = Is
r,2 − Is

r,1 − c(DCBr + DCBs)

L4 = Ls
r,2 − Ls

r,1 = Is
r,2 − Is

r,1 − c(DCBr + DCBs)
(2)
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where DCBr = Br,2 − Br,1 and DCBs = Bs
2 − Bs

1 are the differential code biases at the
receiver side and the satellite side, respectively.

In order to improve the accuracy of the pseudorange observations and not to introduce
the problem of ambiguity of the carrier phase observations, we use the algorithm of carrier
phase smoothing pseudorange for processing, and the equation is as follows [46]

P4,sm = ωtP4(t) + (1−ωt)P4,prd(t)(t > 1)
P4,prd(t) = P4,sm(t− 1) + [L4(t)− L4(t− 1)](t > 1)

(3)

where P4,sm is equal to P4, ωt denotes the weight at epoch t; and P4,prd(t) denotes the P4
forecast value. When the epoch is 1, ωt is equal to 1.

When processing GNSS data, we only consider the effect of the first-order ionospheric
refraction, and the effect of higher-order terms on the ionosphere is ignored. Combined
with the formula Is

r,i =
40.3

f 2
i

TEC, where fi denotes the frequency of i signal, P4,sm can be

expressed as [46]

P4,sm = 40.3

(
1
f 2
1
− 1

f 2
2

)
STEC + DCBr + DCBr (4)

where the slant TEC (STEC) represents the total electron content between the satellite and
the receiver. Converting Equation (4) into an expression for STEC as follows [45]

STEC = −
f 2
1 f 2

1
40.3

(
f 2
1 − f 2

2
) (P4,sm − cDCBr − cDCBs) (5)

After obtaining the processed observations, we assume the ionosphere as a single-layer
model in which all free electrons in the ionosphere are concentrated in a single layer at a
specified height of the earth and then use the dual-frequency observations to estimate the
vertical TEC (VTEC). When building the global VTEC model by the spherical harmonic
function, the total electron content in the direction of the observations is estimated. We still
need to convert STEC by using the projection function M(z) to the total electron content in
the zenith direction. The ionospheric expression can be written as follows

VTEC = STEC ·M(z) =
nmax

∑
n=0

n

∑
k=0

(
Ak

n cos kλ′ + Bk
n sin kλ′

)
Pk

n(cos φm) (6)

where nmax is the highest order of the spherical harmonic function; usually, the 15th order
is chosen to meet the global modeling needs. Ak

n and Bk
n are the coefficients of the spherical

harmonic function to be estimated. Pk
n(cos φm) is the Legendre function; λ′ denotes the

angle between the longitude of the IPP and the longitude over the geocentric-solar line; φm
denotes the geomagnetic latitude. M(z) denotes the single-layer mapping function and the
expression as follows [31]

M(z) = cos
(

arcsin
(

R
R + H

sin(αz)
))

(7)

where R is the radius of the earth; H is the height of the single-layer ionosphere model,
usually taken as 350 km; α = 0.9782, and z denotes the altitude angle of the receiver.

Combining the derivation of the above equations, we can obtain the combined expres-
sion for VTEC and DCB

VTEC =
N
∑

n=0

n
∑

k=0

(
Ak

n cos kλ′ + Bk
n sin kλ′

)
Pk

n(cos φm)

= − f 2
1 f 2

1
40.3( f 2

1− f 2
2 )
(P4,sm − cDCBr − cDCBs)cos

(
arcsin

(
R

R+H sin(αz)
)) (8)
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When the satellite and receiver DCB parameters are separated, the sum of all satellites
is assumed to be zero as a constraint condition. Then, the ionospheric and DCB parameters
can be estimated by the least square method.

