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Abstract

Differential code bias (DCB) is the hardware delay in the ranging code of the global navigation
satellite system (GNSS), which critically impacts ionospheric total electron content estimation,
precise positioning and accurate timing. The GNSS receiver aboard the Sentinel-6A low Earth
orbit satellite is a crucial payload for precise orbit determination and topside ionospheric studies,
while the GNSS receiver DCB is one of the errors. In this paper, the DCB variations of both
GNSS satellites and receivers are estimated and analyzed using dual-frequency observations
from the Sentinel-6A GNSS receiver (GPS and Galileo) during different solar activity periods.
The results show that DCB estimates from GPS and Galileo combined observations are
significantly more accurate than those from single-system estimates. The combined estimate
results show that the overall monthly mean differences between the DCB estimates of GPS and
Galileo satellites and the reference values from the German Aerospace Center and the Chinese
Academy of Sciences are stable at 0.31, 0.34, 0.15 and 0.19 ns, respectively. During the high
solar activity, the mean difference between the combined estimation result and the reference
value is 0.34 ns and 0.16 ns. The difference for the GNSS receiver DCB estimates between
single-system and GPS + Galileo combined estimations is minimal, with mean differences
within 0.11 ns. Using GPS + Galileo combined observations enhances the stability of the GNSS
receiver DCB estimates by 7% and 32%, respectively when compared to single-system
estimates. The GPS + Galileo combined observations provide a good DCB estimation for
Sentinel-6A precise orbit determination and topside ionosphere modeling.
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1. Introduction

In recent years, low Earth orbit (LEO) satellites equipped with
dual-frequency global navigation satellite system (GNSS)
receivers have become essential for orbit determination,
topside ionospheric study and remote sensing (Jin et al 2024).
These satellites can effectively measure topside ionospheric
electron density in both space and time (Li and Jin 2023). The
ionospheric delay is the significant GNSS error source, which
can lead to large errors in both navigation and positioning (Jin
etal 2004, 2006, Jin and Park 2007, Jin and Li 2018). When the
total electron content (TEC) is extracted from dual-frequency
GNSS observation data, the signal transmission delay caused
by the hardware in the satellite and receiver is referred to as
hardware delay (Jin et al 2022b). The difference between these
delays at two signal frequencies, known as differential code
bias (DCB), is a major error source in TEC estimation and can
result in deviations of up to 8-30 TECU in precise navigation
and timing (Jin et al 2012). Therefore, accurate estimation of
DCBs for GNSS satellites and LEO satellite GNSS receivers
is crucial to obtain unbiased topside ionospheric TEC (Zhong
2017). Various analysis centers, including the International
GNSS Service (IGS), the German Aerospace Center (DLR),
and the Chinese Academy of Sciences (CAS), have estimated
TEC and GNSS satellite DCB using ground-based observa-
tional data (Wang 2023), while DCB products for LEO satel-
lite GNSS receivers are currently unavailable. Due to the high
velocity of LEO satellites in orbit and their rapid changes in
latitude and local time, DCB estimation methods designed for
ground-based GNSS receivers are not directly applicable to
LEO satellite data processing. Therefore, estimating and ana-
lyzing DCB variations of GNSS receivers on LEO satellites is
important and urgent for precise orbit determination, topside
ionospheric modeling and space environment monitoring (Shi
et al 2023, Wang et al 2023).

In current studies, the common method for estimating the
DCB of LEO satellite GNSS receivers uses dual-frequency
GNSS observational data with geometry-free (GF) combina-
tions of pseudorange and carrier phase measurements (Sanz
et al 2017). Zhong (2017) proposed that the TEC observed
by LEO satellites tends to be minimal during nighttime or at
high latitudes and extracted the lower quartile of the smallest
observed TEC over all daily orbital periods and further adjus-
ted this as the DCB result. While this approach is straight-
forward and computationally efficient, cycle slips and mul-
tipath effects significantly impact the LEO satellite obser-
vation data. Most researchers adopt a spherical symmetry
assumption model by converting ionospheric TEC into ver-
tical TEC (VTEC) using the corresponding mapping func-
tion (MF), thus reducing the number of unknown paramet-
ers. Subsequently, the official GNSS satellite DCB products
released by the IGS analysis center were treated as true values
and only the receiver DCB and VTEC parameters were estim-
ated (Zhang and Tang 2014, Zhou et al 2022, Lin et al 2023). 1t
is evident that this processing approach depends heavily on the
accuracy of GNSS satellite DCB provided by the IGS analysis

