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Abstract

Global navigation satellite system (GNSS) differential code bias (DCB) is a significant error source in ionosphere modeling
that uses GNSS observation data. Given that the orbit altitudes of low earth orbit (LEO) satellites are above the F layer of
ionosphere, ionized electrons come from the upper ionosphere or plasmasphere, so observations suffer from small signal
delays. DCBs can be estimated using LEO data instead of that from ground stations. In most studies, LEO-based DCB
estimation employs onboard data from either a single LEO or from two that are at the same orbit height. In our study,
we applied four LEO satellites data from two different orbit heights to estimate GPS satellite DCBs, receiver DCBs and
LEO-based vertical total electron content (VTEC) parameters simultaneously. Before DCB estimation, a data preprocessing
strategy suitable for LEO onboard data was applied to obtain clear pseudorange data. We developed a processing method
for the upper ionosphere using LEO onboard data from different orbit heights, by introducing LEO-based VTEC models in
advance to remove its effects; two introduced VTEC models were derived from modeling results using paired data from the
same orbital height, respectively. We draw some conclusions as follows. For the LEO satellites at different orbit heights, the
more the number of LEO satellites involved, the more stable estimation results achieved. We also noted that the GPS satellite
DCBs stability and accuracy with established LEO-based VTEC models, using multi-LEOs data from different orbit heights,
were better than the achievable results using onboard data from the same orbital height or using single LEO satellite schemes.
Compared with the estimation results of single LEO solutions, the monthly stabilities and accuracies for multi-LEOs solutions
from different orbit heights are improved by 25-35% approximately. Among all the tested schemes, superior stability derived
from simultaneous estimation using four LEO data at different orbit heights is 0.064 ns; the optimal accuracies for DCB
estimation for different GPS satellites are the scheme GRACE-A and JASON-2 (two LEOs) of 0.146 ns, approximately,
compared with Center of Orbit Determination of Europe products, respectively. The stability and accuracy of LEO-based
DCB estimations were approximately similar to those achieved using ground solutions.

Keywords Low earth orbit satellite (LEO) - Onboard GNSS/GPS data - GPS satellite differential code bias (DCB) - Onboard
receiver differential code biases (DCB) - Different orbit heights - LEO-based vertical total electron content (VTEC) - Stability
and accuracy

1 Introduction satellite or receiver. DCBs should be calibrated for the nav-

igation, pseudorange-based positioning and timing, and it
Differential code biases (DCBs) physically denote a time  is also a significant error source in ionosphere modeling
delay caused by the dual-frequency signal travel through  (Zhangetal. 2012; Montenbruck and Hauschild 2013; Wang
et al. 2015). At present, there are two main ways to com-

&J Yunbin Yuan pute inter-frequency DCBs according to the differences of
yybeps @asch.whigg.ac.cn ionosphere modeling: DCBs are estimated either simulta-
1" State Key Laboratory of Geodesy and Earth’s Dynamics, neously with global or local ionospheric model (Schaer
Innovation Academy for Precision Measurement Science and 1999, 2012; Krankowski et al. 2009; Hernandez-Pajares
Technology, Chinese Academy of Sciences, Wuhan 430077, et al. 2011), (such as the Center of Orbit Determination of
China Europe (CODE), Schaer 1999), or by introducing a priori
? g}‘l‘_ive“ity of Chinese Academy of Sciences, Beijing 100049, ionosphere model to remove its influences (such as the Ger-
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man Aerospace Center (DLR), Montenbruck et al. 2014).
Another way is that the methodology developed by the Chi-
nese Academy of Science (CAS) which locally models the
vertical total electron content (VTEC) above each station of
the network (Li et al. 2012; Wang et al. 2015).

Most DCB product centers extremely depend on the
amount of observation data—that is, the number of ground
stations and their distribution, receiver types, and data qual-
ity affects all the estimated DCB precision. The CODE needs
more than two hundred ground stations to support their solu-
tions (Schaer 1999), and the CAS analysis center calculates
DCBs using 180 ground stations. Moreover, satellite DCB
real-time estimation and its accuracy also require numerous
ground stations and high-quality data. Approaches based on
ground observations are more sensitive to ionospheric varia-
tion. Given that the orbit altitudes of LEO satellites are above
the F layer of the ionosphere, ionized electrons come from
the upper ionosphere, or plasmasphere, which is less variable
in both spatial and temporal domains, so observations suf-
fer from smaller signal delays. Also, since LEO satellites are
moving very rapidly—at 7-8 km/s—they can be seen as mov-
ing space-based stations, and a smaller number of satellites
can be needed to achieve the similar results as ground-based
observations; the onboard receiver types and data quality
are uniform and stable. These advantages overcome the lack
of ground stations, and can provide a different method or
data source for estimating navigation satellite DCBs. In fact,
BDS-3 also hopes to make the best use of fewer monitor-
ing stations outside China to achieve its routine operation
control, such as calculations of time group delay parame-
ters (Yuan et al. 2019; Yang et al. 2020). The LEO satellites
participating in DCB estimation play a role of navigation
augmentation, which is the essential application function of
LEO satellites for basic positioning, navigation and timing
(PNT) services (Zhang and Ma 2019).

This LEO-based DCB estimation method has been stud-
ied recently. Lin et al. (2014) and Zhong et al. (2015b)
considered the GPS satellite and onboard receiver DCB as
estimated parameters. Wautelet et al. (2017) simultaneously
estimated GPS satellite DCBs, Jason-2 receiver DCBs and
VTEC derived from signal propagation, using a least-square
adjustment. Meanwhile, many studies only estimate plasma-
sphere and receiver DCB parameters, using GPS satellite
DCBs (Zhang and Tang 2014; Zakharenkova and Cherniak
2015; Zhong et al. 2016). Zhou et al. (2019) estimated GPS
DCBs based on uncombined precise point positioning (PPP)
with LEO onboard data. Li et al. (2017a) and Li et al.
(2019) estimated and analyzed GPS and BDS DCBs based
on onboard observations from the FY-3C satellite. Li et al.
(2019) estimated navigation satellite DCBs using the FY-
3C and FY-3D satellites simultaneously, while others have
used just one LEO satellite at a time. Zhong et al. (2015b)
took LEO-based VTEC as epoch parameters during DCB
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estimation from different heights data. In current most stud-
ies, LEO-based DCB estimations employ onboard data from
either single or two LEO satellites that are at the same orbit
height. In our study, we used four LEO satellites, distributed
at two different orbit planes, to develop an ionosphere pro-
cessing method for onboard data at different orbit heights;
in this, we introduced LEO-based VTEC models in advance
to remove their effects. Here, two introduced plasmasphere
VTEC models were derived from respective modeling results
using two paired LEOs data at the same orbit height.