2.3. Evaluation Methodology

We use GPS, GLONASS, Galileo and BDS to model the ionosphere, respectively. The
GIM published by CODE as the reference is used for model accuracy comparison because
the ionospheric modeling approach chosen for this manuscript is the same as for CODE.
The BIAS of statistical modeling results and reference values are used for analysis, and the
expressions are as follows

BIAS =
1
n

n

∑
i=1

(
TECre f − TECcgs

)
(9)

where TECre f denotes the value of the reference GIM, TECcgs is the value solved in this
manuscript, and n is the number of parameters.

3. Results and Analysis
3.1. IPP Distribution

We plot the 24-h IPPs distribution DOY 212, 2021 to analyze the global ionospheric
modeling performance of the four systems, and the results are shown in Figure 3. It can
be seen that the IPPs of GPS are the densest among the four systems, covering most of
the global land area. Moreover, the IPPs are sparse only in the polar region and oceanic
region. Although the number of IPPs of GLONASS is less than that of GPS, the coverage
area is similar to that of GPS. The distribution of Galileo IPPs is similar to that of GPS and
GLONASS, basically covering most of the mainland. The BDS-2 and BDS-3 are plotted
separately. As can be seen from Figure 3, BDS-2 mainly serves the Asia-Pacific region and
Europe, while BDS-3 has the ability to provide global services, and the number of IPPs has
increased significantly compared with BDS-2. The spatial distribution characteristics of
BDS IPPs are similar to other systems, basically covering the global continents.

BDS has three different types of orbiting satellites, including 27 MEO satellites, 10 IGSO
satellites and 8 GEO satellites. Those three types of satellites have different characteristics
because of their orbit design. MEO orbits are at an altitude of about 21,528 km, and the
MEO IPPs trajectory are continuous arcs. GEO orbits are at an altitude of about 35,786 km
above the Earth’s equator; they remain relatively stationary from the ground, and GEO IPPs
are theoretically a point. IGSO orbits are at an altitude of about 35,786 km, and the IGSO
IPPs have a trajectory shaped like “8” because of the angle between the orbital plane and
the equatorial plane. In this manuscript, three types of orbiting satellite IPPs are mapped,
as shown in Figure 4. MEO IPPs are the most widely distributed owing to the BDS MEO
satellite, which enables global coverage and global service capabilities. The IGSO servant
region is the Asia-Pacific region; thus, the IGSO IPPs are mainly located in the Asia-Pacific
region. Furthermore, since IGSO signals can also be received in parts of the European
region, there are a lot of IPPs in the European region pictured, and the openings in the IGSO
IPPs trajectory are eastward. The GEO satellites are stationary near the equator, and GEO
IPPs are mainly located in the Asia-Pacific and European regions. New data resources for
global ionospheric modeling could be made available by the abundance of orbital resources
of BDS.
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3.2. Validation of Ionosphere Estimation Algorithm
3.2.1. Accuracy of Ionosphere Model in Quiet Day

In order to test the accuracy of the ionospheric model established by the four systems,
we compare the GIMs established by GPS, GLONASS, Galileo and BDS with the CODE
GIMs as the reference. Due to the orbital characteristics of GEO satellites, BDS is divided
into two groups to study the contribution and role of BDS GEO satellites: one is composed
of three orbital satellites, MEO + IGSO + GEO, labeled as BDS; the other group only consists
of MEO + IGSO and is labeled as BDS (MEO + IGSO).