center. Consequently, the most commonly used method is to
simultaneously compute the three unknown parameters using
least squares, which has been extensively applied to estim-
ate DCB for LEO satellites, including FY-3C (Li et al 2017),
FY-3D (Li e al 2019), COSMIC-2 (Pedatella et al 2021),
SWARM (Lin et al 2023), and GRACE-FO (Zhou et al 2022).
Li et al (2019) first used BDS + GPS observation data from
the FY-3D and FY-3C LEO satellites to jointly estimate the
DCB of GNSS satellites and receivers, showing significant
improvements in the accuracy and stability of DCB estima-
tion for GPS and BDS satellites. The effect of DCB estima-
tion on VTEC estimation, as well as the relationship between
DCB variation, geomagnetic activity, and solar activity, are
also investigated. Yuan et al (2021) employed multi-layer MFs
by combining various LEO satellites at different altitudes to
estimate the GPS receiver DCB and the ionospheric TEC, aim-
ing to reduce mapping errors. Additionally, some researchers
have performed joint data estimation for LEO satellite con-
stellations at the same orbital altitude, such as the SWARM
constellation (Lin et al 2023), GRACE-FO (Zhou et al 2022),
Jason-2/3 (Li et al 2020), and Metop-ABC (Li et al 2021, Li
and Jin 2023). However, most LEO satellites currently carry
GPS receivers with only limited GNSS observation data.

The Sentinel-6A satellite, developed collaboratively by
the European Space Agency and National Aeronautics and
Space Administration (NASA), is a global ocean monitor-
ing satellite that measures sea level height using an alti-
meter and supporting the study of climate change and ocean
dynamics (Montenbruck et al 2021). The GNSS receiver on
the satellite is utilized for precise orbit determination, but
its DCB is not available. Accurate estimation of the GNSS
receiver DCB can enhance precise orbit determination and top-
side ionospheric modeling as well as scientific applications
(Jin et al 2022a).

In this paper, the DCBs of GNSS satellites and the GNSS
receiver onboard the Sentinel-6A satellite are estimated and
evaluated using GPS, Galileo and their combined observations
based on the spherical harmonics method. The remainder of
this paper is organized as follows. Section 2 introduces the data
and the method. Section 3 estimates and evaluates the DCB of
GNSS satellites and Sentinel-6A GNSS receiver from differ-
ent systems and combined observations. Finally, the conclu-
sions are given in section 4.

2. Data and methods

2.1 LEO data

The Sentinel-6A satellite orbits in a sun-synchronous path
at an altitude of approximately 1336 km, providing ideal
conditions for precise sea level measurements. This mission,
a collaboration between the European Copernicus Program,
NASA, and NOAA, monitors global sea level changes, ocean
surface winds, and wave heights. Sentinel-6A is equipped with
the advanced GEMINI GNSS receiver, supporting both GPS
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Figure 1. Distribution of F10.7 and Dst in June 2022 (a) and November 2024 (b).

and Galileo systems, which is capable of processing multi-
frequency signals (L1, L2, L5, E1, ES5, etc), enhancing posi-
tioning accuracy and anti-jamming capabilities. Using single-
receiver ambiguity resolution techniques, it determines precise
orbits in various configurations, such as GPS-only, Galileo-
only, or combined GPS/Galileo.

This study used GNSS (GPS and Galileo) observations
in November 2022 and June 2024 for DCB estimates.
Considering the sensitivity of GNSS data from LEO satellites
to space weather, observation periods with stable solar and
geomagnetic activity, as well as those with high solar activ-
ity, were chosen to show the performance of the experiment.
Additionally, LEO satellite observations and GNSS satellite
orbital data were obtained from official websites.

The GNSS data from Sentinel-6A for November 2022 and
June 2024 were analyzed. Figure 1 shows solar activity and
geomagnetic indices for these periods. In November 2022, the
F10.7 index ranged from 100 to 130 sfu, and the disturbance
storm time (Dst) index remained above —30 nT. According to
national standards, geomagnetic conditions were stable, and
solar activity was moderate. In June 2024, the F10.7 index
exceeded 150 sfu, indicating high solar activity.