This paper is organized as follows. We firstly depict the
preprocessing strategies applied to the LEO onboard data,
and illustrate the model and strategies used to estimate satel-
lite DCBs together with the plasmasphere parameters. Next,
we show the results of GPS satellite DCBs, onboard receiver
DCBs, and the LEO-based VTEC simultaneously estimated
using onboard data from four LEO satellites one-by-one,
including the GRACE-A and -B and JASON-2 and -3 satel-
lites, to test the reliability of the estimation strategy. Then, we
estimated the satellite DCBs and plasmasphere VTEC based
on two paired LEOs data at their respective orbit heights
and obtained two related plasmasphere VTEC models. The
onboard data from four LEO satellites, distributed at two
different orbital planes, were processed by introducing two
LEO-based VTEC models obtained from the previous step to
estimate the satellite and receiver DCBs. Finally, we are able
to draw some conclusions in relation to DCB estimation.

2 Methodology and strategies for DCB
estimation

DCBs were calculated using LEO space-borne data from
satellites orbit planes at both the same and different orbit
heights. The DCBs in this paper denote differential P1-P2
code biases. This section elaborates on the models and meth-
ods used for satellite DCB estimation, also including data
preprocessing, the plasmasphere delay model, and accuracy
evaluation. We have also illustrated the differences between
our estimation strategies and those of other studies in this
section.

2.1 Model and method

Similar to CODE and CAS analysis centers, DCB values (P1-
P2) for GPS satellites and onboard receivers are estimated as
constant values daily and simultaneously with topside iono-
sphere or plasmasphere VTEC parameters. The geometry-
free (GF) combination observation estimation method has a
simpler calculation process and does not need outlier infor-
mation, such as satellite orbits, clock error information, and
so on. Therefore, we employ GF combinations of pseudor-
ange observations to estimate DCB parameters.
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Dual-frequency GPS code observations are commonly
expressed as shown in Eq. (1), and the GF combination of
pseudorange observation is formed and expressed as shown
in Eq. (2) (Montenbruck et al. 2014; Wang et al. 2015). Since
the orbit height of LEO satellite is above the troposphere,
there is no such effect in Eq. (1).

{ Py =pi+c-(dy —d*)+ar - STEC+c (0" +br)+ ey, o = P

1
PSy=pi+c-(dty —drf) +ay - STEC+c- (B2 +bro) + 6 5, ap = 4038
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where the superscript s and r represent the GNSS satellite
and LEO onboard receiver, and 1, 2 represent frequency
number; symbols fi, f> represent the GPS L1 and L2
frequencies; P} |, P}, are the pseudorange observations in
meters at GPS L1 and L2 frequencies from GNSS satel-
lite s to LEO satellite r; p;} denotes the geometric distance
in meters; d¢,, dr® refer to the receiver and satellite clock
offsets, respectively; bt by (i = 1,2) are the instrument
delays in units of ns from GNSS satellite s and onboard
receiver r at two frequencies, respectively; c is the light
speed in vacuum,; P;;GF is the geometry-free combination
of pseudorange observations in meters; STEC is the slant
total electron content of the topside ionosphere or plasmas-
phere in units of TECU; «1,02,o are the coefficients of the
STEC in units of m/TECU that relates to GPS L1 and L2
frequencies; DCB!, DCB, denote the GNSS satellite s and
receiver » DCB values in units of meter, respectively; sf i
&, g are the noise from pseudorange observations and their
GF combination observations.

The slant total electron content (STEC) is defined as the
product of VTEC and a mapping function mf. For map-
ping functions, GNSS-derived ionosphere models are usually
based on the so-called single-layer model (SLM) as outlined.
This model assumes that all free electrons are concentrated
in a shell of infinitesimal thickness and are described by
a function of geomagnetic latitude and sun-fixed longitude
(Schaer 1999; Yuan 2002; Yuan et al. 2017). The height
of the idealized layer is usually set to the expected height
of the maximum electron density, which is called the iono-
spheric effective height (IEH) (Zhong et al. 2015a). Wautelet
et al. (2017) compared the geometric mapping function of
Xu (2003) with the SLM mapping function for LEO-based
DCB estimation, and he pointed out that both solutions were
equivalent in terms of error bars. A function called the F&K
mapping function (Foelsche and Kirchengast 2002) origi-
nally developed for converting slant-path atmospheric water
vapor to the vertical retrieved was applied to LEO-based TEC
conversion (Yue et al. 2011). The F&K mapping function is

a thick layer model with the layer thickness of IEH above the
receiver. Zhong et al. (2016) illustrated that the F&K map-
ping function together with the IEH was more suitable for
LEO-based TEC conversion under certain conditions, though
the SLM was more appropriate for the ground-based verti-
cal TEC retrieval. Yue et al. (2011), Lin et al. (2014), Li
etal. (2017a) and Li et al. (2019) applied the F&K geometric
mapping function to complete the conversion from slant to
vertical plasmasphere delay. In this study, we employed the
F&K mapping function to convert the plasmasphere TEC,
and the LEO-based VTEC has been modeled and expressed
in the form of a spherical harmonic function to improve its
temporal and spatial resolution. Here, we described the iono-
spheric pierce point (IPP) as the intersection of IEH and the
slant signal ray path. Using the LEO-based VTEC models,
the onboard data from different orbit heights could be applied
to solve satellite DCBs, and the global plasmasphere VTEC
was modeled in a solar-geomagnetic reference frame using
a spherical harmonic expansion up to degree and order of
12 in our study. The temporal modeling mode was set to
dynamic status, with the time spacing set to 12 h for LEO
onboard observations. The relationship between STEC and
VTEC can be expressed as shown in (3):

STEC = mfrgx - VTEC
1+ (Rg + hign)/ RLEO

mfrak =
cosz + \/(RE +hign)?/ Rigo — (sinz)2 3)
hlEH = (0.0027F1()7 + 1.79)hLEQ — 5.52F107 + 1350
nmax n_ B B
VTEC = Z Z Py (sin @) - (Apm cOS(mMA) + By sin(mA))
n=0 m=0

where STEC and VTEC represent the slant and vertical total
electron content of the topside ionosphere or plasmasphere
in units of TECU; m fggx refers to the F&K mapping func-
tion, RE is the earth radius in kilometers; higy represents the
IEH in kilometers; here, Rigo = Rg + hLgo.h1Lgo denotes
the orbit height of LEO satellite above the earth’s surface in
units of kilometer, ;o7 is the solar radio flux at 10.7 cm, and
z is the zenith angle of the slant ray path. In the expression of
VTEC,p and A are, respectively, the geographic latitude and
the sun-fixed longitude, nmax is the maximum degree of the
spherical harmonic expansion; 13,, m 18 the normalized associ-
ated Legendre functions of degree n and order m; Anm, I§,,m
are the estimated TEC coefficients of the spherical harmonic
function.