Figure 5 shows the biases between the results and CODE GIM at UT 0:00 DOY 213
in 2021. As can be seen from the figure, the ionospheric biases modeled by using GPS
or GLONASS are better than 2 TECU compared to CODE GIM. The larger biases are
mainly in the areas where the stations are sparse and located close to the spot of direct
sunlight. The similarity between GPS and GLONASS models is mainly due to the similar
numbers of IPPs. The ionospheric model developed by Galileo has biases of up to 6 TECU
compared to 4 TECU in most regions of CODE GIM, and the largest difference mainly
exists in the ocean and polar regions. The model accuracy is slightly lower than that of GPS
and GLONASS because of the few IPPs of Galileo and the lack of receivers for receiving
Galileo signals in regions with large biases. Although the maximum biases between the
ionospheric model developed by BDS and CODE GIM are up to 8 TECU, the biases in most
regions are within 6 TECU. BDS has a global service capability but has fewer receivers
that can receive BDS signals, resulting in the lowest number of IPPs in the four systems in
global ionospheric modeling, affecting the accuracy of ionospheric modeling. The accuracy
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of the BDS (MEO + IGSO) ionosphere model is similar to BDS but slightly lower in the
Asia-Pacific region, which is due to the fact that BDS GEO satellites can be observed at
most stations in the Asia-Pacific region, and the number of Asia-Pacific region IPPs is
greatly increased.
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We analyze the results of the GIMs average biases at different latitudes between four
systems and CODE GIMs during the ionospheric quiet day, as shown in Figure 6. Figure 6
shows that the biases between CODE GIMs and GIMs of the four systems established in
DOY 213–242 in 2021 for northern hemisphere high latitude (NH) (60◦N–90◦N), northern
hemisphere middle latitude (NM) (30◦N–60◦N), northern hemisphere low latitude (NL)
(0◦–30◦N), southern hemisphere low latitude (SL) (0◦–30◦S), southern hemisphere middle
latitude (SM) (30◦S–60◦S), and high-southern hemisphere (SH) (60◦S–90◦S). The results
show the similar modeling performance for GPS, GLONASS and Galileo, and the average
biases between GPS, GLONASS and Galileo GIMs and CODE GIMs are within 2 TECU.
The biases of the BDS ionospheric model are 0–4 TECU larger than those of the other
systems, and the biases in the southern hemisphere are smaller than those in the northern
hemisphere. In addition, the modeling performance of BDS and BDS (MEO + IGSO) is
similar, and the biases between them are in the range of 1 TECU. There are some differences
between the high-latitude region of the northern hemisphere and the middle latitude region
of the southern hemisphere owing to GEO satellites mainly serving the Asia-Pacific region
and enriching the number of IPPs in this region.
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3.2.2. Accuracy of Ionosphere Model in Active Day

This manuscript selects DOY 288–317 in 2021 for ionospheric modeling and analyzes
the modeling accuracy of the four systems in the active state of the ionosphere. Figure 7
shows the biases distribution between the modeling results of the four systems at DOY 308
UT 0:00 and the CODE GIMs. It can be seen from the figure that the ionospheric bias values
range increases around 7 TECU during active days compared with GIMs in calm days. The
places with large biases between the ionospheric models established by the four systems
mainly exist in the equatorial region and polar regions west of the 0-degree longitude.
The ionosphere is more active in the equatorial region of west of the 0-degree longitude
due to the stronger solar radiation during the day. The reason for the larger biases in the
polar regions is that the region is affected by the combined effects of solar radiation and
geomagnetic storms.
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Among others, the biases between the models established by GPS and GLONASS are
in the range of 5 TECU, and the biases become larger at about 10 TECU in the ocean and
polar regions. The biases between GPS and GLONASS are relatively small among the four
systems owing to the number of stations being large and the global distribution being even.
The Galileo ionospheric model’s biases are less than 10 TECU in most land areas, and the
ocean and polar regions are affected by solar radiation and geomagnetic storms where the
biases are obviously located near the equator, with the largest bias reaching 15 TECU. The
biases of the BDS ionospheric model are in the range of 10 and 15 TECU; especially, the
biases in polar and oceanic regions are more than 10 TECU. Moreover, the biases do not
change significantly after adding GEO satellites.