2.2. GF combination and carrier phase-smoothed
pseudorange

This study combines pseudorange and carrier phase obser-
vations from the dual-frequency GNSS receiver on the
Sentinel-6A LEO satellite to simultaneously estimate VTEC,
GNSS satellite DCB, and GNSS receiver DCB as unknown
parameters. The dual-frequency pseudorange and carrier

phase observation equations for GNSS on LEO satellites are
as follows (Jin et al 2012):

Pi,i =pl+c(dt, —drf) + (40.28/fi2) E4c(d,+d)+AS
L= pitc(dn—dr) = (4028/f) B+B+ A (1)

where P;; and L7, are the pseudorange and carrier phase
observations at frequency i, respectively; The superscript s and
the subscript r represents the serial numbers of GNSS satel-
lites and LEO spaceborne GNSS receivers; p;. is the geomet-
ric distance from the GNSS satellite to the receiver; ¢ is the
speed of light, dz, and d#* are the clock offsets of the receiver
and the satellite, respectively; «; is the ionospheric delay con-
version coefficient, given by a; = (40.28/f7), where f is the
frequency; I is the slant TEC (STEC) along the line-of-sight
from the GNSS satellite to the receiver; d,; and dj are the
hardware delays of pseudorange observations at frequency i
for the receiver and the satellite, respectively; B; ; is the ambi-
guity bias in the carrier phase observations; and Af is the
observation noise that is independent of frequency. Notably,
the orbital altitude of LEO satellites is generally above 350 km,
well above the 18 km tropospheric height, so tropospheric
delay is not considered in the observation equations (Li et al
2019, Wang et al 2021).

During the operation of LEO satellites, the rapid relat-
ive motion between GNSS satellites and the onboard receiver
makes the received signals susceptible to multipath effects,
causing periodic drifts and significant errors. Therefore, before
processing, the data should be segmented based on a spe-
cified elevation angle. Subsequently, dual-frequency pseudor-
ange code observations (Melbourne~Wubbena combination)
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and ionospheric residual observations are employed to detect
cycle slips and gross errors, respectively (Jin et al 2012). Then,
the GF combination for pseudorange and carrier phase obser-
vations at both frequencies is applied to eliminate frequency-
independent terms (Liu et al 2020, Wang et al 2023),

PE}F,,’ = Pil — Pf’,2 = CDCB,. + cDCB?* + alf,
Lgp, =L}, — L, =B, —al 2)

where ‘GF” refers to the geometry-free combination of obser-
vations. Pseudorange observations are affected by DCBs,
while carrier phase observations include both ionospheric
delay and carrier phase ambiguity frequency differences
(Bf’ 12)- The coefficient « represents the ionospheric delay
conversion factor and is given by (Zhong et al 2017):

1 1
a = 40.28x (f% f%) . 3)
Since carrier phase noise is considerably smaller than pseu-
dorange observation noise, a carrier phase-smoothed pseu-
dorange is employed. In continuous observation arcs without
cycle slips, the phase ambiguity remains constant and is
expressed as:

_ 1<
B, ,= - > (L&, +Psg,) —cDCB, — cDCB®  (4)
k=1

where u represents the total number of epochs within the arc
segment. By subtracting the ambiguity estimate from the car-
rier phase observations, the carrier phase-smoothed pseudor-
ange is obtained,

u

1
Plon =Y (Lgr,+ Pgr,) — Lir,, = cDCB, + cDCB’ — of;.
u

k=1

&)
From the equation (5), it is evident that the smoothed P; ,,
includes only the GNSS receiver DCB, the satellite DCB, and
the slant ionospheric delay.

2.3. Mapping function

The thin-layer ionosphere assumption and the MF based on
the topside ionospheric pierce point are used to convert STEC
along the GNSS satellite observation path into VTEC (Zhong
et al 2016). Zhong (2017) found that, in error analysis of
VTEC conversion methods, the F&K model and centroid
method for equivalent height are more suitable for LEO
satellite receivers, while the thin-layer model and integration
method are better for ground-based receivers. The F&K geo-
metric MF (Schaer 1999) is expressed as:

F = MF+VTEC

_ 1 + (hien + Re) / (hieo + Re) VTECS  (6)

coSz + \/(l’l[EH =+ Re)z/(l’lLEO + Re)z — (sinz)2

where hipy represents the ionospheric effective height; R, is
the Earth’s radius; Ay go is the orbit height of the LEO satellite;
and z is the zenith angle. The ionospheric effective height for
LEO satellites is determined using the centroid method based
on solar activity intensity (Zhong 2017), as follows:

hen = (0.0027F 197 4+ 1.79) hygo — 5.52F 0.7 + 1350.  (7)