As satellite and receiver DCBs are closely correlated,
resulting in normal matrix rank deficiency, the DCB datum
is defined by a zero-mean condition that is imposed on the
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satellite bias estimation for decorrelation. The zero-mean
condition can be written as shown in (4):

Smax

Z DCB* =0 “
s=1

where Smax refers to the total number of observed navigation
satellites.

The larger the elevation cutoff angle, the greater the cor-
relation between the VTEC and receiver DCBs, so the ideal
elevation angle is low enough to allow VTEC and receiver
DCB estimation decorrelation. In order to make use of
onboard observations, a sample interval of 10 s and cutoff
elevation of 15° were adopted for onboard data. The cutoff
elevation angle of 15° is applied based on the fact that the
GPS antenna is tilted by 15° with respect to the JASON satel-
lite X/Z plane (Cerri et al. 2010; Wautelet et al. 2017). In this
case, the minimum 0° can reduce multipath error and mea-
surement noise to some extent. The daily DCB values should
be realigned by applying a shift from non-all satellite DCB,
which can be computed using a common set of satellites over
the period of interest.

After applying the alignment procedures, we compared
and evaluated results from the different DCB schemes, tak-
ing comparison with their respective stability (Zhong et al.
2015b; Sanz et al. 2017) as internal evaluation and com-
parisons with the external reference products as external
evaluation. GPS satellite DCBs were evaluated using inter-
nal and external evaluation. Internal evaluation refers to
estimated DCBs monthly stability analysis, provided in the
form of standard deviation (STD), while external evaluation
contains the difference mean and standard deviations and dif-
ference root mean square (RMS) for estimated DCB values
with respect to CODE daily products (Schaer 1999), given
in the form of different GPS satellite.

The monthly stability of satellite DCBs, provided in the
form of STD, can reflect the stability and reliability of DCB
estimation to some extent, and it is expressed as follows:

dd _
Z (bil _ bs)z
d=1

STD® =
dd —1

&)

where the superscript s and d represent the navigation satellite
and day of a month, respectively, STD® denotes the monthly
stability of the navigation satellite s DCB values, b7 is the
estimated DCB values of satellite s on day d in a month,
b* refers to the monthly mean of the satellite s DCB values
estimated, and dd represent the total days of the month.
After applying the alignment procedures, the differences
RMS values for estimated GPS satellite DCBs relative to
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external reference products, given in the form of different
GPS satellites, are calculated according to the following:

dd _
> (b~ By
d=1

RMS® =
dd

(6)

where the superscript dd represents the total days of the
month; RMS? denotes the difference RMS of the GNSS satel-
lite s DCB values with respect to the reference products; b is
the estimated DCB values of satellite s on day  in a month;
I;fi refers to the satellite s DCB values of the external refer-
ence products on day d.

2.2 The innovations in DCB processing strategies

There are two important differences in estimation strategies.
The first lies in terms of the data preprocessing method. In
most studies, DCB estimation based on onboard and ground
data uses the carrier-to-code leveling process. Due to more
cycle slips in the onboard phase observations compared to
ground data, larger error is easily introduced by carrier-to-
code leveling. We made DCB estimation procedures using
clean onboard code observations, which are screened by
LEO satellite precise orbits calculated from phase observa-
tions. Before carrying out the LEO-based DCB estimation,
we conducted some data preprocessing procedures for the
space-borne observation to obtain clean code observation. In
a first step, code observations were screened iteratively by
single point positioning (SPP) epoch solution in the form of
ionosphere-free combination observations, and outlier obser-
vations detected with RMS of kinematic solution. After that,
the high-accuracy LEO orbits as known prior orbit infor-
mation derived from the phase observations were introduced
into SPP epoch estimation equations. A second screening for
code observations was conducted iteratively using the esti-
mation residuals of 10 m and confidence interval of 5 sigma.
Finally, the cleaner code data were used to calculate DCB val-
ues. This preprocessing for pseudorange draws on the data
preprocessing method of LEO precise orbit determination
(Kang et al. 2006; Liu et al. 2019). In this way, the pseudor-
ange obtained by this method is relatively clean. In addition,
it should be noted that DCB estimation applied LEO orbits as
prior orbits, calculated by reduced-dynamic precision orbit
determination (Kang et al. 2006; Liu et al. 2019).

The second difference was that we proposed an iono-
sphere processing method for LEO-based DCB estimation
using onboard data from different orbit heights. First, the
plasmasphere of the slant ray path was modeled based on
F&K mapping function and spherical harmonic function, to
obtain the LEO-based VTEC model. It contribute to improve
VTEC temporal and spatial resolution. Then, we jointly esti-
mated the available LEO data from different orbit heights,
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by introducing two LEO-based VTEC models to remove its
effects—it having been derived from the modeling results of
paired LEO data at the same orbital height, respectively. The
DCB estimation models based on onboard data of n LEO
satellites at the same [Eq. (7)] and different orbit heights
[Eq. (8)] can be written as:

Pi =« -mfi - VTEC; + DCB® + DCB,;

P> =« -mf, - VTEC; + DCBY + DCB,» o

have presented some conclusions in relation to GPS satellite
DCB estimation based on LEO onboard data.