Figure 8 shows the average biases from the CODE GIMs at different latitudes for
the four systems in the active condition of the ionosphere during DOY 288–317 in 2021.
The GPS, GLONASS and Galileo average biases from CODE GIMs are within 2.5 TECU.
The biases of the BDS ionospheric model are significantly smaller in the mid-latitude and
high-latitude regions of the northern hemisphere than those of in the southern hemisphere.
The biases in the northern hemisphere are basically stable within 4 TECU, while the biases
in the southern hemisphere are in the range of 4–8 TECU. The biases in the southern
hemisphere are the largest, and the main reason is that there are fewer stations in the
high and mid-latitude regions of the southern hemisphere, resulting in less IPPs than the
northern hemisphere. The biases of the BDS ionospheric model are larger in low latitudes
with 2–8 TECU, which is mainly caused by the enhanced solar radiation and the small
number of BDS IPPs. Comparing the model biases of BDS and BDS (MEO + IGSO), it can
be seen that the biases between the two GIMs in the ionospheric active condition are also in
the range of 1 TECU. It may be concluded that GEO has less influences on the ionospheric
modeling in the ionospheric active condition.
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3.2.3. Analysis of Ionospheric Outliers

In the process of ionospheric modeling, TEC values are negative in some grid points,
which is due to the absence of observations and a few number of IPPs. In order to avoid
the negative value of TEC, we reference the method of the CODE Analysis Center, set the
negative value of the grid points as 0 and mark these values as 0-value [47]. To study the
influence of 0-value in the ionosphere modeling, the global distribution map of 0-value
in the ionosphere of four systems is drawn, and the results are shown in Figure 9. It can
be seen from the figure that the four systems have large 0-value regions in the southern
hemisphere, especially in the Antarctic region. This condition is mainly owing to the
number of stations in this region being small, and therefore, it is difficult to obtain sufficient
observations. In the middle and high latitudes of the northern hemisphere, GPS and BDS
also have some 0-value regions; however, the area is much smaller than the area of the
southern hemisphere. Among others, the area of 0-value of BDS is the largest among the
four systems because few receivers receive BDS signals in polar regions and surrounding
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regions, and there is an insufficient number of IPPs. Significantly, BDS (MEO + IGSO) has
a large region of 0-value globally, and the improvement of performance is not obvious
even after the GEO satellite is added. To further investigate the influence of the 0-value
at different latitudes, we add up the number of 0-value points for each hour in a month
and calculate the mean number of 0-value in an hour according to different latitudes. The
results are shown in Table 1.
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As can be seen from Table 1, only a few 0-values of GPS are in the northern hemisphere
and thus can be ignored. In the southern hemisphere, there are some 0-values of GPS in the
low and middle latitudes, about 0.04 and 82.87 in an hour, respectively. A large number
of 0-value areas are in the high latitudes of the southern hemisphere, about 233.93 in the
region. The main reason that affects the 0-value grid points is the absence of observations
and the few IPPs. Combined with Figures 3 and 9, it can be seen that the 0-values of
these two regions are distributed in the ocean and polar regions with a small number of
stations. Due to the sparse stations, these regions have less IPPs and observations. The
0-value of GLONASS is found in the middle and high latitudes of the southern hemisphere,
about 114.31 and 217.96, respectively. The numerical characteristics and spatial distribution
characteristics of 0-values in Galileo are similar to GLONASS in that the number of 0-values
in the middle latitudes is less than that in the high latitudes. The number of 0-values of
BDS owns the largest among the four systems, and the 0-values exist in all latitude regions.
That is because the number of receivers that can receive BDS signals is less than the other
three systems, the number of satellites that can be observed varies from region to region,
and the number of IPPs is less than the other systems. In addition, by comparing the results
of BDS and BDS (MEO + IGSO), we can see that GEO satellites do not play an obvious role
in ionospheric modeling, because compared with the MEO and IGSO, IPPs of GEO are only
points or small circles, and the number and spatial scope are greatly limited. Moreover, the
orbital inclination of the satellites also has influences, the orbital inclination of GPS and
BDS (MEO and IGSO) is 55◦, and that of GLONASS is 64.8◦and that of Galileo is 56◦ [12,48].
Thus, GLONASS performs better than others in high latitudes of the southern hemisphere.
It is worth noting that the number of satellites IPPs and 0-value region are variable as the
visibility of the satellite changes. In this manuscript, GPS performs better than Galileo in
most cases, and Figure 9 only shows the result of 0-value in one hour for manuscript length.
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Table 1. The mean number of each system 0-value in different areas during ionosphere quiet days
(DOY 213–242 in 2021).

