Journal of Geodesy (2021) 95:76
https://doi.org/10.1007/500190-021-01536-2

ORIGINAL ARTICLE q

Check for
updates

GPS satellite differential code bias estimation with current eleven low
earth orbit satellites

Xingxing Li' - Wei Zhang' - Keke Zhang' - Qian Zhang" - Xin Li' - Zihao Jiang' - Xiaodong Ren' - Yonggiang Yuan'

Received: 25 October 2019 / Accepted: 13 June 2021/ Published online: 22 June 2021
© Springer-Verlag GmbH Germany, part of Springer Nature 2021

Abstract

Many low earth orbit (LEO) missions have been launched recently for different geoscience studying purposes such as iono-
sphere detecting and gravity recovering. The onboard observations from LEO satellites provide us a great opportunity to
estimate the differential code bias (DCB) which is vital for precise applications of global navigation satellites system. This
paper mainly focuses on the contribution of multi-LEO combination to the DCB estimation using onboard data collected
by current eleven LEO satellites from day of year (DOY) 061, 2018 to DOY 120, 2018. The single-LEO solutions with
different LEO and multi-LEO solutions with different LEO subsets are compared and analyzed in detail to fully exploit
the potential of LEO onboard observations in the DCB estimation. We also evaluate and discuss the vertical total electron
content (VTEC) results and posterior residuals to validate the estimation accuracy. Our results show that the average DCB
standard deviation (STD) values are within 0.140 ns for all eleven single-LEO solutions with the best stability of 0.082 ns for
Swarm-B solution. The evaluation of multi-LEO solutions indicates that with the increase in LEO satellites, the GPS DCB
stability gets improved gradually. The 9-LEO solution can achieve the stability with STD value of 0.051 ns, better than that
of DCB products from the German Aerospace Center (DLR) (0.055 ns) but slightly worse than that of DCB products from
the Chinese Academy of Sciences (CAS) (0.048 ns). The results suggest that the GPS DCB stability based on the onboard
observations of nine LEO satellites can be comparable to the ground-based solution derived from a global ground network
with hundreds of stations. The LEO space-borne receiver DCB results illustrate that the inclusion of more LEO satellites
can contribute to the stability improvement of receiver DCB. In addition, the VTEC estimation can benefit from the joint
processing of multiple LEO observations and achieves a noticeable reduction in the percentage of negative VTEC values.
Our results also reveal that the spherical symmetry ionosphere assumption might cause accuracy degradation in the DCB
estimation at low latitudes.

Keywords Differential code bias (DCB) - Low earth orbit (LEO) onboard observations - Multi-LEO combination - Vertical
total electron content (VTEC) - Spherical symmetry ionosphere assumption

1 Introduction as one of the major error sources for GNSS observations, the

DCB must be considered in precise applications of global

The differential code bias (DCB) is generally recognized as
a kind of signal timing bias existing between two different
types of code observations on the same or different frequen-
cies. Since the DCB can significantly affect the accuracy of
total electron content (TEC) estimation, the precise knowl-
edge of DCB values is required in the ionosphere modeling
(Schaer 1999; Hernandez-Pajares et al. 1999). In addition,
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navigation satellite system (GNSS), such as precise point
positioning (PPP) (Li et al. 2018a; Ge et al. 2017) and sat-
ellite clock estimation (Li et al. 2016) owing to the use of
code observations.

Recently, many low earth orbit (LEO) missions have
been launched for different geoscience studying purposes,
such as Swarm for ionosphere detecting (Friis-Christensen
et al. 2008), Sentinel for ocean surveying (Aschbacher and
Milagro-Pérez 2012), the Meteorological Operational sat-
ellite (MetOp) for meteorology monitoring (Edwards et al.
2006), and the Gravity Recovery and Climate Experiment
(GRACE) for gravity recovering (Tapley et al. 2004). The
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precise science orbit of LEO satellites is a key issue to fulfill
the scientific objectives of these missions. In the precise
orbit determination (POD) of LEO satellites, the DCB can
significantly affect the orbit accuracy and should be cali-
brated. Despite the fact that DCB values of GPS satellites
have been calibrated before launch, they still suffer from
distortion caused by many factors, such as hardware aging,
and space temperature (Sanz et al. 2017). It is, therefore, of
vital importance to determine the DCB during the period of
GPS satellite in orbit.

Aiming to provide high-accuracy DCB and ionospheric
vertical total electron content (VTEC) products, the interna-
tional GNSS service (IGS) started the ionospheric working
group in June 1998 (Feltens 2003; Hernandez-Pajares et al.
2009). Generally, there are two main methods to estimate
the DCB (Li et al. 2014; Wang et al. 2015). The first one is
estimating the ionosphere model and DCB values simultane-
ously (Mannucci et al. 1998; Hernandez-Pajares et al. 1999).
A well-known application of this approach is the genera-
tion of Global Ionospheric Maps (GIMs). Apart from this
approach of DCB estimation, another method is eliminat-
ing the ionosphere delay with a priori ionospheric model
before the estimation. The DCB products provided by the
German Aerospace Center (DLR) were generated by utiliz-
ing the GIMs to eliminate the slant total electron content
(STEC) parameters (Montenbruck et al. 2014). Also, Li et al.
(2018b) estimated the DCBs for Chinese BeiDou satellite
system (BDS-2 and BDS-3) using this approach.

Currently, all DCB products are generated from GNSS
observations of ground stations. The DCB precision of the
ground-based DCB estimation is mainly within 0.05-0.30 ns
in terms of the day-to-day repeatability for most DCB prod-
ucts provided by analysis centers (ACs), such as the Center
of Orbit Determination in Europe (CODE) and the Chinese
Academy of Science (CAS) (Montenbruck et al. 2014; Wang
et al. 2015). Although the ground-based DCB products have
shown valuable GNSS applications, the drawbacks still
exist in two aspects. On the one hand, the ground stations
are mainly distributed in continental regions while ocean
regions are hardly covered. The distribution of ground sta-
tions would affect the accuracy of satellite DCB estimates
(Wang et al. 2015). On the other hand, the observations from
ground stations suffer from severe ionosphere errors due to
the ionospheric ionization especially in the ionosphere area
of high electron density such as F layer. The observation
errors caused by the ionosphere will be mapped into the
DCB parameters, thus leading to the severe degradation of
DCB accuracy (Yue et al. 2011; Noja et al. 2013).