2.4. DCB estimation by spherical harmonic function

The spherical harmonic function model effectively captures
the temporal and spatial variations of VTEC, providing a
robust and stable mathematical framework (Jin er al 2012).
VTEC (8, s) can be expressed as (Yue ef al 2016):

N n
VTEC (8,s) = Z ZIB"’" (cos B) (anm cos ms + by,,sin ms)

n=0m=0
®)

where § and s denote the longitude and latitude of the
ionospheric piercing point, respectively, N is the maximum
degree of the spherical harmonic expansion, a,, and by,
are the spherical harmonic coefficients to be estimated, and
P, (cosf3) is the normalized associated Legendre polynomial
of degree n and order m (Jin et al 2012). The expression after

substituting the variables is as follows:

e d"
TP () ©)

P (x) = (—1)"(1—x%)
where P, (x) is the Legendre polynomial, which is given
by: P, (x) = 2}”! (ch (x> — 1)". By substituting equation (8)
into equation (5), the DCB estimation model is obtained as
follows:

N n

P}, =cDCB, + cDCB' — axMFx Y ) " P,, (cos3)

r,sm

n=0m=0
X (apm cosms + by, sin ms) . (10)
Based on equation (10), combining observations from dif-
ferent GNSS satellites and receivers within single epoch res-
ults in an indirect adjustment equation for that epoch, with
satellite DCB, receiver DCB, and spherical harmonic coeffi-

cients as the unknown parameters:

Y =[B,B,,Bs] e X +¢. (11)
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Specifically expressed as:

[ P{,xm ) r d T
P%,xm :
: d
_ PT,sm _ nl
Y_ P;,Sﬂ’[ ,X_ D ’
P%,sm :
. Dﬂl
: X
L P, - o
[ ¢ 0 0
c 0 0
c 0 0
[Bl,(n*m)*n] - 0 c 0 )
0 c 0
. O -
[ c 0 0
0 c 0
0 c
[Bowemyen] = | 0 g o |
0 c 0
| 0 0 c |

[B3] = [axMF+P,, (cos)] (12)

where n denotes the number of receivers DCBs (with n = 1
for single-system estimation and n = 2 for GPS 4+ Galileo
combined estimation in this study), and m is the number of
observed GNSS satellites (with m corresponding to 32, 36,
or 32 + 36). It is assumed that the DCBs of the receiv-
ers and GNSS satellites remain constant throughout the day.
Observations from ¢ epochs within a day are consolidated,
where Yisa(n x m x t) X 1 matrix of carrier-smoothed pseu-
dorange obtained from GNSS observations of n LEO satellite
receivers over one day; X is a (n +m + (N + 1)*> X num-
ber of ionospheric coefficients) x 1 matrix comprising the
receiver DCBs of n LEO satellite receivers, the DCBs of m
GNSS satellites and the spherical harmonic coefficients (Xp);
the design matrix B is composed of By, B, and B3, where B,
isS(nxmxt)Xn Byis(n x mxt)x m,and Bj is the
spherical harmonic design matrix, which is expressed for the
second-order spherical harmonic expansion as follows:

B3 = [Py (cos B") P1o (cos 3") Pao (cos 37
P11 (cos ") cos s Py (cos B7) sins™ Py (cos ) cos s
Py (cos 5) sinsi Py (cos 5) cos 257 Py, (cos i) sin 257

13)

The corresponding spherical harmonic coefficients Xp are:

Xp= [aog aw ax an b ay by anl’ . (14)

To distinguish between receiver and satellite DCBs and pre-
vent rank deficiency in the least squares computation, an addi-
tional constraint is imposed: the mean DCB for each satellite
system is set to 0 (Li ef al 2019). Here, N denotes the number

of satellites.

N
ZDCBW’ =0. (15)
j=1

For a single receiver, the daily number of observa-
tions greatly exceeds the number of unknown parameters
(n +m + (N + 1)> x number of ionospheric coefficients).
Consequently, with these constraints, DCBs and ionospheric
coefficients can be estimated using the least squares method
as described above.

2.5. Error estimation

This study evaluates errors in both internal and external accur-
acy. Internal accuracy is assessed using daily differences,
monthly average differences, and the overall monthly aver-
age difference between each GNSS satellite and the reference
values. If CAS and DLR reference values are available, the
monthly average difference and the overall monthly average
difference are estimated as follows:

D D p
X, ===

(16)
)_( — E?:] X

m

where X; is the monthly average difference between the estim-
ated DCB of satellite s and the reference DCB values from
the analysis center, D represents the number of days, D*V is
the DCB estimate for satellite s on day j, DSV is the reference
DCB value for the respective satellite, X is the overall monthly
average difference for all satellites within the GPS or Galileo
system, and m is the number of satellites in the system.