Area GPS GLONASS Galileo BDS BDS (MEO + IGSO)

NH 0.05 1.32 6.78 40.36 42.22
NM 0.01 1.08 8.38 49.83 45.06
NL 0.10 0.13 0.17 5.08 4.67
SL 0.04 0.12 3.42 22.8 30.24
SM 82.97 114.31 156.99 328.87 406.42
SH 233.93 217.96 346.6 691.72 680.57

Figure 10 shows the distribution of the four systems 0-value regions at DOY 308
UT 0:00 in 2021, and Table 2 shows the mean number of 0-value at different latitudes
during the ionospheric active days. As can be seen, the 0-value regions of all four systems
are significantly reduced compared to the quiet day, especially in the high latitudes of
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the southern hemisphere, where the mean 0-value number of GPS and GLONASS is less
than 20, that of Galileo is less than 50, and that of BDS is less than 200. This result is better
than that of the quiet days because in active days, the number of total electron content
changes rapidly and reduces the number of 0-value. Normally, on quiet days, the total
electron content in high latitude is much smaller than that in low latitude.
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However, on ionosphere active days, the arctic region is in polar night and south pole 
is in polar day, which is different from quiet days. There are many unique physical phe-
nomena in the polar region, and using expressions cannot accurately describe the iono-
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Table 2. The mean number of each system 0-value in different areas during ionosphere active days
(DOY 288–317 in 2021).

Area GPS GLONASS Galileo BDS BDS (MEO + IGSO)

NH 0.66 1.33 2.69 59.96 59.86
NM 0.47 1.62 2.78 51.02 52.65
NL 0.04 0.11 0.13 3.22 2.70
SL 0.01 0.00 0.24 10.49 13.89
SM 15.23 14.81 17.67 113.58 139.07
SH 12.23 11.54 21.94 187.99 169.41
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However, on ionosphere active days, the arctic region is in polar night and south
pole is in polar day, which is different from quiet days. There are many unique physical
phenomena in the polar region, and using expressions cannot accurately describe the
ionospheric changes sometimes. Future research should certainly test whether these orbital
factors can influence the number of 0-value.

3.3. Validation of DCB Estimation Algorithm

DCB represents the signal time delay between the codes of different frequencies and
types. Due to the fact that DCB and TEC are coupled to each other, the stability and
accuracy of DCB is also one of the important indicators for evaluating the ionospheric
model. Therefore, we evaluate and analyze the satellite DCB of four systems.

3.3.1. Accuracy of GPS and GLONASS DCB

Figures 11 and 12 show the time series of GPS satellite C1W–C2W DCB and GLONASS
satellite C1P-C2P DCB at different ionospheric conditions, respectively. It can be seen from
the figure that the DCB of GPS and GLONASS satellites shows strong stability during the
30 days and are less affected by the ionosphere. In order to verify the outer precision of
the estimated DCB, we compare the estimated results with the DCB products published by
CODE, and the results are shown in Figures 13 and 14. It can be seen from the figure that
GPS and GLONASS are consistent to each other. The average biases of DCB of all satellites
is within 0.25 ns, and STD is basically within 0.1 ns.
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3.3.2. Accuracy of Galileo DCB

Since CODE DCB products of Galileo and BDS are not provided, we select Galileo DCB
and BDS DCB of CAS for comparative analysis. Figure 15 shows the time series of Galileo
satellite C1X-C5X DCB estimated in this manuscript during the quiet and active ionospheric
days. It can be seen that Galileo satellite DCB has strong stability, and the values of DCB
are basically in the range of 0.2 ns. Figure 16 shows the average biases and STD of Galileo
with CAS DCB products. The estimated average biases and STD of Galileo satellite DCB
results with CAS DCB are in the range of 0.2 ns, presenting a good consistency.
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3.3.3. Accuracy of BDS DCB