Since most LEO satellites of geodetic missions have
been equipped with dual-frequency space-borne receiv-
ers, the approach of estimating DCB by utilizing the LEO
onboard data was proposed. Different from ground stations,
the ground tracks of LEO satellites can cover most regions
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without being restricted by the ground environment. In
addition, most LEO satellites orbit at the altitude of top-
side ionosphere. Due to the low electron density of topside
ionosphere, the LEO-based DCB estimation can be less
affected by the ionospheric ionization (Hernandez-Pajares
et al. 2011; Zhong et al. 2016a). Three methods have been
widely applied in the LEO-based DCB estimation. The
first method is under the assumption that the ionosphere
model is as accurate as the real ionospheric electron den-
sity. Hence, the LEO receiver DCB can be calculated by
subtracting the modeled TEC value from the measured TEC
value (Heise et al. 2002). However, this method has a strong
dependence on the accuracy of the ionosphere model. The
second one adopted by Lee et al. (2013) assumed that the
measured TEC above the LEO satellite is close to zero in
the area of high latitudes or during nighttime. This method
can be easily affected by observation errors such as cycle
slip and multipath errors. The third method is the applica-
tion of the spherical symmetry assumption under which the
VTEC is identical for different GPS satellites at the same
epoch (Yue et al. 2011; Zakharenkova and Cherniak 2015;
Wautelet et al. 2017; Li et al. 2019a). The VTEC parameters
are estimated along with DCB. This method can work well
in most cases but might cause accuracy degradation in the
DCB estimation at low latitudes (Yue et al. 2010). Based on
three methods above, the existing literature has proved the
great potential of LEO-based DCB estimation. Nevertheless,
the majority of previous studies are based on the onboard
observations from single LEO satellite. The advantage of
onboard observations for the DCB estimation has not been
fully exploited. Thanks to the availability of onboard data
from so many LEO satellites, we get a great opportunity to
investigate the contribution of multi-LEO combination to
the DCB estimation. Considering the limited accuracy of
the current plasmasphere model (Zhang and Tang 2014) and
the different observation error-level for LEO satellites, we
adopted the spherical symmetry assumption which has been
widely applied in the DCB estimation.

In this paper, we mainly focus on the contribution of
multi-LEO onboard observations to the DCB estimation.
The paper is organized as follows: In Sect. 2, the method
and strategy utilized in the DCB computation are pre-
sented. In Sect. 3, the corresponding results are displayed
and discussed which consists of four parts: In Sect. 3.1, the
multipath errors for each LEO satellite are analyzed. The
contribution of observations from single LEO satellite and
multiple LEO satellites to the DCB estimation is assessed
in the Sect. 3.2 and Sect. 3.3, respectively. In Sect. 3.4,
the impact of multi-LEO combination on VTEC results is
evaluated. The posterior residual results for different LEO
satellites are analyzed in Sect. 3.5. In Sect. 3.6, we made
a discussion of the advantages and disadvantages of the
LEO-based method and the ground-based method in the
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DCB estimation. In Sect. 4, the summary and conclusions
are given.

2 DCB estimation method and strategy

The onboard dual-frequency observations of the pseudor-
ange and carrier phase can be expressed as follows:

Pj,,.— '+4]?—3 STEC] +c - (dt, — dt') + b, +b”+MP i+ &

L, =pj—4j?—3 STEC] +c - (dt, —d)+ B + A +¢
ey
where P‘;’i and Lj’l. represent the pseudorange and carrier
phase observations, respectively. The superscript s denotes
the GPS satellite. The subscript 7 and i represent the onboard
receiver and the frequency, respectively. p refers to the geo-
metric distance between the GPS satellite and the LEO
onboard receiver. f is the frequency. STEC represents the
slant total electron content in the unit of TECU. c is the light
speed in vacuum. dt, and dt* denote the clock offsets of the
LEO onboard receiver and the GPS satellite, respectively. b, ;
and b* represent the instrument delay of the LEO onboard
receiver and the GPS satellite, respectively. B} ; is the float
ambiguity in the unit of meter. A @7, denotes the phase
wind-up error. MP, ; represents the multlpath error of pseu-
dorange. &; and ¢; refer to as the measurement noise of the
pseudorange and carrier phase observations, respectively.
Based on Eq. (1), the geometry-free combination of the
pseudorange and carrier phase observations can be formed
as follows:

P, =P —P,=a-STEC+DCB, + DCB' + AMP, , + A&,
L,=L,-L,=-a-STEC+B] , + Ap,; + Agy,

2
where P} |, and L |, denote the geometry-free combination
of the pseudorange and carrier phase observations, respec-

tively. « =40.3 - 7 ff]
STEC. DCB, and DCB’ represent the differential code biases
of the LEO onboard receiver and the GPS satellite, respec-
tively. B) , =B/, -B, is the combined phase ambiguity.
AMP, |, and A(pr 12 refer to as the difference of multipath
error of pseudorange and phase wind-up error on two fre-
quencies. A&, and Ag,, represent the measurement noise
differences of the pseudorange and the carrier phase, respec-
tively. It should be noted that the multipath error of pseudor-
ange and the phase wind-up error cannot be ignored and
should be eliminated when using LEO onboard data to com-
pute the DCB (Yue et al. 2011; Li et al. 2017).

is the combination coefficient of

According to Eq. (2), the ionosphere delay can be
removed by combining Pi,n and Li,12’ After the calibration
of the multipath and the phase wind-up errors, the corre-
sponding result can be expressed as follows:

L, =P , +L

', =DCB,+DCB'+B ,+Af, (3

sm r12

Since the DCBs of the LEO onboard receiver and the
GPS satellite are rather stable in one continuous arc and the
phase ambiguities would not change when no cycle slips
occur, L, can be averaged in one continuous arc which can
significantly reduce the noise of pseudorange (Yue et al.
2011):

