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Abstract

As part of the International GNSS Service (IGS), several analysis centers provide GPS and Galileo satellite phase bias
products to support precise point positioning with ambiguity resolution (PPP-AR). Due to the high correlation with satellite
orbits and clock offsets, it is difficult to assess directly the precision of satellite phase bias products. Once outliers exist in
satellite phase biases, PPP-AR results are no longer reliable and the combination of satellite phase bias products from IGS
analysis centers also gets difficult. In this contribution, we propose a method independent of ground measurements to detect
outliers in satellite phase biases by computing the total Difference of satellite Orbits, Clock offsets and narrow-lane Biases at
the midnight epoch between two consecutive days. Results over 180 days show that about 0.2, 1.1, 2.0 and 0.1% of the total
DOCSB values for GPS satellites exceed 0.15 narrow-lane cycles for CODE final, CODE rapid, CNES/CLS final and WUHN
rapid satellite products, respectively, while the same outlier-ratios for Galileo satellites are 0.1, 0.9, 0.4 and 0.1%, respectively.
As an important contribution to the orbit, clock and bias combination task, we check the consistency of satellite phase bias
products between two analysis centers before and after removing these detected outliers from individual analysis centers. It
is convincing that the number of large differences of satellite phase biases between two analysis centers is notably reduced.

Keywords GNSS - Satellite phase bias - Outlier detection - DOCB - Phase bias variation

Introduction they are using different signals (i.e., C1C) by using the cor-

responding DCB (differential code bias) corrections (John-

Biases (also called hardware or instrument delays) exist
for each satellite and receiver for pseudorange and carrier-
phase measurements of different frequencies and signals. It
is important to note that the true absolute bias of a single
signal is unsolvable because bias parameters are one-to-one
correlated with clock offsets. The IGS (International GNSS
Service) clock products follow the convention that the ion-
osphere-free linear combination of two pseudorange signals
for each constellation (e.g., C1W and C2W for GPS) is equal
to zero. Users only need to correct pseudorange biases if
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ston et al. 2017; Kouba and Springer 2001; Montenbruck
et al. 2014). The DCB products were later evolved to the
OSB (observable-specific signal bias) products by combin-
ing the DCB observation model with the IGS clock datum
condition (Villiger et al. 2019; Wang et al. 2020).

Satellite phase biases are biases with respect to the IGS
clock products, which are in turn aligned to pseudorange
measurements. Prior to the development of single-receiver
ambiguity fixing techniques, satellite phase biases were not
relevant because in dual-frequency processing the constant
part of a satellite phase bias can be absorbed by the corre-
sponding float phase ambiguities while the varying part is
assumed to go into satellite clock offsets. However, as cen-
timeter- or even millimeter-level absolute positioning results
were demanded in various fields, the classical precise point
positioning (PPP) (Zumberge et al. 1997) was combined
with ambiguity resolution and evolved to PPP-AR (ambi-
guity resolution) (Laurichesse et al. 2010; Lin et al. 2023;
Mervart et al. 2008) and PPP-RTK (real-time kinematic) (Li
et al. 2017; Zhang et al. 2019).
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To support PPP-AR applications, dedicated satellite phase
bias products are needed. Ge et al. (2005) provided users
with satellite wide-lane and narrow-lane biases, while Loyer
et al. (2012) and Laurichesse et al. (2009) incorporated sat-
ellite narrow-lane biases into satellite clock offsets. For the
later, the datum of satellite clock products is defined by two
phase signals (e.g., L1W and L2W for GPS), which is slightly
inconsistent with the legacy IGS clock products. Schaer et al.
(2021) combined satellite DCBs, wide-lane biases, narrow-
lane biases together with the IGS clock datum condition and
determined OSBs on each signal. A dedicated exchange for-
mat for OSBs was later agreed as SINEX_BIAS version 1.00
(Schaer 2016). Concurrent with the introduction of the IGS20
frame (starting from GPS week 2238), a new bias convention
was introduced, which requires consistent use of an antenna
phase center (APC) model in the Hatch—-Melbourne—Wiibbena
(HMW) (Hatch 1983; Melbourne 1985; Wubbena 1985) and
geometry-free linear combinations, and also identifies the
applicable model as part of the DCB/OSB product (Schaer
2022).