Figure 17 shows the time series of C2I-C6I DCB of BDS during the ionospheric quiet
days and active days, where the upper is the MEO and IGSO satellite of BDS, and the lower
is the GEO satellite. It can be seen from the figure that the satellite DCB values of BDS are in
the range of 50 ns. Among others, the BDS GEO satellite DCB often disappeared, because
the observations of GEO are less stable than those of MEO and IGSO. If the ephemeris were
missing or the corresponding satellite was marked unhealthy, the satellite DCB also cannot
be estimated. In addition, the IGSO DCB estimated in this manuscript also disappeared
because of the lack of navigation data. As can be seen from the figure, when the satellite
DCB has disappeared, the other satellite DCB values have an obvious change. This is
because when separating the satellite DCB and receiver DCB parameters, the sum of all
satellite DCB is 0 for constraint. When the satellite is missing, the benchmark of the satellite
will change.
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Figure 17. DCB time series of BDS satellites in different ionospheric conditions. (a) is BDS
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Figure 18 shows the average biases and STD of estimated BDS DCB and CAS products
during quiet and active days. It can be seen from the figure that the average biases of
DCB of BDS-2 are within 0.42 ns, while those of STD are within 0.25 ns. BDS-3 average
biases are within 0.2 ns, and those of STD are within 0.25 ns; therefore, the consistency of
BDS-3 is better than that of BDS-2. In addition, since DCB of C59 and C60 satellites are
not provided in CAS DCB products, these two satellites are not counted in the statistical
process in this manuscript.
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3.3.4. Accuracy of Other Frequency DCB Type

In order to verify the stability and accuracy of other codes DCB, we use the ionosphere
results of GPS as a constraint to estimate other DCB types of each GNSS system. In this
part, we select GPS C1C/C1W codes, GLONASS C1C/C2P codes, Galileo C1C/C5Q codes
and BDS C2I/C7I codes.

Figure 19 shows the time series of GPS satellite C1C–C2W DCB. It can be seen that the
DCB of GPS shows strong stability in the month. We compare the result with CAS DCB
products. As is shown in Figure 20, all satellite average DCB biases are within 0.4 ns, and
the STD is basically within 0.1 ns, which performs worse than C1W–C2W.
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Figure 21 shows GLONASS satellite C1C–C2P DCB time series, and Figure 22 shows
the biases and STD of the DCB compared with CAS. The results show C1C–C2P DCB
is stable, the average DCB biases are within 0.3 ns, and the STD is within 0.2 ns, which
performs worse than C1P–C2P.
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Figure 23 shows Galileo satellite C1C–C5Q DCB time series, which is similar to
C1X–C5X performance. Figure 24 shows the average biases and STD of Galileo with CAS
DCB products. The estimated average biases and STD of Galileo satellite DCB results with
CAS DCB are in the range of 0.2 ns, presenting a good consistency.

We estimated C2I–C7I DCB in order to verify the BDS-2 performance. The result is
shown in Figures 25 and 26. BDS-2 has five GEO(C01~C05), seven IGSO (C06~C10, C13 and
C16) and three MEO (C11, C12 and C14) satellites. Compared with C2I–C6I DCB, C2I–C7I
DCB is less stable and shows discontinuity, especially with GEO and IGSO satellites. The
estimated average biases of the satellite DCB is within 0.6 ns and the STD is about 0.2 ns,
which performs worse than C2I–C6I. Thus, we select C2I–C6I codes to ionosphere modeling,
which has the advantage of more satellites and a high accuracy of measurement codes.
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Based on the above results, we can see that although these types DCBs perform worse
than those used in ionospheric modeling, it is still acceptable. Thus, other combinations of
codes can be considered for ionospheric modeling in future studies.
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4. Discussion