2 _Zizv=lL =DC C K N
Lsm_T DCB, + DCB’ + B; |,

“

where N is the number of epochs of one continuous arc. By
combining Eq. (3) and Eq. (4), we have:

P, =1L,, L, =a-STEC + DCB, + DCB* (5)

r,12

where IA’,’12 represents the carrier phase smoothed pseudor-
ange observation. According to Eq. (5), a rank deficiency
will occur when STEC along the receiver-to-satellite path is
estimated as an independent parameter per epoch. In order
to eliminate this deficiency, we employ the spherical sym-
metry assumption proposed by Yue et al. (2011). Under this
assumption, the VTEC is identical for different GPS satel-
lites at the same epoch. The relationship between VTEC and
STEC can be expressed as:

STEC = mf - VTEC 6)

where mf denotes the mapping function. The existing stud-
ies report that the F&K mapping function can work well in
the LEO-based DCB estimation (Foelsche and Kirchengast
2002; Zhong et al. 2016b; Yue et al. 2011; Lin et al. 2014).
The F&K mapping function is expressed as:

mf = L+ (Hpey + R)/(Hygo + R,)
B 7

where R, refers to the earth radius. H; o represents the orbit
altitude of LEO satellite. z refers to the elevation angle from
the LEO onboard receiver to the GPS satellite. H,;, denotes
the ionosphere effective height (IEH). Herein, the IEH is set
to 2000 km as performed by Wautelet et al. (2017).
Assuming that the number of LEO satellites is n and
m GPS satellites are available for every LEO satellite, the
equation of the observation model for a given epoch can
be formed as Eq. (8), where f” denotes the carrier phase
smoothed pseudorange observatlon between LEO, and GPS;.
f represents the mapping function w.r.t. LEO,; and GPS
VTEC,, DCB,, DCB’ refer to as the VTEC parameter of
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LEO;, the receiver DCB parameter of LEO,;, and the satel-
lite DCB parameter of GPS;, respectively. For each LEO
satellite, the same VTEC is estimated at a given epoch for
all GPS satellites owing to the use of the spherical sym-
metry ionosphere assumption, while the DCB parameter of
each LEO/GPS satellite is estimated as a constant for one
day owing to the stable characteristic of the DCB. Since
the GPS satellite DCB parameters and the onboard receiver
DCB parameters are closely coupled and cannot be sepa-
rated, the “zero-constellation-mean” constraint is adopted in
this study to eliminate the rank-defect (Montenbruck et al.
2014). Herein we assume that the sum of all GPS satellite
DCBs is equal to zero. In the estimation, the least-squares
method is adopted.

P! VTEC,

1

» a-mfl 0 o 0 1010 VTEC,
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m .. “ee “ee
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Eleven LEO satellites with different orbit height and
inclination, which include MetOp-A, MetOp-B, Sentinel-
1A, Sentinel-1B, Sentinel-2A, Sentinel-2B, Sentinel-
3A, Swarm-A, Swarm-B, Swarm-C, and TerraSAR-X
have been selected. The detailed information about each
LEO satellite are listed in Table 1. Note that the onboard
receivers of the LEO satellites from the same mission

are identical. The existing study reports that the Sentinel
receivers closely match the receivers mounted on Swarm
satellites (Montenbruck et al. 2018). Since most selected
LEO satellites orbit the earth in sun-synchronous orbits,
the local equator crossing time is also given in the table.
LEO onboard observations during the period from the day
of year (DOY) 061, 2018 to DOY 120, 2018 are utilized
to estimate the GPS DCB values. The interval is set to
60 s, and the cutoff elevation mask is 30°. An elevation-
dependent weighting strategy is applied for the DCB esti-
mation. For the sake of removing the outlier and cycle
slip of carrier phase, the TurboEdit algorithm proposed
by Blewitt (1990) was adopted in this study. Considering
the observation types for all LEO satellites, only P2-C1
differential code bias is estimated.

With the adoption of the method and strategy above,
we aim to fully exploit the potential of multi-LEO com-
bination in the DCB estimation and provide an effective
alternative approach of DCB estimation only using LEO
onboard data. The data quality control processing, such as
the cycle slip detection and the multipath error correction,
has been performed before the estimation. Both single-
LEO solutions and multi-LEO solutions are compared
and analyzed to investigate the contribution of multi-LEO
combination to the DCB estimation. The results are evalu-
ated in terms of the GPS DCB (stability and comparison
with DLR/CAS DCB products), the LEO space-borne
receiver DCB (stability and comparison with external
DCB products), and the VTEC (percentage of negative
VTEC and comparison with external VTEC products).
In addition, we also assessed the posterior residuals to
validate the DCB estimation accuracy and discussed the
impact of the spherical symmetry assumption on the LEO-
based DCB estimation.

Table 1 Information of all

N LEO Satellite  Altitude/km Inclination/deg Receiver type Antenna type Orbit type A/DLECT

eleven LEO satellites in the

DCB estimation MetOp-A 817 98.74 GRAS PA S-S 21:30/9:30
MetOp-B 817 98.74 GRAS PA S-S 21:30/9:30
Sentinel-3A 814 98.65 GPSR PEC+CR S-S 22:00/10:00
Sentinel-2A 786 98.82 GPSR PEC+CR S-S 22:30/10:30
Sentinel-2B 786 98.82 GPSR PEC+CR S-S 22:30/10:30
Sentinel-1A 693 98.18 GPSR PEC+CR S-S 6:00/18:00
Sentinel-1B 693 98.18 GPSR PEC+CR S-S 6:00/18:00
TerraSAR-X 514 97.44 IGOR PA+CR S-S 18:00/6:00
Swarm-B 511 87.35 GPSR PEC DO -
Swarm-A 462 87.35 GPSR PEC DO -
Swarm-C 462 87.35 GPSR PEC DO -

GRAS, GNSS Receiver for Atmospheric Sounding; GPSR, GPS Receiver; IGOR, Integrated GPS and
Occultation Receiver; PEC, Patch Excited Cup; PA, Patch Antenna; CR, Choke Ring; S-S, Sun-Synchro-
nous; DO, Drifting Orbit; A/DLECT, Ascending/Descending Local Equator Crossing Time
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3 Results and discussion
3.1 Analysis of LEO satellite multipath errors