3.1 DCB estimation using a single LEO satellite data

In this section, onboard GNSS observations from four LEO
satellites (GRACE-A and -B and JASON-2 and -3) were
used to estimate DCB values one-by-one, respectively. The
GPS satellite DCBs, onboard receiver DCBs and LEO-based
VTEC parameters were simultaneously estimated based
on single LEO onboard data. After aligning the estimated

P, = a -mf, - VTEC; + DCBC + DCB,, results, GPS satellite DCBs were evaluated from internal
DCBC
Pi=«a-mf;-VTEC| + DCB® + DCB,; Pi—a-mfi - VTEC, 110---0 DCB,,
.
Py=a-mfy- VTEC,+ DCB® + DCB Py—a-mfy- VTEC, 101---0
2 ) 2 2 N _ . .| DCB 8)
P, =a-mf, - VTEC,+ DCB® + DCB,, P, —a-mf,- VTEC, 100---1
DCB,,

where the subscripts of G, 1, 2, ... n, respectively, represent
GPS satellitesand 1, 2, ...n LEO satellite receivers; the sub-
script of i denotes a certain VTEC value; other symbols are
the same as the above section. The VT EC; in the Eq. (8) can
be derived from the Eq. (7).

3 Experiments and results

We applied onboard observations from four LEOs at two
different orbit heights to estimate DCB products; among the
satellites, GRACE-A and -B have orbit altitudes of 400 km,
and the orbits of the JASON-2 and -3 above the ionosphere are
at the altitude of 1350 km; so clearly, their parameter settings
for LEO-based VTEC modeling were different from each
other. The prior IEH heights for GRACE-A/B and JASON-
2/3 satellites were set at 1500 km and 3500 km, respectively,
according to Eq. (3). In this section, we present the research
results related to one month of onboard data: from day-of-
year (DOY) 183 to 213 in 2016.

In the first step, DCBs values and plasmasphere parame-
ters were simultaneously calculated using just a single LEO
satellite to test the reliability of estimation method. We then
employed paired LEO satellites data from the same orbit
heights to estimate satellite and receiver DCBs, together
with modeling the LEO-based VTEC. After that, estimation
schemes of 2—4 LEO satellites at two different orbital planes
have been built by introducing two LEO-based VTEC models
of the above step, and their stability and accuracy were also
analyzed. Below, the estimation results have been shown, and
the LEO-based plasmasphere VTEC models have also been
simply evaluated. Based on the these experiment results, we

(monthly stability) and external (difference mean, standard
deviations and RMS) aspects evaluation. Receiver DCBs
were evaluated only using internal stability due to lack of
reference products. DCB values for G04 were not estimated
due to a lack of observations.

3.1.1 Satellite DCB estimation and accuracy analysis

Figure 1 displays the monthly stability of GPS satellites
DCBs based on data from single LEO satellite; the satel-
lite DCB monthly STD mean is listed in Table 1, including
the results of CODE products (Schaer 1999) and DLR prod-
ucts (Montenbruck et al. 2014) using the different estimation
methods. The monthly STD in Table 1 means monthly sta-
bility. We can also see that most GPS satellite DCBs are
within 0.15 ns based on individual LEO satellite in Fig. 1.
The similarity in GPS satellite DCB monthly STD mean is
also evident in the values listed in Table 1, where it can be
seen that the monthly STD mean values for GRACE-A and -
B, and JASON-2 and -3 are 0.097, 0.099, 0.092, and 0.094 ns,
respectively. The monthly STDs mean values for CODE and
DLR are 0.023 and 0.065 ns, showing that the DCB stability
for single LEO satellite solutions is worse than that of CODE
and DLR products.

We take CODE DCB daily products as areference of exter-
nal evaluation (Schaer 1999). Mean difference and STD for
GPS DCBs relative to CODE products using single LEO data
are shown in Fig. 2. Figure 3 depicts the differences RMS
in GPS satellites DCBs between single LEO schemes and
CODE products, provided in the form of different GPS satel-
lites. Compared with CODE products, the differences mean
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Fig. 1 GPS satellites DCBs monthly stability based on single LEO satellite data. The yellow column, green column, dark blue column, and lake
blue column represent monthly stability obtained from GRACE-A, -B, JASON-2, -3 satellites, respectively

Table 1 Statistics for monthly

STD mean for GPS satellite With STD mean (ns) With STD mean (ns)
DCBs GRACE-A 0.097 JASON-2 0.092
GRACE-B 0.099 JASON-3 0.094
CODE 0.023 DLR 0.065

for GPS DCBs based on GRACE-A and -B, and JASON-2
satellite data vary between -0.4 and 0.4 ns, while the differ-
ence of JASON-3 data is larger than others, approximately
within 0.6 ns. According to statistics, the standard deviations
of difference for GPS DCBs are within 0.18 ns based on
single LEO satellite data. In Fig. 3, RMS time series for dif-
ferent GPS satellite DCB differences between the estimated
DCBs and CODE products are within 0.6 ns, and the cor-
responding difference RMS for JASON-3 is slightly worse
than that of the others. According to the statistics, the dif-
ference RMS mean values for GPS DCBs using single LEO
solutions (GRACE-A, -B, JASON-2, -3 satellites) are 0.192,
0.204, 0.200, 0.225 ns, respectively. We can see that the mean
difference and its RMS mean for JASON-3 are slightly worse
than the others, and it may be related to data quality. In addi-
tion, the JASON-3 satellite was launched in January 2016,
and the data selected in the study were July 2016. We have
compared the positioning accuracy using pseudorange obser-
vations of JASON-3 and other satellites. As shown in Fig. 4,
it was found that the RMS of unit weight of SPP estima-
tion using pseudorange data of LEO satellites is also worse
than that of others using the same estimation method, and
mean values for RMS of unit weight using GRACE-A, -B,
and JASON-2, -3 satellites are 0.58, 0.64, 1.12, and 2.02 m,
respectively. It shows that the data quality of JASON-3 satel-
lite may be not as good as that of other satellites in the same
period, resulting in the relatively poor results for the JASON-
3 satellite.
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3.1.2 Receiver DCB estimation

Mean and STD for onboard receiver DCBs using single
LEO satellite schemes are listed in Table 2, where it can
be seen that onboard receiver DCBs for the GRACE-A and
-B and JASON-2 and -3 satellites are — 19.224+0.144, —
14.653+0.132, — 2.584+0.165, and — 8.7944+0.264 ns,
respectively. The STD for GRACE-A and -B and JASON-
2 receiver DCBs are better than that results calculated for
JASON-3, similar results obtained for the GPS satellite DCB
daily difference RMS. The reasons may also be related to data
quality of JASON-3 observations described in Sect. 3.1.1.
In addition, it has already been suggested that space-based
receiver DCBs may depend on the receiver temperature (Yue
et al. 2011), but now we cannot obtain the temperature data
of onboard receivers, and their relationship need to be further
investigated.