More and more analysis centers are providing satellite
phase bias products in the frame of IGS or as a local service
(Duan et al. 2023, 2021; Geng et al. 2019; Li et al. 2018;
Strasser et al. 2019; Uhlemann et al. 2015). For the users, it is
crucial to know if the available satellite phase bias products
are sufficiently precise and consistent to conduct PPP-AR
applications. The commonly used method is to check the
performance of ambiguity fixing rates and positioning results
in PPP-AR applications, which, however, are not sensitive to
phase bias errors of a specific satellite. In order to obtain more
robust satellite products for PPP-AR applications, Banville
et al. (2020) made a preliminary combination of satellite
clock/bias products from individual analysis centers over one
week. However, potential outliers in satellite phase biases
(which are almost inevitable in long-time periods) need further
discussions in the combination task.

With the above background, this work aims at proposing
a method completely independent of measurements to detect
outliers in satellite phase biases. The methodology developed
for this purpose is introduced in the following section and
subsequently applied to different sets of orbit, clock, and
bias products for GPS and Galileo satellites available from
IGS analysis centers. It offers a lean alternative to PPP-based
validation of biases and can be advantageously applied for
quality control and combination of GNSS products. Following
the analysis and discussion of the achieved results, summary
and conclusions are presented.

@ Springer

Methodology

Considering dual-frequency GPS observations from semi-
codeless P(Y)-code tracking without loss of generality, the
observation model for the ionosphere-free combination of
carrier-phase ranges can be expressed as:

TF(Luiws Liaw) = P = 7, + e(dt, =) +18(85,,85, ) + ¢ TF(5 1 )

+ ¢ IF(b, 1w Oriaw) )
ch < :
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(Hauschild 2017). Here IF denotes the ionosphere-free
linear combination for frequencies f;, f, (wavelength4,, 4,)
of two phase measurementsL; v, L; oy, two satellite and
receiver phase biases b . 0] s D.11ws by 1ow, and the
related phase center offset/variation corrections Cil, fﬂz.
r* and r, denote satellite and receiver positions, df, and dr*
represent receiver and satellite clock offsets, 7% denotes the
tropospheric range delay, @’ represents the phase windup
correction (Wu et al. 1992), and ¢ denotes the speed of light
in vacuum. Ny, denotes the integer wide-lane ambiguity
and N, represents the narrow-lane ambiguity. Finally, € and e
describe contributions of modeling errors and measurement
errors, respectively.

Modeled contributions include satellite orbits, clock
offsets and biases, which are commonly provided by the
respective products of individual IGS analysis centers.
The consistency of different products may be assessed by
considering differences of (1) for the respective products
at common epochs. As a special case, the consistency of
products from a single analysis center may be evaluated at
the day boundary by considering the difference (A,p) of (1)
between the 24 h epoch of day n and the 0 h epoch of day
n+1
0=2u5r —r, +c(Bpdt, — Aygdr®) + - AygIF(BS b

LIW? i‘:ZW)

+ e AyplF(b,piws braw) + ﬂzc%fzz AapNwi + ﬁ AupNy + Appe )
Linearizing the contribution of the satellite position, the

geometric range may be expanded as

Al —r, & AAR(eTr‘) =ele, Aypr+ele,Ayga+ele Aype
=Apr+ [(eTe, - I)AAEr + eTe“AABa + eTeLAABc]
=Aypr+ Agptros
r'-r,
Ire=r,
e, denoting unit vectors in the radial, along-track, and cross-
track direction, and r,a,c denoting the corresponding
components of the satellite position vector. The primary
contribution to the range difference stems from the difference
of the radial orbit component, while smaller, line-of-sight

with e =

denoting the line of sight unit vector, e,, e,,
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dependent contributions result from the along-track and
cross-track differences. Considering a global average over
the station in the field of view of the given satellite, roughly
14% of the along-track and cross-track orbit errors contribute
to the RMS (root mean square) of the associated line-of-
sight range error A z€| o for GNSS satellites in medium
Earth orbit (Montenbruck et al. 2018). Representative RMS
v -line-of sight position errors