Variance is calculated as the average of the squared differ-
ences between each estimate and the mean estimate value over
the period. The standard deviation (STD) Xgtp, which is the
square root of the variance, provides a measurement stability,
with a smaller Xgrp indicating more stable estimates. In terms
of internal precision, Xstp reflects the dispersion of the dataset
and can be computed using the following formula, where D is
the mean estimate value for satellite s during the estimation
period.

a7
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Figure 2. GPS satellite DCB from single system estimation (left) and combined estimation (right).

3. Results and analysis

GNSS receiver observation data are used from Sentinel-6A,
obtained from the European Organisation for the Exploitation
of Meteorological Satellites (EUMETSAT) official website
(www.eumetsat.int/) in November 2022 and June 2024, to
construct a fourth-order spherical harmonic function for estim-
ating DCBs between the GPS C1C and C2L frequencies and
the Galileo C1C and C5Q frequencies. The stability and reliab-
ility of spherical harmonics are validated for DCB estimation
in LEO satellite GNSS receivers. The observation data have a
sampling rate of 30 s and an elevation cutoff of 10°.

This study employs two types of estimations: single-system
and joint GPS + Galileo estimation. Results are shown in
figure 2. The evaluation includes both internal and external
accuracy assessments. External accuracy is based on official
data from DLR and CAS, while internal accuracy is assessed
through the comparison of STDs. Note that the DCB values
for GPS satellites (C1C-C2L) are not included in the products
provided by CAS and DLR. These values are derived from
other DCB combinations, which may introduce errors and
slightly affect the precision assessment of the results.

3.1. Estimation of GNSS satellite DCB

The GNSS satellite DCB is estimated from single-system
and dual-system (GPS + Galileo) combined estimations for
November 2022 (a), (b) and June 2024 (c), (d). Figure 2
shows that the GPS satellite DCB values range from —10 ns to
10 ns across all observation periods. All satellites exhibit small
monthly variability and no apparent periodic changes, consist-
ent with ground-based DCB estimation results. GPS + Galileo
combined estimates are more stable than single-system estim-
ates. Figure 3 presents DCB results for Galileo satellites
from single-system and GPS + Galileo combined estim-
ates. Compared to GPS satellites, Galileo satellites exhibit
greater DCB variations and lower stability. Most DCBs are
concentrated between —5 ns and 5 ns, with satellites E11
and E10 around 10 ns, which aligns with actual conditions.
Although the GNSS satellite DCB performance in June 2024
showed greater variability due to high solar activity, with a
maximum deviation of about 0.8 ns within the month, DCB
results estimated from Sentinel-6A GNSS data remained con-
sistent with ground-based observations and the product val-
ues from CAS and DLR. This consistency demonstrates the
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Figure 3. Galileo satellite DCB from single system estimation (left) and combined estimation (right).

feasibility of using Sentinel-6A GNSS data for satellite DCB
estimation.

The external accuracy is evaluated by calculating the
monthly average differences between the estimated DCB val-
ues for each GPS and Galileo satellite and the reference values
provided by CAS and DLR (figures 4 and 5), as well as the
overall monthly average differences for all satellites (table 1).
CAS and DLR employ different estimation methods. CAS
uses a method similar to this study, constructing an ionosphere
model with high-order spherical harmonics and applying least
squares to estimate the DCBs for both the receiver and the
satellite. In contrast, DLR uses the global ionospheric model
(GIM) to derive VTEC as the true value and then estimates
the DCBs. This method for obtaining GNSS DCB products
is highly dependent on GIM’s ionospheric accuracy and may
affect DCB estimates in localized regions (Wang et al 2021).

Over the 60 d observation period, the monthly average dif-
ference between the GPS satellite DCBs and the reference
value is 0.8 ns (G08, G09, and G26) under stable solar activ-
ity. Under high solar activity, the difference reaches about
I ns, slightly higher than estimates from other LEO satellite

data. This discrepancy arises because CAS and DLR products
exclude the DCB (C1C-C2L). This study uses related DCB
combinations for true value calculations, introducing errors
and resulting in a larger discrepancy between estimates and
true values. For example, the average deviation for the last
three satellites is 0.9 ns. Despite this, most satellite estim-
ates demonstrate excellent performance, with a precision of
£0.3 ns.