3.2 DCB estimation using two LEO satellites data
from the same orbit altitude

In order to improve estimation accuracy and to model the
topside ionosphere or plasmasphere delay better, we take
LEO satellites into the GRACE-A and -B, and JASON-2
and -3 two schemes, with the each set of two LEO satel-
lites (paired satellites) at the same orbital altitude. In the two
schemes, the obtained LEO-based VTEC values differ from
each other due to their different altitudes. The obtained esti-
mation results for the GPS satellite and receiver DCBs using
two paired LEO satellite data are analyzed; the LEO-based
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Fig.2 Mean difference and 12 -+
standard deviations for GPS GRACE-A GRACE-B
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GRACE-A and -B, and JASON-2 and -3 schemes, are illus-
trated in Fig. 5. As can be seen in Fig. 5, GPS satellites DCB
monthly stabilities range between 0.05 and 0.15 ns, and esti-
mated DCB values based on JASON-2 and -3 are more stable
than those for GRACE-A and -B. According to statistics,

plasmasphere VTECs are modeled using onboard data from
the same orbit height.

3.2.1 Satellite DCB estimation and accuracy analysis

The GPS satellites DCB monthly stabilities using two sets
of paired LEOs at their respective heights, including the

the monthly STD mean values for two schemes involving
GRACE and JASON satellites are 0.095 and 0.079 ns, and
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Fig. 4 RMS of unit weight 5 T
based on SPP estimation using ® GRACE-A @ GRACE-B @ JASON-2 @ JASON-3
pseudorange data of LEO
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Table 2 Mean and STD -
statistics for onboard receiver Receiver Mean (ns) STD (ns)
DCBs fi ingle LEO dat
S om singie a GRACE-A —19.224 0.144
solutions
GRACE-B — 14.653 0.132
JASON-2 —2.584 0.165
JASON-3 — 8.794 0.264
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monthly stabilities derived from )
two paired LEO data from the
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red line represent the time series —
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from GRACE-A and -B paired —
satellites solution and JASON-2 2z 01s 4
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that these results are slightly superior to the results obtained
using single LEO satellite solutions from Table 1.

Figure 6 depicts the mean difference and standard devia-
tions for GPS DCBs relative to CODE products using paired
LEOs data, and Fig. 7 shows the corresponding DCB differ-
ences RMS with respect to CODE products.

The mean differences of GPS satellite DCBs using paired
LEOs data relative to CODE products all vary between
— 0.4 and 0.4 ns, and the corresponding standard deviations
of differences are within 0.14 ns. The DCBs differences RMS
for different GPS satellites, based on paired LEOs are in the
range of 0-0.4 ns. Statistically, RMS mean from Fig. 7 using
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GRACE-A plus -B paired satellites and JASON-2 plus -3
paired data are 0.196 and 0.168 ns, respectively. Compared
with single LEO solutions, it can be found that the RMS for
the JASON-2 plus -3 scheme is superior to that established
for the single LEO satellite solutions, and that the difference
RMS mean based on GRACE-A plus -B scheme is superior
to that for the GRACE-B solution and similar to the accuracy
of GRACE-A solution.
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Fig.7 GPS satellite DCB
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3.2.2 Receiver DCB estimation

Means and STD for onboard receiver DCBs are displayed
in Table 3. We can see that the receiver DCBs stabilities for
GRACE-A and -B paired scheme are both 0.128 ns, showing
some improvement compared with the single LEO satellite
schemes. It can be seen that stabilities for the JASON-2 and
-3 scheme are 0.198 and 0.199 ns, superior to that of single
JASON-3 solution. In Table 3, STDs for paired LEO satellites
are almost identical in each set solution. The reasons may be
that the paired LEO satellites, such as GRACE-A and -B
or JASON-2 and -3, have the same high-accuracy receivers
and similar ionosphere activity characteristics due to similar
satellite tracks that the paired receivers experienced.

3.3 DCB estimation using more than two LEO
satellites data from different orbit heights

In order to make full use of available LEO onboard data
from different orbital altitudes, we designed three schemes
for GPS satellite DCB estimation—GRACE-A and JASON-
2 (two satellites), GRACE-A and -B and JASON-2 (three
satellites), and GRACE-A and -B plus JASON-2 and -3 (four
satellites); these three schemes capture different topside iono-

5D O N DD DN D O A DD DN A DA DO D DA A
SRR ISV E S

Table 3 Mean and STD statistics for receiver DCBs

Receiver Mean (ns) STD (ns)
(a)

GRACE-A —19.330 0.128
GRACE-B — 14.968 0.128
(b)

JASON-2 —2.562 0.198
JASON-3 —9.003 0.199

(a) The mean and STD for receiver DCBs obtained from paired GRACE
satellites solution, and (b) the mean and STD using paired JASON
satellites data

sphere or plasmasphere VTECs from GPS satellites to LEOs
at different orbit heights. In this case, we propose and apply
the two LEO-based VTEC models estimated in Sect. 3.2 to
deduct the plasmasphere VTEC delay. We evaluate the sta-
bility and accuracy of DCB estimation based on onboard data
of three schemes from different orbit heights.

3.3.1 Satellite DCB estimation and accuracy analysis

During both the two schemes for GRACE-A plus JASON-2,
and GRACE-A and -B plus JASON-2, we select the JASON-
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2 onboard data to test due to its higher accuracy compared
with JASON-3 data. The time series for daily GPS satel-
lite DCBs using four LEO data from different orbit heights
are shown in Fig. 8, where it can be seen that GPS satel-
lite DCB values range between — 10 and 10 ns and are
relatively stable. The monthly stability for GPS satellites
DCBs using more than two LEO satellites data from differ-
ent orbit heights is presented in Fig. 9. Table 4 lists the STD
mean for corresponding GPS satellite DCBs, for the sake
of convenient comparison, also showing the results of LEO
estimation schemes in Sects. 3.1 and 3.2. As shown in Fig. 9,
the GPS DCBs stability using four LEO satellites data is
mainly 0.04-0.10 ns. The GPS satellite DCBs stability using
four LEOs solution is similar to that of the DLR products
(0.065 ns), and the CODE products have highest monthly
stability (0.023 ns). The monthly stability achieved using
multi-LEOs data is better than that of single LEO schemes.
The stability of 0.064 ns based on four LEO satellites data
is optimal in the all tested LEO solutions, manifesting that
the more the number of LEO satellites involved, the higher
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the monthly stability achieved. Compared with single LEO
satellite solutions, the GPS DCB monthly stability using two
LEOs (GRACE-A and JASON-2), three LEOs (GRACE-A
and JASON-2 and -3), and four LEOs data are approxi-
mately improved by 25-35%. The estimated DCB results
based on GRACE-A and JASON-2 satellites data from dif-
ferent orbit heights are more stable than those achieved by the
GRACE-A and -B or JASON-2 and -3 schemes from the same
height, due to removing the LEO-based plasmasphere VTEC
effects.