Because of the deflection of GPS signals caused by solar
panels and the cross-talk between different antennas (e.g.,
navigation antenna and occultation antenna), the multipath
errors of LEO code observations are worse-than-expected
(Lietal 2017; Hwang et al. 2010; Yue et al. 2011). Hence,
the multipath errors of code observations for each LEO
satellite are calculated using multipath combination pro-
posed by Montenbruck and Kroes (2003) before the DCB
estimation. Here, the multipath error is expressed as a
function of elevation and azimuth in the LEO antenna
reference frame (ARF). The antenna reference frame is
defined as follows: The origin is located at the mechani-
cal antenna reference point (ARP) which is given in the
satellite-fixed coordinate system, with the + x axis pointing
along the flying direction and the +z axis pointing along
the boresight direction, while the y axis completes a left-
hand coordinate system (Jdggi et al. 2009). The azimuth is
counted from the + x axis in a clockwise direction.

As shown in Fig. 1, the CA code observations of Swarm
and Sentinel satellites present a low multipath error level
in most areas and the overall magnitude of the multipath
errors is within 0.2 m. This can be due to the equipment

of PEC-elements antennas which have special features
to minimize their coupling to the surrounding spacecraft
environment for these LEO satellites (Gao et al. 2009;
Ohgren et al. 2011). The multipath errors in the fore hemi-
sphere are larger than those of hind hemisphere, especially
at low elevation, which is more noticeable for Swarm sat-
ellites. This is reasonable because compared with Swarm
antennas, Sentinel antennas have been equipped with
two choke rings which can mitigate the multipath errors
(Ohgren et al. 2011). However, different from Swarm and
Sentinel satellites, the onboard observations of MetOp
satellite suffer from much severe multipath errors. It can
be attributed to the fact that these satellites have been
equipped with patch antennas (Montenbruck et al. 2008,
2009) which may bring about severe multipath errors
owing to the relatively poor polarization purity and narrow
bandwidth (Hwang et al. 2010; Montenbruck and Kroes
2003; Bankey and Anveshkumar 2015). The multipath
errors of MetOp satellites can reach up to 0.4 m, which are
nearly symmetrically distributed along the y axis but has
opposite signs. Thanks to the equipment of choke rings,
the multipath errors of TerraSAR-X satellite are smaller
than those of MetOp satellites except for the areas at low
elevation. In addition, we can find that the LEO satellites
which carry an identical space-borne receiver present a
similar multipath error pattern.
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Fig. 1 Distribution and magnitude of CA code multipath errors with grid solution of 2°x2° for individual LEO satellite (Unit: m)
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Based on the multipath error results above, significant
differences can be noted in the magnitude and the distribu-
tion of multipath errors between different LEO missions.
The traditional approach of multipath elimination used for
ground stations by discarding low elevation observations,
therefore, is not applicable for LEO satellites (Yue et al.
2011), especially for MetOp satellites, which exhibit much
larger multipath errors even at high elevation. Hence, in
order to eliminate the negative impact of multipath errors
on the DCB estimation, the multipath errors of each LEO
satellite have been corrected according to the calculated
multipath map below.

3.2 DCB estimation results with single LEO satellite

In this section, we perform the DCB estimation of GPS
satellites using only single LEO onboard observations. All
data from aforementioned LEO satellites are processed sepa-
rately. The DCB results are evaluated from the following
two aspects: (1) The standard deviation (STD) values of the
daily DCBs. (2) Comparison with the GPS DCB products
from DLR and CAS.

Figure 2 displays the DCB STD values of individual GPS
satellites for all single-LEO solutions. WHU refers to our
DCB estimation results. The STD values of DCB products
from DLR and CAS are also computed for comparison.
It can be seen that the LEO-based DCB solutions present
larger STD values than those of the DLR and CAS products.

Fig.2 DCB STD values of each
GPS satellite for all single-

This is mainly because DLR/CAS products are estimated by
ground observations from hundreds of global sites, whereas
the WHU solution only uses the observations from a single
LEO satellite to estimate the differential code biases. The
DCB STD values of most GPS satellites for all single-LEO
solutions are below 0.14 ns. Among all solutions, the best
stability of the estimated DCB can be found for the Swarm-B
solution with an average STD value of about 0.082 ns. By
comparison, the DCB of the MetOp-A/B solution shows a
slightly larger STD value. The slightly poorer performance
of the MetOp-A/B solution can be attributed to the poor code
observations with more noise after MP correction as shown
in Fig. 3. In the DCB estimation, more available observa-
tions with good quality can bring an increase in the observa-
tion redundancy, which will yield a rise in the strength of
DCB estimation, especially when only single-LEO observa-
tions are used. Our estimation is also in accord with a previ-
ous study by Wautelet et al. (2017) and exhibits a slightly
better performance in terms of some LEO satellites such
as Swarm-A/B/C. It implies that our single-LEO solution
can offer stability comparable to that of solution relying on
tens of ground stations. In addition, no significant correla-
tion can be observed between the LEO orbit altitude and the
DCB stability. Since the observation quality and number are
correlated with the receiver performance, the LEO satel-
lites which carry an identical space-borne receiver present
a similar DCB result, such as Swarm-A, B, and C (Fig. 4).
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Fig.3 Code noise with respect
to the elevation angle for each
LEO satellite with cut-off eleva-
tion of 30°after MP correction
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Figure 5 shows the mean DCB differences between
the WHU solution and DLR/CAS products of each GPS
satellite. The mean DCB differences exhibit a variation
ranging from — 0.5 ns to 0.5 ns for most GPS satellites.
Similar results can also be found in the previous literature
by Li et al. (2019a, b) and Wautelet et al. (2017) which
studied the DCB estimation based on single LEO satellite.
Meanwhile, Fig. 6 displays the mean and STD values of
DCB differences of the GPS constellation. The results of
the TerraSAR-X solution exhibit the best consistency with
the DCB products from DLR/CAS with mean and STD
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values of 0.219 ns and 0.021 ns for WHU-DLR, 0.223 ns
and 0.001 ns for WHU-CAS, respectively. This superior
performance might be associated with the large number
of available observations of TerraSAR-X satellite (see
Fig. 4). Despite the similar numbers of available observa-
tions from TerraSAR-X and MetOp satellites, mean val-
ues for MetOp-A/B solution are much larger than those of
TerraSAR-X solution. This is mainly because compared
to the IGOR receiver on TerraSAR-X satellite, the GRAS
instrument exhibits much larger pseudorange noise as
indicated from Fig. 3 owing to its more conservative loop
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Fig.5 Mean DCB differences
between the WHU solution
and DLR/CAS products of
individual GPS satellite for all
single-LEO solutions