(A " Ba)2 + (A A 30)2 over daily intervals for different IGS
products amount to 9 mm for GPS and 12 mm for Galileo
satellites yielding A, z€; 5 values of about 1.3 and 1.7 mm,
respectively. Orbit day-boundary discontinuities of a single
analysis center can be two times larger. For practical
purposes, we lump A 4 z€; g into A, ze and consider only the
combined error in the subsequent analysis.

Equation (2) still contains a variety of receiver specific
contributions that hamper a direct analysis of the orbit/
clock/bias product consistency. To eliminate most of these
contributions, we form a further difference of (2) between
satellite i and a selected reference (ref) satellite.

— A — 0T — A TR (b s by )

sz . c . .
i—ref __ i—ref i—ref
— ANy =Ap——NTT + A e

flz —f22 N+

3

Within this expression, A, BN{,;]rff denotes the product-
minus-product and satellite-minus-satellite double difference
of the wide-lane ambiguities that would be determined by
a user of the two products. Its value may be obtained by
forming, in analogy with (1), the observation model for
the HMW combination of dual-frequency pseudorange
and phase observations. The wide-lane ambiguity double
difference
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Fig.1 Schematic display of the DOCB computation at the midnight
epoch between two consecutive days

from a single analysis center across multiple days or to
assess the daily consistency of products from two different
analysis centers. Both applications are independently
discussed in the subsequent sections.

Consistency of satellite phase bias products
between two consecutive days

DOCB values at the midnight epoch for satellite products
from a single analysis center are computed to check the con-
sistency of satellite products between two consecutive days.
Figure 1 illustrates the computation strategy same as also
given in equation (3). It is important to note that although
only the difference at the midnight epoch is computed

i—ref
bClW’bC2W7bL1W’bL2W) (4)

can then be expressed as the double difference of the
HMW combination of satellite code and phase biases
bélw, bézw’ bilw’ bi1w in the two products.

Overall, the left-hand part of (3) represents a quantity
that can be computed directly from satellite orbit, clock and
code/phase bias products. Its value should be equal to an
integer number of narrow-lane wavelength plus noise, and
the fractional part of a narrow-lane wavelength represents
a measure of the inconsistency of the two satellite products
A and B. We name this fractional term as Differences of
satellite Orbits, Clock offsets and narrow-lane Biases
(DOCBS). In order to minimize the impact from the selected
reference satellite, we employ a zero-mean condition as a
further step for the DOCBs per constellation. DOCBs can
either be considered to assess the consistency of products

DOCB values in this section represent the consistency of sat-
ellite phase biases between two days as satellite phase bias
products available in IGS are given as daily bias products.
CODE (Center for Orbit Determination in Europe) final,
CODE rapid, CNES/CLS (Center National d’Etudes Spa-
tiales/Collecte Localisation Satellites) final and WUHN
(Wuhan University) MGEX rapid GPS and Galileo satel-
lite orbit, clock offset and bias products are analyzed. Time
periods range from day 001 to day 180 of the year 2023,
which covers a wide range of Sun elevation angels above
the orbital plane (f-angle) for each satellite. Satellite prod-
uct information is shown in Table 1. Biases of GPS C1W,
C2W, L1W, L2W and Galileo C1C, C5Q. L1C, L5Q signals
are assessed. APC (antenna phase center) models for bias
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Table 1 Satellite product information

Products Name APC Daily ending epoch

Orbit Clock offset  Bias
CODE final cod  IGS20 24:00:00 24:00:00 24:00:00
CODE rapid cor IGS20 24:00:00 23:59:30 24:00:00
CNES/CLS final grg  IGS20 23:55:00 23:59:30 24:00:00
WUHN MEGX  wum IGS20 24:00:00 24:00:00 24:00:00

rapid

products are indicated by each analysis center in the header
of the BIAS file.