Figure 10 shows the mean difference and standard devia-
tions for GPS DCBs compared with CODE products, using
multi-LEOs data from different orbit heights. Meanwhile, the
monthly DCB differences RMS for different GPS satellites
with respect to CODE products, using multi-LEOs data from
different orbit heights, are displayed in Fig. 11. The DCB
differences RMS mean statistics from Fig. 11 are shown in
Table 5, involving RMS results of all tested LEO satellite
solutions for convenient comparison. It can be found that
the time series for the mean difference of GPS DCB using
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Fig. 10 Mean difference and 12 T
standard deviations for GPS
DCBs relative to CODE
products using multi-LEOs data
from different orbit heights. The
green dots, blue dots, and red
dots represent results obtained
from GRACE-A plus -B
satellites data, GRACE-A plus
-B plus JASON-2 satellites data,
GRACE-A plus -B plus
JASON-2 plus JASON-3
satellites data, respectively
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Table 4 Monthly STD mean for GPS satellite DCBs

With STD mean (ns)
GRACE-A 0.097
GRACE-B 0.099
JASON-2 0.092
JASON-3 0.094
GRACE-A and -B 0.095
JASON-2 and -3 0.079
GRACE-A and JASON-2 0.070
GRACE-A and -B and JASON-2 0.072
4LEOs 0.064

multi-LEOs data from different orbit heights are smoother
than other single LEO schemes or paired LEOs solutions,
and related standard deviations are within 0.10 ns, which
are superior to that of single LEO solutions within 0.18 ns,
and of paired LEOs solutions within 0.14 ns. According to
statistics, mean values of difference standard deviations are

QSN NVMHITIT L LN 9L O H LAY
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improved by more than 30% compared with single LEO solu-
tions. We can see that the DCB differences RMS compared
with CODE products are within 0.3 ns, approximately, which
are superior to that of single LEO solutions within 0.6 ns
and of paired LEOs solutions within 0.4 ns. It is obvious
that the schemes GRACE-A and JASON-2 (two LEOs) of
0.146 ns, the GRACE-A and -B and JASON-2 (three LEOs)
of 0.149 ns, and four LEOs of 0.148 ns exhibit better accura-
cies than the other solutions. It also indicates that the accuracy
of GPS satellite DCBs using multi-LEOs data from different
orbit heights is superior to that from either the same orbital
height or single LEO satellite solutions. Compared with the
difference RMS of single LEO solutions, the RMS accu-
racies for schemes GRACE-A and JASON-2 (two LEOs),
the GRACE-A and -B and JASON-2 (three LEOs), and four
LEOs are improved by 25-35% approximately. Among all
the schemes, the best stability is obtained using four LEO
satellites data from different orbit heights, with GPS satel-
lite DCB stability of 0.064 ns; the optimal accuracies of
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Table 5 RMS mean statistics for GPS satellite DCB differences based
on multi-LEO schemes relative to CODE products

Satellite RMS mean (ns)
GRACE-A 0.192
GRACE-B 0.204
JASON-2 0.200
JASON-3 0.221
GRACE-A and -B 0.196
JASON-2 and -3 0.168
GRACE-A and JASON-2 0.146
GRACE-A and -B and JASON-2 0.149
4LEOs 0.148

DCB estimation are approximately the scheme GRACE-A
and JASON-2 (two LEOs) of 0.146 ns.

In general, the number of satellites and the plasmasphere
VTEC affected GPS satellite DCB accuracy. For LEO satel-
lites at the same orbit heights, when LEO satellite orbits are
low at the height of high electron density—such as GRACE-
A and -B satellite—the two LEO satellites play a little role
for accuracy improvement. When LEO orbits are above the
high electron density area, such as JASON-2 and -3 satellite,
the number of LEO satellites involved has an impact on the
accuracy of DCB estimation. It is clear that the more onboard
data involved, the more stable the estimation results. After
removing the plasmasphere delay for LEO satellites at dif-
ferent heights, it seems that the number of LEO satellites has
little effect on GPS DCB estimation accuracy, although we
can still see that more available LEO onboard data provide
more stable estimation results.

3.3.2 Receiver DCB estimation

Figure 12 shows the time series of onboard receiver DCBs
achieved using four LEO data in July 2016. Table 6 lists
the mean and STD statistics for receiver DCBs from the
results plotted in Fig. 12. The receiver DCBs are mainly in
the range of — 20 to 0 ns, and it can be seen that the JASON-3
receiver DCBs fluctuations are slightly larger than those for
the others. Comparing Table 6(b)—(d), it can be seen that the
receiver DCB STD for the same type of LEO satellites at
the same orbit heights is almost identical, using the different
LEO satellites data from different orbit heights, which the
receiver DCB STD based on GRACE series satellites, and
JASON series satellites are 0.135 and 0.197 ns, respectively.
The multi-LEO satellites solution used more observation data
and more stable topside ionosphere models, which is more
stable and accurate than that based on single LEO satellite
data. The STD value of JASON-3 receiver DCB is larger
than others, while the single LEO satellite solution is easily
affected by many factors, such as data quality or receiver tem-
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Table 6 Mean and STD statistics for onboard receiver DCBs

Receiver Mean (ns) STD (ns)
(@)

GRACE-A —19.224 0.144
GRACE-B — 14.653 0.132
JASON-2 —2.584 0.165
JASON-3 — 8.794 0.264
(b)

GRACE-A — 19.039 0.133
JASON-2 — 2.566 0.196
©

GRACE-A — 19.047 0.133
GRACE-B — 14.693 0.134
JASON-2 —2.572 0.196
(d)

GRACE-A — 19.056 0.133
GRACE-B — 14.698 0.135
JASON-2 —2.573 0.197
JASON-3 —-9.013 0.197

(a) The mean and STD for receiver DCBs using single LEO satellite
schemes, (b) the mean and STD obtained from GRACE-A and JASON-
2 satellites scheme, (c¢) the mean and STD obtained from GRACE-A
and -B and JASON-2 satellites scheme, and (d) the mean and STD using
four LEO satellites scheme

perature, and JASON-3 receiver DCB is also easily affected.