Fig.6 Mean and STD values
of DCB differences of the GPS
constellation for all single-LEO
solutions. The blue dot repre-
sents the mean difference, and
the red error bar represents the
STD value

Mean differences of GPS DCB (Unit: ns)
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settings and the lack of a choke ring (Montenbruck et al. ~ of MetOp satellites from CDAAC and DCB products of
2008), thus leading to the poorer quality of observations. Swarm satellites from GFZ are also displayed as exter-

The receiver DCBs of LEO satellites are displayed in ~ nal reference. Note that the time series of calculated
Fig. 7. To evaluate our DCB results, the DCB products  receiver DCBs for TerraSAR-X satellite and the DCB
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Fig.7 DCB values of LEO
onboard receiver for all single-
LEO solutions. The mean and
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products of MetOp satellites are discontinuous on some
days owing to missing data. As shown in Fig. 7, there are
obvious differences between the receiver DCB values of
these LEO satellites. The maximum DCB mean values of
5.976 ns can be observed for Sentinel-1A satellite, while
TerraSAR-X satellite shows the minimum mean value of
-16.923 ns. In terms of the stability of receiver DCBs,
STD values of onboard receivers for all LEO satellites
are within 0.26 ns. The receiver DCBs of Sentinel-1A and
Swarm-C show the best stability which can reach 0.14 ns.
Compared with the results of GPS DCBs, the DCBs of
LEO satellites exhibit a larger variation. Considering the
shorter revolution period and eclipses of LEO satellites,
the environment of onboard receiver, such as tempera-
ture, changes a lot quickly which can significantly affect
the hardware thermal status (Zhong et al. 2016c¢). Hence,
the LEO satellite DCBs show a more noticeable insta-
bility than those of GPS satellites. The obvious receiver
DCB differences between different LEO satellites can be
attributed to the dissimilarity of the receiver environment
as well as the receiver performance for different LEO
satellites. The comparison results between our estimated
receiver DCB and the external DCB products indicate that
our estimation agrees well with the MetOp DCB prod-
ucts and Swarm DCB products. Moreover, in terms of
the STD values of receiver DCB, our estimates of MetOp
receiver DCB exhibit better stability than the MetOp DCB
products.

3.3 DCB estimation results with multiple LEO
satellites

In this section, onboard observations from multiple LEO sat-
ellites are processed to estimate the differential code biases
of GPS satellites. In order to assess the impact of the number
of LEO satellites on the DCB estimation, ten combination
solutions of multiple LEO satellites have been designed and
the corresponding LEO numbers vary from two to eleven.
Given the numerous combinations of multiple LEO satel-
lites, we just present the DCB results of one combination of
LEO satellites for each multi-LEO solution. The Sentinel-
1A solution is chosen as the 1-LEO solution. Then we add
one LEO satellite to the DCB estimation process each time
as a new multi-LEO solution. The added LEO satellites in
turn are Sentinel-1B, Sentinel-2A, Sentinel-2B, Sentinel-
3A, TerraSAR-X, Swarm-A, Swarm-B, and Swarm-C,
respectively.

We have calculated the mean STD values of each solu-
tion and the corresponding results are depicted in Fig. 8. It
shows that the GPS DCB stability improves gradually with
increasing number of LEO satellites. In comparison with the
result of the 1-LEO solution, the GPS DCB STD gets an evi-
dent reduction of 14.5%, 41.9%, and 51.6% when the LEO
number increases to two, three, and four, respectively. The
improvement is the result of increase in available observa-
tions which can contribute a lot to reducing the uncertainty
on the GPS DCBs. When the LEO satellite number reaches
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Fig.8 Mean STD values of —~ 0.1251 Sentinel-1A
GPS DCBs for all multi-LEO 2 DLR —— CAS === WHU
solutions. The red bar represents = ISentinel-1B
the mean DCB STD value of 5 0.100 4
each multi-LEO solution. The ~
cyan and blue lines represent 8 +Sentinel-2A
the STD values of the DCB 2 0.075 1 +Sentinel-2B +TerraSAR-X
products from DLR and CAS, 2 +Sentinel-3A 4 gwarm-A +Swarm-C _ +MetOp-B
respectively. The green line &) +Swarm-B__ +MetOp-A
shows the mean STD variation = 0.050
trend for all solutions E

= 0.025-

Pt
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nine, the DCB STD is 0.051 ns, which is better than that of
DLR with STD value of 0.055 ns and close to the result of
CAS with STD value of 0.048 ns. The result suggests that
only using the onboard observations from nine LEO satel-
lites, the LEO-based solution can offer stability comparable
to the ground-based solution which relies on a global net-
work of hundreds of stations, even achieves a better per-
formance. To further investigate the cause for the stability
improvement of GPS satellite DCB, we have calculated the
mean number of LEO satellites observed by each GPS sat-
ellite for all multi-LEO solutions as shown in Fig. 9. It can
be found that the average LEO number increases gradually
with the use of observations from more LEO satellites. It is
worth noting that when the LEO number exceeds nine, the

LEO number

GPS DCB stability even gets slightly worse. This is mainly
because the introduction of low-quality observations from
MetOp satellites taints the DCB estimation. The result dem-
onstrates that the GPS DCB stability improves gradually
with the use of more high-quality observations from LEO
satellites.