CODE (Schaer et al. 2021) and WUHN (Geng et al.
2022) analysis centers provide GNSS satellite orbits and
clock offsets at the midnight epoch in their daily final (rapid
for WUHN) products, which allows the computation of day
boundary discontinuities for both satellite orbits and clock
offsets between two consecutive days without extrapolations.
Satellite code and phase biases are provided as daily constant
values, assuming that potentially varying components are, at
least partly, absorbed by satellite clock offsets. On the other
hand, CODE rapid satellite clock products, and CNES/CLS
final satellite orbit and clock products both do not contain
the midnight epoch. In order to compute DOCBs for these
two products, we first extrapolate CNES/CLS satellite
orbits to the midnight epoch using the dynamic orbit fitting
method (Dach et al. 2015). Then, we compute satellite clock
differences between epoch 24:00:00 and 23:59:30 of the
CODE final products for each satellite. Finally, we add the
computed clock differences to CODE rapid and CNES/CLS
final clock products at epoch 23:59:30 and deduce satellite
clock offset for each satellite at epoch 24:00:00. We have
proven that this orbit/clock extrapolation method introduces
additional noise of 0.01-0.02 narrow-lane cycles.

0.5

$td=0.027

-std=0,042
std=0.057

std=0.026

GPS DOCB [NL cycles]

0 50 100 150 200
Day of year 2023

The left figures of Figs. 2 and 3 show DOCB values as
a function of time for GPS and Galileo satellites, while the
right figures show DOCB values as a function of the f-angle.
Results of days 17 and 18 in the CNES/CLS products have
larger outliers for almost all the satellites due to unknown
reasons and are therefore removed from the analysis. About
0.2, 1.1, 2.0 and 0.1% of the total DOCB values for the GPS
satellites exceed 0.15 narrow-lane cycles for CODE final,
CODE rapid, CNES/CLS final and WUHN MGEX rapid
satellite products, respectively. Galileo satellite phase bias
products show fewer outliers, about 0.1, 0.9, 0.4 and 0.1%
of the total DOCB values exceed 0.15 narrow-lane cycles
for CODE final, CODE rapid, CNES/CLS final and WUHN
MGEX rapid satellite products, respectively. DOCB values
of satellite products from all the analysis centers show a
slight dependency on the beta angle due to deficiencies in
the used radiation pressure models.

We would like to mention that the computed DOCB
values rely on satellite clock offsets of a single epoch, which
could enlarge the noise of the computed DOCB values.
The STDs (standard deviation) of DOCBs over 180 days
for CODE final and WUHN products are about 0.02-0.03
narrow-lane cycles and are about 0.04-0.06 narrow-lane
cycles for CODE rapid and CNES/CLS products. The main
reason could be that CODE final and WUHN solutions
employ a ground network of more than 300 stations, while
CODE rapid and CNES/CLS use a network of about 100
stations. CODE rapid products employ similar orbital
models as those in CODE final products but are based on a
sparser ground network. Also, the clock extrapolation to the
midnight epoch necessary for CODE rapid and CNES/CLS
products contributes to the additional noise.

CNES/CLS satellite phase bias products are validated by
their provider by checking the consistency of the resolved
integer ambiguities in the overlapping time periods between

GPS DOCB [NL cycles]

-2 L * L L
-100 -50 0 50 100
Beta angle [deg]

Fig.2 GPS day-boundary DOCB values as a function of time (left) and Sun beta angle (right) for different analysis center products, each shifted
by 0.5 narrow-lane cycles, std denotes the standard deviation of the individual time series
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Fig.3 Galileo day-boundary DOCB values as a function of time (left) and Sun beta angle (right) for different analysis center products, each
shifted by 0.5 narrow-lane cycles, std denotes the standard deviation of the individual time series

two consecutive days based on measurements (Katsigianni
2019; Katsigianni et al. 2019). All the detected outliers in
satellite phase biases are listed in the GRG_ELIMSAT _all.
dat file,! which can be taken as an external reference to
check the performance of our method. Figure 4 illustrates
the computed DOCBs of CNES/CLS final satellite products
before (GPS, GAL) and after (GPSn, GALn) removing all
the satellites that are indicated in the GRG_ELIMSAT _all.
dat file. We find that the outliers that exceed 0.15 narrow-
lane cycles drop from 2.0 to 0.2% for GPS and from 0.4 to
0.1% for Galileo, which demonstrates that our method is able
to independently identify almost all the outliers indicated in
the GRG_ELIMSAT _all.dat file.