3.4 LEO-based plasmasphere VTEC analysis

During DCB estimation using two paired LEO data from
the two different orbit height planes, the LEO-based plas-
masphere VTEC was also obtained and refined. In Sect. 3.3,
we worked DCB estimation by introducing two LEO-based
TEC models derived from two paired satellites data (from
Sect. 3.2), to remove the upper ionosphere effects. Differ-
ent for the specific assessments methods of ground-based
ionosphere VTEC (Hernandez-Pajares et al. 2017; Li et al.
2017b), we only performed a simple evaluation for the accu-
racy and stability of the obtained plasmasphere VTEC due
to the length of the paper. To verify the reliability of plas-
masphere VTEC, we firstly, added the estimated LEO-based
VTEC and International Reference Ionosphere (IRI) 2016
model, which the IRI model had been derived from a large
amount of ionosphere detection data (Bilitza 2009; Bilitza
et al. 2017). The IRI 2016 model adds Shubin model option
forionosphere F2 peak height calculation. IRI_Shubin model
was built using the observation data from three occultation
missions (CHAMP/GRACE/COSMIC) and global observa-
tion from 62 ionosondes from 1987 to 2012 (Bilitza et al.
2017). To obtain better performance of IRI 2016 outputs, we
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Fig. 12 Onboard receiver DCB
time series from the four LEOs 0T
solution
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selected the IRI_Shubin option in the manuscript. Then, we
compared the above summed VTEC with the CODE Global
Ionosphere Map (GIM) (Schaer 1997, 1999) and analyzed
the reliability of the estimated LEO-based VTEC models.
Before this work, we analyzed the corresponding geomag-
netic and solar conditions.

The time series for solar and geomagnetic indices on July
2016 are shown in Fig. 13. The solar activity index on DOY
183 is 74.5 sfu, which indicated that there is not an active
solar activity level on this day. It is also notable that the geo-
magnetic Kp and DST indices have no exhibited significant
variations and differences on this day, indicating rather quiet
geomagnetic condition.

Taking the GRACE-A and JASON-2 satellites, for exam-
ple, Fig. 14 displays the scatter distribution of LEO-based
plasmasphere VTEC values on DOY 183 in 2016 using
GRACE-A and JASON-2 satellites data, considering the lat-
itudes of GRACE-A and JASON-2 orbits as the x-axis. The
LEO satellite can revolve the earth more than ten times in
one day, thus there is more overlap in scatter distribution.
The GRACE satellites are the polar-orbiting satellites with
an orbital inclination of about 90°, while the JASON satellites
have an orbital inclination of 66°. Thus, in Fig. 14, onboard
observations of GRACE-A satellite cover the — 90° to 90° of
latitude space, and observation data of the JASON-2 satellite
only occupy — 66° to 66° of latitude space. The plasmasphere
VTEC values using GRACE-A data by introducing GRACE-
based VTEC model are within 27 TECU, while the VTEC
results based on JASON-2 data and JASON VTEC model
are about within 10 TECU. The LEO-based VTEC values
are modeled into spherical harmonic function. Thus, VTEC
results obtained from this method have the higher temporal
and spatial resolution, which may cause slightly great vari-
ation ranges for GRACE-based VTEC results. Moreover, in
2016, before the expiration of satellite life, the highest and

NNINININTININININI N AT A AN
DOY in 2016

lowest orbit heights of GRACE satellites have reduced to
392 and 355 km, respectively, which may contribute to some
increment of VTEC results. The scatter distribution in Fig. 14
presents that the corresponding latitudes for GRACE-A-data-
based VTEC peaks are located at about 0°-20° of north
latitude, and the latitudes of JASON-2-data-based VTEC
peaks are located at around 0°. In addition, we find that the
JASON-2-data-based VTEC values have some negative val-
ues, and it is similar to the VTEC estimation results using
ground station data. And this case also appears in the results
of Wauteletet al. (2017) and Li et al. (2017a), and they reckon
that DCBs parameters are underestimated. At present, there
is no study to deal with the problem of negative values in
LEO-based VTEC results. The reason of negative values may
be the high height of JASON satellites and smaller abso-
lute values of JASON-based plasmasphere VTEC. Another
reason may be related to uneven data distribution. Due to
uneven coverage of puncture point observations related to
orbital inclination of 66° for JASON-2 satellite, it may lead
to appear the negative values of VTEC. And this situation
almost does not exist for GRACE satellites due to whole even
coverage of observation data. According to statistics, when
JASON-based VTEC results are non-negative, correspond-
ing observation data of JASON-2 satellite can also cover —
66° to 66° of latitude space (corresponding to orbit inclina-
tion of 66° for JASON satellites), and it doesn’t affect final
DCB estimation results. In Fig. 14, we show the non-negative
VTEC results based on JASON-2 satellite orbits since the
negative values have no physical meaning. The treatment of
negative values in JASON-based VTEC is a problem that
needs to be further studied. In addition, it is worth noting
that if we would like to obtain the global LEO-based top-
side ionosphere, we should use the full coverage and even
distributed LEO onboard data derived from polar-orbiting
satellites with an orbital inclination of about 90°.
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Fig. 13 Variations of solar and F10.7cm [sfu]
geomagnetic indices for July 120 T
2016: (top) solar radio flux at 110 4
10.7 cm; (middle) planetary K
. 100 +
value (Kp indices); (bottom)
disturbance storm time index % T
(DST) 80 +
70 +
60 +
50 —t —t t —
© D& o > © A 0 Q& S
FFELEFILIISIP LELITFTIITELSFEFP PP