The mean differences between the estimated DCB
(WHU) results and CAS/DLR products for all multi-LEO
solutions have been calculated as displayed in Fig. 10. The
mean DCB differences for most GPS satellites exhibit dis-
similarity with a variation ranging from —0.5 ns to 0.5 ns.
This agrees with the results reported by Liu et al. (2020)
which discussed the DCB estimation based on four LEO
satellites. In comparison with the 1-LEO solution, the
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Fig. 10 Mean DCB differences
of all GPS satellites for all

1-LEO: 0.492/0.451
5-LEO: 0.475/0.429
9-LEO: 0.449/0.403

2-LEO: 0.473/0.433
6-LEO: 0.446/0.400
10-LEO: 0.453/0.406

3-LEO: 0.468/0.424
7-LEO: 0.444/0.398
11-LEO: 0.457/0.409

4-LEO: 0.466/0.421
8-LEO: 0.453/0.407

multi-LEO solutions. The points 1.5+ * Ny
with different colors refer to WHU-DLR e
different solution. The DCB dif- 1.0 " 8
ference RMS values are given m "
in the legend (left: WHU-DLR, = 0.5 1 ? . L . .8
: . = 2 L n [] a
right: WHU-CAS) = 0.0 ¢ . " . L
é s o)
D P ] ] 8 g (] S 5
= 0.5 ' ’ L ' '
: :
a —1.0 4 ° 8
7]
é _1.5 T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
[
2 1.5
] WHU-CAS H
= 1.0
g 8 ¢
5 |
E 0.5 g § ] N H]
" o
2 0.01 ¢ ' $ " 2 oy,
< s N § g° .
S 05 $° 8 s o '
. . ! : .
—1.0 A ¢
_1 .5 T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
NOISLLLDDINNINIELN 29 DINNOHI 00N 09 DN,
SV D DINNINININNNNINN
S S Y Y Y Y Y Y Y Y Y A e
Fig. 11 DCB values of Sentinel- 7.5
1A and Sentinel-1B receivers ~ 1-LEO: 5976/0.136  —~ 2-LEO: 5.968/0.142 3-LEO: 5.971/0.131 4-LEO: 5.970/0.125
for all multi-LEO solutions. Dif- 5-LEO: 5.982/0.121 6-LEO: 5.974/0.128 7-LEO: 5.975/0.125  — 8-LEO: 5.980/0.125
ferent lines represent di fferént 7.0 — 9-LEO: 5979/0.124  — 10-LEO: 5991/0.125  ~ 11-LEO: 5.996/0.120
multi-LEO solutions. For each =~
solution, the mean and STD val- : 6.5 Sentinel-1A
ues of receiver DCB are shown E
in the top of each panel =
N’
o 6.0
o
2
‘D
g 55 : . : ; : : : . ; ; ; ;
L=
o
= -1.0
- ~ 1-LEO: -2.524/0.145  ~ 2-LEO: -2.506/0.136 3-LEO: -2.502/0.121 4-LEO: -2.504/0.118
s 5-LEO: -2.493/0.113 6-LEO: -2.503/0.122 7-LEO: -2.503/0.121 — 8-LEO: -2.497/0.121
@ —1.5 — 9-LEO:-2498/0.120  — 10-LEO: -2.488/0.120 11-LEO: -2.485/0.114
=
=
& -20- Sentinel-1B
Q
a
—2.5 1
-3.0 T . r . r T T

root mean square (RMS) values of DCB differences for
the 11-LEO solution get reduced by 7.1% and 9.3% for
WHU-DLR and WHU-CAS, respectively. The comparison
results of different solutions indicate that the increase in
LEO satellites can contribute to the improvement of the
consistency between our results and the external products.

91 9 101 106 111 116

DOY in 2018

The contribution of multi-LEO observations to the
receiver DCB estimation is also evaluated. Figure 11 typi-
cally shows the time series of receiver DCBs for Sentinel-1A
and Sentinel-1B satellites. For Sentinel-1A as well as Senti-
nel-1B satellite, the receiver DCB values have similar vari-
ation trends for all solutions. In comparison with the result
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of the 1-LEO solution, the STD value of receiver DCBs gets
reduced by 11.8% and 21.4%, and mean value gets slightly
increased by 0.3% and 1.5% for Sentinel-1A and Sentinel-
1B, respectively, when the LEO satellite number reaches
eleven. The result above demonstrates that the multi-LEO
combination can contribute to the stability improvement of
receiver DCB.

3.4 Impact of multi-LEO combination on VTEC
results

In our study, the VTECs of LEO satellites are estimated
along with the GPS satellite and receiver DCBs. In general,
the DCB estimation usually generates negative VTECs using
LEO onboard observations (Wautelet et al. 2017). These
negative values are the results of the underestimation of
VTEC parameters and have no physical meaning (Li et al.
2017, 2019a). Due to low electron density of topside iono-
sphere, the VTECs derived from the DCB estimation using
LEO satellite observations are usually small and even close
to zero particularly for the LEO satellite with higher alti-
tude. In that case, the generation of negative VTECs can be
noticeable especially when the estimation strength is weak.
Hence, the percentage of negative VTECs to all VTECs can
reflect the degree of the VTEC underestimation, which can
indirectly present the precision of the DCB estimation. In
this section, the percentage of negative VTECs has been
calculated in order to assess the impact of multi-LEO com-
bination on the VTEC estimation.

Figure 12 shows the percentages of negative VTECs
for all single-LEO solutions. We can find that the negative
VTEC percentage of each LEO satellite varies a lot. The
best VTEC estimation performance is achieved by Swarm-A
satellite with a percentage of 1.3%, followed by Swarm-C

satellite with a percentage of 2.4%. By comparison, the
negative VTEC percentage of Swarm-B satellite is much
larger which can reach 10%. This can be attributed to the
smaller topside ionosphere VTEC of Swarm-B which can
easily become negative owing to the higher altitude. For
LEO satellites at higher altitude such as Sentinel and MetOp,
the generation of negative VTEC is more noticeable. Despite
the lower altitude of TerraSAR-X, the negative VTEC per-
cent is pretty large. This might be associated with the poorer
quality of code observations and the A/DLECT around the
sunrise/sunset time which leads to the stronger horizontal
gradients of electron density (see Sect. 3.5). The negative
VTEC percentage exhibits similar results for the LEO sat-
ellites with the same altitude and the identical space-borne
receiver (e.g., Swarm, Sentinel satellites).