Figure 5 shows the monthly average differences between
Galileo satellite DCB estimates and CAS and DLR product
values for two observation periods. In the first period, the pre-
cision of Galileo satellite DCB has improved when compared
to GPS satellite DCB estimates, with differences from refer-
ence values generally around £0.4 ns. Only Satellite 7 shows
a notable discrepancy from DLR product values but aligns
closely with CAS product values, likely due to DLR’s reli-
ance on the global ionospheric model for estimation. In the
second observation period under high solar activity, the joint
estimation method still performs well, and the gap between
the estimated Galileo satellite DCB and the official product is
below 0.3 ns.
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Figure 5. Monthly average difference of Galileo satellite DCBs from CAS and DLR products.
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Table 1. Overall monthly average difference of satellite estimates for different observations.

Overall monthly average difference (ns)

November 2022 June 2024
CAS DLR CAS DLR
GPS (only) 0.32 0.32 0.45 0.48
GPS (combined) 0.31 0.34 0.34 0.35
Galileo (only) 0.16 0.20 0.13 0.11
Galileo (combined) 0.15 0.19 0.16 0.19
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Figure 6. Monthly STD of satellite DCB estimates for different observations.

Table 1 shows the overall monthly average differences
for satellite estimates based on different observations. Under
stable solar activity (November 2022), the combined estima-
tion results improve the accuracy for both GPS and Galileo
satellites by about 10%, with differences of 0.31 ns and
0.15 ns, respectively. Adding GPS satellite observations
affects the Galileo satellite DCB estimate, bringing it closer to
the product value, while the joint estimate differs from CAS
by only 0.15 ns. Affected by high solar activity, the accur-
acy of DCB estimation for the GPS satellite single system
decreased in June 2024, with the overall monthly average dif-
ferences of 0.45 ns and 0.48 ns from the official product values.
The overall monthly average differences for the joint multi-
GNSS estimation results was 0.34 ns and 0.35 ns, respect-
ively, about 26% higher than those for single-system results.
This shows that despite high solar activity, the DCB estimation
for GNSS satellites using Sentinel-6A GNSS data with multi-
system combined observations still performs well, especially
for the Galileo satellite DCB, with a maximum difference of
0.2 ns. Compared to both product types, the results from vari-
ous estimation methods are closer to CAS product values and
exhibit a larger discrepancy from DLR product values, with
differences up to 33%. This discrepancy arises because the
spherical harmonic estimation method used in this study aligns

with the CAS analysis center’s method but differs from the
DLR approach.

Figure 6 shows the STD of GPS and Galileo satellite DCB
estimates from different observations over a 60 d period. For
internal precision, during the first observation period, the STD
for both single-satellite and joint estimation results ranges
from 0.05 to 0.2 ns, significantly better than the STD of the
DLR product value. In the second period, due to the influence
of high solar activity, the monthly STD gap between satel-
lites becomes larger, and the STD from the single-satellite
estimation method increases significantly, reaching a peak
of 0.5 ns. For the Galileo satellite DCB estimation, the dif-
ference between the two periods is small, and the results
from the second period are even better. The results from the
joint estimation algorithm are even lower than the STD of
the CAS official product value, reaching below 0.1 ns. This
indicates that the joint GPS and Galileo satellite observa-
tion data improve the stability of the GNSS satellite DCB
estimation.

As shown in figure 6 and table 2, during the observa-
tion period of November 2022, the overall average STD
from different observations remains stable at around 0.13 ns.
CAS products exhibit the best performance for GPS satellite
DCB, with an average STD of 0.04 ns, which significantly
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Table 2. Overall average STD of GNSS DCBs.

Overall average STD of GNSS DCBs (ns)

November 2022 June 2024
GPS (only) 0.13 0.23
GPS (combined) 0.12 0.15
GPS (CAS) 0.04 0.11
GPS (DLR) 0.19 0.07
Galileo (only) 0.21 0.26
Galileo (combined) 0.11 0.12
Galileo (CAS) 0.11 0.19
Galileo (DLR) 0.27 0.16

outperforms DLR’s DCB products. In single-system estim-
ation, the average STD for GPS satellite DCB is 0.13 ns.
The joint estimation, leveraging more observation data, shows
higher stability than single-system estimates and DLR product
values, though it is slightly less accurate than CAS results.
The overall average STD of joint estimation results for Galileo
satellite DCB is comparable to that of CAS products. In two
periods, the stability is improved by 48% and 61 %, respect-
ively, when compared to single-system estimation reaching
0.15 ns and 0.10 ns. This indicates that including GPS data sig-
nificantly enhances overall result stability. Single-system GPS
estimates are also more stable than Galileo estimates, reinfor-
cing this conclusion from a different perspective.