Comparing satellite phase bias products from two
analysis centers

The IGS started combining GPS satellite orbits from analysis
centers in 1993 (Beutler et al. 1995; Johnston et al. 2017,
Kouba and Springer 2001). Since then, a lot of efforts have
been invested to make the combined satellite products more
precise and robust (Banville et al. 2020; Chen et al. 2023;
Griffiths 2019; Mansur et al. 2020; Sosnica et al. 2020;
Zajdel et al. 2023).

Same as for satellite orbit and clock offset combinations,
outlier detection is crucial for the combination of satellite
biases as well. In this section, we show the performance
of satellite orbit, clock offset and bias differences between
two analysis centers before and after removing the detected
outliers. Equation (3) is also valid in the comparison of daily
satellite phase bias products between two analysis centers or

U ftp://ftpsedr.cls.fr/ pub/igsac/GRG_ELIMSAT_all.dat

campaigns. The difference is that A,z and A ,zdr ="
in (3) here denote the mean differences of satellite orbits
and clock offsets of two products over one day (Duan and
Hugentobler 2021).

Figure 5 shows daily DOCB results as a function of f
-angle by comparing cor, grg and wum GPS (left figure)
and Galileo (right figure) satellite products to cod products.
Outliers are not negligible in all the solutions, and GPS sat-
ellites exhibit clearly more outliers than Galileo satellites.
Now, we exclude all the detected outlier-satellites identi-
fied with the aforementioned method in Figs. 2 and 3 from
Fig. 5 and show the remaining DOCB results in Fig. 6. We
find that outliers do not vanish but their number is greatly

GRG DOCB [NL cycles]

0 50 100 150 200
Day of year 2023

Fig.4 DOCB results of CNES/CLS satellite products before (GPS,
GAL) and after (GPSn, GALn) removing outliers in GRG_ELIM-
SAT_all.dat, each shifted by 0.5 narrow-lane cycles

@ Springer


ftp://ftpsedr.cls.fr/

89 Page 6 of 10 GPS Solutions (2024) 28:89
0.5 0.5 i
cod-cor
cod-grg
— ) cod-wum
@ ]
o Of o Or 2 b
o >
> o
© —
—
=4 <
o -05F B -05
Q o)
Q a
i~ o
o g |
= -
© (O]
15 : : : 1.5 : : :
-100 -50 0 50 100 -100 -50 0 50 100

Beta angle [deg]

Beta angle [deg]

Fig.5 Daily DOCB results by comparing cor, grg and wum GPS (left figure) and Galileo (right figure) satellite products to those of cod
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Fig.6 Daily DOCB results by comparing cor, grg and wum GPS (left figure) and Galileo (right figure) satellite products to those of cod after

removing the detected outliers in Figs. 1 and 2

reduced. It is worth to notice that cod-grg and cod-wum
results show large and dense outliers for satellites with the
B-angle close to zero, which could be attributed to the dif-
ferences in the employed satellite attitude and the radiation
pressure models.

Both the comparison of the detected outliers with the
GRG_ELIMSAT _all.dat file from CNES/CLS and the
reduction of the number of large differences in satellite bias
comparison between two analysis centers confirm that our
method is efficient. This is helpful for the PPP-AR users and
for the combination tasks because it makes it possible to
decide which satellite phase biases should be used.