DST [nT]
60 T

40 1
20 ¢

01
2014

-40 +

-60 +

Kp
6 -

w s
+ t

N
+

0

DOY in 2016

o) I AN
KA K

Mean (top) and STD (bottom) for the differences between
the sum TEC, for LEO-based VTEC and IRI model,
and the CODE GIM, during July 2016, are depicted
in Fig. 15. During DCB estimation for multi-LEO data
from different orbit heights, two LEO-based VTEC models
were introduced—GRACE-based VTEC model and JASON-
based VTEC model, which the GRACE-based VTEC model
derived from the GRACE-A and -B satellites data, and the
JASON-based VTEC model come from the JASON-2 and -3
satellites data. Since negative values have no physical mean-
ing, we consider the negative values in JASON-based VTEC
as 0. The mean of the difference between the sum TEC (the
GRACE-based VTEC and IRI TEC) and the CODE GIM
fluctuate around 4 TECU; the corresponding mean of differ-
ence between the sum TEC, for the JASON-based VTEC and
IRI TEC, and the CODE GIM, are close 0 TECU approxi-
mately, with the range of — 2 to 2 TECU. It can be seen,
at the bottom of Fig. 15, that the STD values for the differ-
ences between the sum TEC, for the JASON-based VTEC
and IRI TEC, and the CODE GIM fluctuate around 3 TECU
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approximately, while the STDs for the GRACE-related dif-
ferences fluctuate around 4 TECU. These statistics indicate
that the differences between this sum TEC (GRACE-based
VTEC plus IRI TEC) and the CODE GIM, are approximately
3.84+3.8 TECU, while the JASON-related differences are
approximately — 0.2+ 3.0 TECU. Considering that the alti-
tude of GRACE satellites is less than 400 km, it is more
complex for corresponding plasmasphere TEC compared
with JASON satellites, with large absolute value and rela-
tively low accuracy, while the corresponding plasmasphere
TEC for the JASON satellites at the altitude of 1350 km is
less complex than that obtained for the GRACE satellites,
with the high accuracy. These comparisons indicate that the
LEO-based VTEC exhibits relatively reliable results. The
evaluation and accurate measurement for LEO-based VTEC
are still a problem that needs further research. The next
research work will aim to make the better reliability anal-
ysis of TEC provided by IRI model and obtain more reliable
external TEC reference values for comparison analysis.
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4 Conclusions

GPS satellite DCBs can be estimated using LEO data as a
different method or as an alternate data source of ground sta-
tions. In this study, we simultaneously estimate GPS satellite
DCBs, receiver DCBs, and LEO-based plasmasphere delay
parameters using four LEO satellites from two different orbit
heights. We proposed an ionosphere processing method for
multi-LEO data from different orbit heights, which work
by introducing the LEO-based VTEC models in advance to
remove its effects. The two introduced VTEC models are
derived from the modeling results using two paired LEO data
from the same orbital height, respectively. Some conclusions
have been drawn:

(1) For GPS satellite DCB estimation using LEO data,
the LEO-based VTEC is the main factor to influence
DCBs estimation. It is also apparent that the more LEO
data there are, the more stable the estimation results
are, regardless of whether the onboard data are derived

''''''

Lattitudes of GRACE-A orbit [deg]

Latitudes of JASON-2 orbit [deg]

from the same or different orbit heights. For LEO data
from different orbit heights, we proposed to remove the
plasmasphere delay effects in advance, by introducing
the LEO-based VTEC models. It is worth noting that
DCB estimation stability and accuracy can reach the
superior results when multi-LEOs onboard data from
different orbit heights are used. The mean difference
and their standard deviations of GPS DCBs using multi-
LEOs solution from different orbit heights relative to
CODE products are better than those of single LEO
and paired LEO solutions. The estimated GPS satel-
lite DCBs accuracies RMS using multi-LEOs data from
different heights are superior to that LEO schemes from
either the same orbit height or single LEO schemes.
Compared with the results of single LEO solutions, the
monthly stabilities and accuracies for schemes GRACE-
A and JASON-2 (two LEOs), the GRACE-A and -B and
JASON-2 (three LEOs), and four LEOs from different
orbit heights are improved by 25-35%, approximately.
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Fig. 15 Mean (top) and STD
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(2) Using different LEO satellites from different orbit
heights, the receiver DCB stability obtained using the
same type of LEO satellites data at the same orbit heights
are almost identical during the joint estimation, with
the receiver DCB STDs based on GRACE series and
JASON series satellites are 0.135 and 0.197 ns, respec-
tively. The reasons may be that the paired LEO satellites
have the same type receivers, and similar ionosphere
activity characteristics due to similar satellite tracks that
the paired receivers experienced.

To validate the realness of estimated LEO-based plas-
masphere VTEC models, we compare the sum TEC
of the LEO-based VTEC and IRI TEC, with the
CODE GIM. The results indicate that the differences
between the sum TEC (GRACE-based VTEC plus IRI
TEC) and the CODE GIM are 3.8 +3.8 TECU; simi-

3)

@ Springer

larly, the JASON-related differences are approximately
— 0.243.0 TECU. These comparisons demonstrate
that the LEO-based VTEC represent relatively reliable
results.

DCB estimation stability and accuracy can reach the supe-
rior results when multi-LEOs onboard data from different
orbit heights are used. Among all the schemes, the supe-
rior stability derived from simultaneous estimation using four
LEO data at different orbit heights is 0.064 ns; the optimal
accuracy for DCB estimation for different GPS satellites is
the scheme GRACE-A and JASON-2 of 0.146 ns. Therefore,
the stability and accuracy of LEO-based DCB estimations
are similar to the level of ground station-based solutions. In
order to improve the accuracy of GNSS DCB products fur-
ther, we recommend using more LEOs data from the same
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orbit heights to refine the LEO-based plasmasphere VTEC
models and further optimize the error processing for DCB
estimation. For example, the GPS group delay variations
(GDV) may affect the stability of DCB estimation (Wan-
ninger et al. 2017), which deserves further study as our next
key research work. Moreover, the evaluation and accurate
measurement for LEO-based VTEC are still a problem that
needs further research, including making the better reliabil-
ity analysis of TEC provided by IRI model and obtaining
more reliable external TEC reference values for comparison
analysis. In addition, according to the accuracy performance
of estimation results using multi-LEO satellites data, it is
also an effective method to consider weighting processing
in DCB estimation. In this way, more LEO satellite data
obtained from different orbit heights can be used to enhance
navigation satellite products accuracy, also called navigation
enhancement of LEO satellite.
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