The negative VTEC percentages of Sentinel-1A and Sen-
tinel-1B satellites for all multi-LEO solutions are displayed
in Fig. 13. With increasing number of LEO satellites, the
negative VTEC percentage gets reduced gradually for both
Sentinel-1A and Sentinel-1B satellites. When the LEO num-
ber reaches nine, the percentage drops from 30.4 to 26.3%
and 22.1% to 17.1% for Sentinel-1A and Sentinel-1B satel-
lite, respectively. It is worth noting that the negative VTEC
percentage gets slightly larger with the inclusion of MetOp
satellites, which is consistent with the stability results of
GPS satellite DCB. The results indicate that the VTEC esti-
mation can benefit from the increase in LEO satellites in
reducing the percentage of negative VTEC estimates. This
benefit can be attributed to the fact that the inclusion of
more LEO satellites brings about more available observa-
tions, which can improve the strength of the VTEC esti-
mation and achieve more reliable VTEC estimation results.
We note that despite the improvement of VTEC results,
the percentage of negative VTECs is still beyond 25% and
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15% for Sentinel-1A and Sentinel-1B, respectively. Due to
the low electron density of the topside ionosphere above
the LEO satellite at high altitude, the estimated VTEC can
easily become negative even though the DCB estimation
is with small uncertainty. The remaining negative VTECs,
therefore, might be mainly associated with this cause. In
addition, the application of the spherical symmetry assump-
tion might also partly lead to the negative VTEC, which

Fig. 14 VTEC of Swarm-A,

5 6 7
LEO number

10 11

will be discussed in Sect. 3.5. We have also compared our
VTEC estimates of Swarm satellites and the VTEC products
released by GFZ as shown in Fig. 14. The results indicate
that our estimated VTEC of Swarm satellites agree well with
the VTEC products. In addition, the inclusion of more LEO
observations can bring about the raise of VTEC values and
makes the estimated VTEC closer to the VTEC products.
Since the LEO-based VTEC estimation is of great value to
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study the ionosphere, especially in investigating the topside
ionosphere and plasmasphere (Lee et al. 2013; Zhong et al.
2017), the further investigation can help us understand the
physical mechanisms of topside ionosphere better.

3.5 Analysis of posterior residuals

Yue et al. (2010) reported that the ionosphere can exhibit
a sharp variation at low latitudes. In this situation, the use
of spherical symmetry ionosphere assumption might cause
accuracy degradation in the DCB estimation. To assess
the potential impact of the spherical symmetry ionosphere
assumption on the DCB estimation, the posterior residuals
of each LEO satellite are analyzed in this part.

The posterior residuals of geometry-free observations
with respect to the local time (LT) on DOY 120 of 2018
for all LEO satellites are displayed in Fig. 15. The residu-
als are distributed mainly around two certain LTs. For sun-
synchronous orbiting satellites, there two LTs are exactly
the A/DLECT (see Table 1). As the orbits of these LEO
satellites are near polar, most residuals cluster at the LT of
ascending and descending node. This can cause an appar-
ent wider spread of the residuals around A/DLECT, which
can explain the residual distribution. The similar residual
performance can be found for Swarm satellites despite
the drifting orbits. This is mainly because the LECT of
Swarm satellites changes slowly, so it exhibits little vari-
ation in one day. For MetOp-A/B and TerraSAR-X satel-
lites, the residuals exhibit larger amplitude, which can be

attributed to the poorer quality of code observations (see
Fig. 3). By comparison, TerraSAR-X satellite exhibits the
largest residuals around A/DLECT. Considering the A/
DLECT of TerraSAR-X is around the sunset/sunrise time
(see Table 1) when the ionosphere exhibits a sharp varia-
tion, the largest residuals might also be associated with the
stronger horizontal gradients of electron density.

To further investigate the potential impact of the spheri-
cal symmetry ionosphere assumption on the DCB esti-
mation, we have also drawn the posterior residuals of
geometry-free observations with respect to the latitudes
from DOY 061 to DOY 120 of 2018 for all LEO satellites
as displayed in Fig. 16. The residuals show a variation
ranging from -3 TECU to 3 TECU for most LEO satellites
except for MetOp-A/B and TerraSAR-X satellites which
exhibit larger amplitude. There are generally two peaks
around 30°S and 30°N for some LEO satellites such as
MetOp-A/B, Swarm-A/C, and TerraSAR-X. Two small,
but still visible peaks can also be found in the residuals of
other LEO satellites such as Sentinel-1A/1B/2A/2B/3A
and Swarm-B. This agrees well with the results reported
by Yue et al. (2010). Considering the strong horizontal
gradients of electron density at low latitudes, the VTECs
for all observed GPS satellites at a given epoch can differ
a lot. Thus, the spherical symmetry assumption might not
be satisfied. The residual peaks can be attributed to the
accuracy degradation caused by the spherical symmetry
assumption at low latitudes.

Fig. 15 Posterior residuals with
respect to the local time on
DOY 120 of 2018 for all LEO
satellites
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Fig. 16 Posterior residuals with
respect to the latitudes from
DOY 061 to DOY 120 of 2018
for all LEO satellites
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3.6 Discussion

Since the DCB is of vital significance in precise GNSS
applications, the determination of DCB has been investi-
gated by numerous researchers based on the ground station
observations or onboard observations from single LEO satel-
lite. Considering the available observations from lots of LEO
satellites, we have described the multi-LEO based method
in the DCB estimation and performed the DCB estimation
using observations from currently eleven LEO satellites to
investigate the contribution of multi-LEO combination to the
DCB estimation in this paper. Our results suggest that the
GPS DCB estimated by observations from nine LEO satel-
lites can be comparable to that based on hundreds of ground
stations. Moreover, the LEO space-borne receiver DCB and
the VTECs can also gain accuracy improvement from the
multi-LEO combination. In addition, we also analyzed the
multipath errors of code observations and discussed the suit-
ability of spherical symmetry assumption from the view of
the posterior residuals. Some drawbacks, however, are also
exposed in the LEO-based DCB estimation, such as the gen-
eration of negative VTECs.