We compare and analyze the performance of the four systems in ionospheric modeling
since GNSS has entered a new stage, especially as the BDS-3 completed its constellation in
July 2020. The results show that the ionospheric modeling performance of GPS, GLONASS
and Galileo is comparable, while the BDS still needs to be improved. In addition, with
the improvement of precise products such as orbit and clock biases and improved models,
the accuracy of the BDS ionospheric model will be further improved. We use ionosphere
results as a constraint to estimate the other DCB types of each GNSS system. The result
also verifies the results of ionosphere models in this manuscript.

We also analyze the characteristics of the ionospheric outliers and attribute them to
the distribution of the stations. In this manuscript, we only show the ionospheric outliers
at time 0:00 in the experimental data owing to the limitation of the space. In fact, the area
of 0-value where outliers appear is not constant. The outliers may appear when there
are not enough observations at the stations in a time period or when the quality of the
observations is bad. In addition, the interpolation method used in the modeling also leads
to the occurrence of outliers. Considering the unique physical phenomena that occur in
the ionosphere, especially polar day and night in polar regions, and during ionosphere
active days, the number of total electron content changes rapidly. Using expressions
cannot accurately describe ionospheric changes sometimes. Thus, the number of 0-value
is influenced by many factors. Future research should certainly test whether these orbital
factors can influence the number of 0-value. The results of ionospheric modeling using
the BDS single system show that GEO satellites do not cause significant differences. It is
also worth noting that the BDS-3 DCB outperforms that of BDS-2, and the larger BDS-2
DCB and the instability of the GEO satellite DCB may also be responsible for the higher
number of BDS ionospheric outliers, which should be considered in subsequent studies.
In future studies, the characteristics of ionospheric modeling changes over short periods
of time, such as satellite visibility, IPPs and outliers in the ionosphere over multiple time
periods, should also be investigated to analyze the intrinsic relationships.

5. Conclusions

Based on the data from 364 globally distributed stations, we use the 15-order spherical
harmonic function algorithm to estimate the ionospheric model of GPS, GLONASS, Galileo
and BDS, respectively. The performances of the four systems in the ionospheric quiet and
active conditions are compared and analyzed. The accuracy of the ionospheric by-product
DCBs is analyzed and evaluated. The results show that:

1. The IPPs of GPS and GLONASS are abundant and globally distributed. With the
construction and development of Galileo and BDS, Galileo and BDS IPPs cover the
global continents. However, Galileo and BDS IPPs are less than that of GPS and
GLONASS, which is mainly due to the limited number of stations.

2. GPS and GLONASS ionospheric models with greater accuracy, followed by Galileo.
Although BDS is limited by the number of stations and has the lowest number of IPPs
of the four systems, the ionospheric model built still performs well.

3. The orbit characteristics of the BDS GEO satellite make its IPPs a point above the earth.
When IPPs are abundant, it does not play an obvious role in ionosphere modeling.

4. Some grid points will be negative in the ionospheric modeling results, which will be
assigned as 0 in this manuscript, and the number and proportion at the latitude will
be counted. The 0-value region is mainly distributed in the middle and high latitude
regions of the southern hemisphere. The 0-value area of BDS is larger than that of the
other systems.

5. GPS, GLONASS, Galileo, BDS MEO and IGSO satellite DCB show better stability,
while the BDS GEO satellite has low stability due to poor data quality. Comparing the
estimated satellite DCB with other institutions, the DCB estimated in this manuscript
has good consistency. The average biases of the four systems are basically within
0.25 ns, 0.25 ns, 0.2 ns and 0.42 ns, and the STD is basically within 0.25 ns. The
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consistency of DCB of the BDS-3 satellite is better than that of the BDS-2 satellite. Other
DCB types of these systems show stability and consistency with other institutions.
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