Overall, the GNSS satellite DCB estimation using the GPS
and Galileo observation data from Sentinel-6A offers signi-
ficant advantages in both internal and external accuracy when
compared to single-system estimation. The GPS satellite DCB
obtained from the combined estimation method is closer to
the CAS product values. The average overall deviation for the
two periods is 0.31 ns and 0.34 ns, respectively, with better
performance under stable solar activity. The average differ-
ences between the Galileo satellite DCB obtained from the
joint estimation method and the CAS product values are smal-
ler than those of the DLR products, and the overall result
exceeds the GPS accuracy. The average difference between
the results of all schemes in the two periods and the CAS and
DLR product values is within 0.2 ns, with the optimal value of
0.11 ns.

In terms of internal accuracy, the STD of the combined
estimation results is lower than that of the single-system estim-
ation. Incorporating GPS data into the Galileo satellite DCB
joint estimate significantly reduces the STD. In both peri-
ods, the overall average STD aligns with the CAS product
value and outperforms the DLR product value. Compared to
single-system estimation, it is increases by 47% and 61%,
respectively.

3.2. Estimation of GNSS receiver DCB

The GNSS receiver on the Sentinel-6A satellite plays a cru-
cial role in orbit determination and ionospheric modeling,
but EUMETSAT has not yet published official DCB data for
this receiver. Estimating the DCB for the Sentinel-6A GNSS

receiver is crucial for accurate orbit determination and iono-
spheric modeling. This paper focuses on two key signal fre-
quency combinations for GNSS receiver DCB estimation: the
difference between the GPS L1 C/A code and the L2 P(Y)
code (C1C-C2L), termed GPS receiver DCB, and the differ-
ence between the Galileo L1 C/A code and the E5 Q (or E5b)
code (C1C-C5Q), termed Galileo receiver DCB.

Figure 7 shows the time series of Sentinel-6A GNSS
receiver DCB in November 2022 and June 2024. Results from
single-system and joint estimations are similar, showing well-
fitting and consistent trends. The GPS receiver DCB remains
stable at around 0.6 ns, with an initial decrease of about 0.3 ns
over the first 5 days before stabilizing, and no significant peri-
odic variations in November 2022. During the second obser-
vation period, the GPS receiver DCB shows a clear downward
trend, mainly ranging from 0.5 to 2 ns. The results obtained
from the combined estimation algorithm are lower, but the
trend is more stable and consistent.

In contrast, the Galileo receiver DCB exhibits a fluctuating
trend in mid-month, with greater overall volatility when com-
pared to the GPS receiver DCB, around —4 ns in November
2022. In June 2024, both the combined and single-satellite
estimates range from —2 to —3 ns, about 1 ns higher than in
the first observation period, and are much less stable due to
high solar activity.

Table 3 presents the monthly means and STDs of receiver
DCBs for GPS (C1C-C2L) and Galileo (C1C-C5Q) using
both observations. For the two observation periods, the DCB
means for GPS from joint estimation differ by 0.11 ns and
0.37 ns when compared to single-system estimation, while for
Galileo, the difference is 0.10 ns and 0.15 ns, indicating min-
imal variation.

Regarding stability, in a stable period of solar activity, the
joint estimation of GPS receiver DCB performs the best, with
an STD of 0.14 ns, improving by approximately 7% when
compared to single-system estimates. In contrast, the Galileo
receiver DCB exhibits greater stability gaps when compared to
GPS, with an STD of 0.22 ns from single-system estimation
and 0.15 ns for joint estimation, reflecting an improvement of
about 32%. In another observation period, although the sta-
bility of the Galileo receiver DCB estimated by the single
system is poor, with an STD of 0.32 ns, the stability of the
results obtained from the combined estimation method using
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Figure 7. Receiver DCB results from different observations.

Table 3. Means and STD of receiver DCBs estimated by different observations.