It is generally recognized that the LEO onboard observa-
tions have the advantages of high vertical resolution and
global distribution compared to the ground-based observa-
tions (Yue et al. 2011). Besides, the observations from LEO
satellites can be less affected by the ionosphere ionization
owing to the higher altitude which is usually higher than
the ionosphere peak height. Nevertheless, the VTEC can be

much smaller in the DCB estimation using LEO observa-
tions than those estimated by ground observations due to the
high orbit altitude, which can, therefore, become negative
easily when the estimation strength is weak. To improve
the estimation strength, the quality control of observations
and the refinement of parameter configuration are required
(Zhong et al. 2016c¢). Different from the ground stations,
due to the quick movement of the LEO satellite, the environ-
ment temperature changes sharply which can significantly
influence the space-borne receiver. The assumption of the
constant receiver DCB during one day, therefore, might
be challenged (Yuan et al. 2020). This might be another
drawback in the LEO-based DCB estimation. For ground
stations, the multipath errors can usually be minimized by
discarding low elevation observations (Yue et al. 2011). The
multipath errors of LEO onboard observations are worse-
than-expected, which makes the method used for the ground
stations not applicable. Hence, the multipath errors of LEO
onboard observations have to be corrected before the DCB
estimation as discussed in Sect. 3.1. Our results also reveal
that the spherical symmetry assumption might cause accu-
racy degradation in the LEO-based DCB estimation at low
latitudes.

The geometry-free model which smooths pseudorange
by carrier phase is commonly adopted in the LEO-based
DCB estimation. The application of the geometry-free
model in the LEO-based DCB estimation, however, might
weaken the benefit of fast motion of LEO satellites. Thanks
to the modification of processing models in the precise orbit
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determination of LEO satellites, such as the refinement of
the nonconservative force model, the calibration of LEO
receiver PCV, and the application of the ambiguity-fixed
carrier phase observations, the orbit accuracy of LEO sat-
ellites has been improved significantly and can reach sub-
centimeter (Hackel et al. 2016; Montenbruck et al. 2018;
Kang et al. 2020). The uncombined PPP model, therefore,
can be introduced in the LEO-based DCB estimation and
exhibits promising performance owing to the improved orbit
accuracy (Zhou et al. 2020). In terms of the collection of
observations, the access of LEO onboard data is more dif-
ficult than that of ground-based observations, particularly
for the real-time data currently, which hampers the real-time
LEO-based DCB estimation. But this problem can be solved
with the launch of communication and navigation LEO con-
stellation missions, such as LeoSat and Hongyan in the near
future (Reid et al. 2016; Li et al. 2019b). The high-speed
broadband internet services of those LEO constellation will
make it possible to collect the onboard observations with
low latency, even in real time. In that case, more contribu-
tion of LEO onboard observations to the DCB estimation
can be expected. In summary, the DCB estimation using
LEO onboard data outperforms the ground-based DCB
estimation in some aspects and proves to be an effective
alternative of the DCB estimation. The drawbacks in the
LEO-based method still exist and need further investigation.

4 Summary and conclusions

This study has investigated the contribution of multi-LEO
combination to the DCB estimation. Eleven LEO satellites
at different altitudes were selected, and the corresponding
onboard observations during the period from DOY 061,
2018 to DOY 120, 2018 have been utilized to estimate the
GPS P2-C1 DCB. We have designed different single-LEO
solutions and multi-LEO solutions to study the influence of
LEO satellite number on the DCB estimation. To remove
the negative impact of code multipath errors on the DCB
estimation, the multipath errors of each LEO satellite have
been corrected before the estimation.

The DCB estimation results based on observations from
single LEO satellite were firstly evaluated. The average STD
values of GPS DCBs are within 0.22 ns for all single-LEO
solutions. The best stability is achieved by Swarm-B solu-
tion with a STD value of 0.082 ns. Similar performance in
GPS DCB stability can be observed for the LEO satellites
with identical space-borne receiver. Our estimation results of
LEO onboard receiver DCB also agree well with the external
DCB products.

For multi-LEO solutions, the GPS DCB stability
improves gradually with increasing number of LEO satel-
lites. The 9-LEO solution can achieve the stability with an
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average STD value of 0.051 ns, which is slightly better than
that of DLR but slightly worse than the result of CAS. Our
results reveal that the GPS DCB stability based on the LEO
onboard observations from nine LEO satellites can offer
stability comparable to the ground-based solution derived
from a global ground network with hundreds of stations.
The estimated DCBs of most GPS satellites exhibit a dif-
ference within 0.5 ns w.r.t. DLR/CAS products, which also
benefit from the increase in LEO satellites in improving the
consistency between our results and DLR/CAS products.
For the receiver DCB results, we find that the multi-LEO
combination can contribute to the stability improvement of
LEO onboard receiver DCB.

The VTEC estimation results are also assessed. Our
VTEC results are in good agreement with the external
VTEC products. In addition, the negative VTEC percent-
age gets reduced gradually as the number of LEO satellites
increases, implying that the VTEC estimation can also ben-
efit from multi-LEO combination in reducing the percent-
age of negative VTEC estimates. The posterior residuals
reveal that the application of spherical symmetry ionosphere
assumption might cause accuracy degradation in the DCB
estimation at low latitudes.

In this study, we have demonstrated the great potential
of multi-LEO combination in the DCB estimation. It turns
out that the GPS DCB estimation based on the onboard
observations from several LEO satellites can reach the pre-
cision of DCB products estimated by hundreds of ground
stations in terms of the DCB stability. In comparison with
the ground-based DCB solution, the LEO-based DCB solu-
tion has some significant advantages, such as the high verti-
cal resolution and global distribution. The drawbacks in the
LEO-based method, such as the negative VTECs, however,
still exist and need further investigation. With the launch of
numerous LEO satellites equipped with space-borne multi-
GNSS receivers and the modification of the DCB estima-
tion method in the near future, more contribution of LEO
onboard observations to the multi-GNSS DCB estimation
can be expected. Furthermore, LEO satellites can also ben-
efit from the high-precision multi-GNSS DCBs in POD and
fulfill the scientific goals more effectively. Additionally, the
onboard multi-GNSS observations from plenty of LEO sat-
ellites can be utilized to study the topside ionosphere and
contribute a lot to revealing the relationship between the
ionosphere and the space events.
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