November 2022 June 2024
Average value (ns) STD (ns)  Average value (ns)  STD (ns)
GPS (only) 5.78 0.15 1.03 0.29
GPS (combined) 5.89 0.14 0.66 0.22
Galileo (only) —4.10 0.22 —-2.79 0.32
Galileo (combined) —4.00 0.15 —2.64 0.24

GPS data is improved by 25%, reaching 0.25 ns. Overall, using
fourth-order spherical harmonic functions for VTEC modeling
offers fast computation but reduces the accuracy, resulting in
receiver-end DCB STDs between 0.1 and 0.2 ns in November
2022.

3.8. Discussion

This study uses GNSS data from the Sentinel-6A satellite
to estimate the DCB through spherical harmonic ionosphere
modeling. The DCB accuracy is assessed for LEO satellites
by comparing multi-system data with single-system data from
GPS and Galileo. The results show that the average absolute
deviation of the GPS satellite DCB is within £0.8 ns, while

1

that of the Galileo satellite DCB is stable within £0.4 ns during
the two observation periods. During the stable solar activity
period, the deviation between the joint estimation and the CAS
value is 0.31 ns (GPS) and 0.15 ns (Galileo), while the devi-
ation between the joint estimation and the DLR product is
0.34 ns (GPS) and 0.19 ns (Galileo). In the high solar activ-
ity period, although the gap between the results estimated by
a single satellite and the product value is large, the combined
estimation performance does not differ significantly from the
previous period. The same holds for the estimation of Galileo
satellite DCB results. This shows that, although affected
by solar activity intensity, the joint estimation outperforms
the single-system method, demonstrating closer consistency
with CAS products. Although joint estimation demonstrates
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better stability than single-system methods, it is slightly less
stable than the CAS DCB products. Notably, joint estimation
improves the stability of the Galileo satellite DCB and reduces
the average STD by approximately 48% to 0.11 ns when com-
pared to single-system methods. The slightly lower precision
of the estimated GPS satellite DCB results is likely due to ref-
erence data from combining CAS and DLR product values,
which may have caused some error accumulation. In the joint
estimation scheme, the increase in data volume, the improved
geometric distribution of multi-system combined satellites,
and the enhancement of positioning geometry strength have
significantly improved the estimation accuracy and stability of
DCBs for satellites across all systems.

The estimated DCB results of the Sentinel-6A GNSS
receiver show that the difference between single-system and
multi-system estimation is very small. The average differ-
ence in the first period is within 0.11 ns, while in the second
period, it is 0.37 ns (GPS), 0.25 ns (Galileo), and the monthly
change trend is consistent. Compared to the Galileo receiver
DCB results, the joint estimation results for the GPS receiver
DCB show a smaller STD and greater stability. The res-
ults for November 2022 show that the smallest STD reaches
0.14 ns. The stability of the GNSS receiver DCB estimated
using the joint GPS + Galileo approach is improved by 7% and
32% when compared to single-system estimates. This method
provides comparable precision and stability in estimating the
GNSS satellite DCBs when compared to ground-based obser-
vations and demonstrates good reliability and promising pro-
spects for further development.

4. Conclusion

In this study, GPS and Galileo observation data from the
Sentinel-6A satellite are used to estimate and evaluate the
GNSS satellite and receiver DCB. The main conclusions are
summarized as follows:

1. Multi-GNSS data significantly improves both the external
and internal accuracy of GNSS satellite DCB estimation
during both stable and high solar activity periods when
compared to single-system data. The stability of the Galileo
satellite DCB estimate even exceeds the DLR product
value.

. Including GPS data significantly improves the stability of
Galileo satellite DCB estimation. During the observation
period, the overall average STD is about 48% lower than
that of the single-system estimation, reaching 0.11 ns.

. The difference of the GNSS receiver DCB estimation is
minimal between single-system and GPS + Galileo com-
bined estimation, with mean differences within 0.11 ns.
Using combined GPS + Galileo observations, the stabil-
ity of GNSS receiver DCB estimation is 7% and 32% better
than that of the single-system DCB estimation during stable
solar activity.

In the future, more LEO satellites equipped with dual-
frequency GNSS receivers will be launched, greatly increas-
ing the number of GNSS observations from LEO satellites. It

will further pursue detailed parameter optimization analysis
for sampling rate, altitude angle, spherical harmonic function
parameters, etc, and systematically evaluate accuracy differ-
ences under different parameter settings. Furthermore, non-
differential, precision point positioning will be adopted for
DCB estimation using additional GNSS observation data from
low-earth orbit satellites, to further enhance the accuracy and
stability of DCB products.
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