Noise Characteristics of DOCBs for one analysis
center over time

As studied by Montenbruck et al. (2012), the L1/
L5-minus-L1/L2 clock differences for the GPS Block

@ Springer

IIF-1 satellite show clear time variations related to the
change of the onboard temperature. This indicates that
phase biases of GPS Block IIF satellites for frequency L1,
L2 and L5 might vary along with time. Similar work was
done in Duan et al. (2023) to assess the E1/E5a-minus-E1/
E5b, E1/E5a-minus-E1/E5 and E1/E5a-minus-E1/E6
clock differences for all the Galileo satellites. Different
than for the GPS Block IIF satellites, clock differences
between any dual-frequency for Galileo satellites are
constant over one day, which implies that satellite phase
biases of each Galileo frequency are constant over time. In
the dual-frequency case, satellite phase biases essentially
represent the difference between code and integer phase
clock. However, this difference is canceled in the DOCB.

DOCBs (Ai‘_Bref) determined in (3) contains the non-
line-of sight orbit errors, modeling differences and the
phase measurement noise in the determination of satellite
products from individual analysis centers. For satellite
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Fig.7 The modified Allan deviation of day-boundary DOCBs over 180 days

products from a single analysis center, the mean of
the DOCBs at the day-boundary per satellite over time
should thus be zero. In this section, we check the noise
characteristic of DOCBs over time. DOCB results of cod
and wum are employed because a number of GPS and
Galileo satellite DOCBs are free of gaps and outliers,
which is the precondition to conduct the Allan Deviation
analysis (Riley and Howe 2008).

Figure 7 shows the behavior of the Modified Allan
Deviation of the DOCBs. Up to integration time inter-
vals of 10 days, DOCBs from both analysis centers show
a white noise behavior. However, for time intervals
longer than 10 days, DCOBs show different performance
between cod and wum products, which could be due to
the use of different ground networks (wum uses more
stations than cod) or different radiation pressure models.
In general, DOCBs for Galileo satellites are more stable
than those of GPS satellites for both solutions. One of
the reasons could be due to different impact of a varying
ground network and the receiver-dependency on satel-
lite biases. The observed white noise characteristic is not
relevant for PPP-AR applications but could be helpful for
the product providers to determine satellite phase bias
products with appropriate constraints to the solutions of
the previous day.

Summary and conclusions
GNSS satellite phase bias products are available

from several IGS analysis centers to support PPP-AR
applications. However, it is difficult to assess directly the

precision of satellite phase bias products. The commonly
used approach is to assess the positioning performance in
PPP-AR applications. Aside from the computational load
and complexity of a PPP-based validation, errors or outliers
in phase bias of a specific satellite are not directly visible
in this process but lumped into the overall observation
residuals. This contribution presents an alternative method
which is computationally lean and independent of ground
measurements to detect outliers and inconsistencies in
satellite orbit, clock and phase bias products. The goal is to
provide PPP-AR users with quality-controlled satellite phase
bias products and to make the future combination of satellite
phase bias products less affected by outliers. In accord with
the current practice of daily products assuming constancy
of satellite phase biases over 24 h, DOCBs are computed
at midnight epoch between two consecutive days to assess
the consistency of consecutive data products. The method
would likewise be applicable, though, for future ultra-rapid
products with sliding shifts of the processing intervals or
phase bias products with sub-daily validity intervals.
Results of 180 days show that about 0.2, 1.1,2.0 and 0.1%
of the total DOCB values for GPS satellites exceed 0.15
narrow-lane cycles for CODE final, CODE rapid, CNES/
CLS final and WUHN MGEX rapid satellite products,
respectively. Galileo satellite phase bias products show fewer
outliers, about 0.1, 0.9, 0.4 and 0.1% of the total DOCB val-
ues exceed 0.15 narrow-lane cycles for CODE final, CODE
rapid, CNES/CLS final and WUHN MGEX rapid satellite
products, respectively. Outliers detected in the CNES/CLS
products are in line with those found by their own assess-
ment as indicated in the GRG_ELIMSAT _all.dat file. By
removing all the detected outliers in individual products,
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comparisons of daily satellite phase bias products are less
affected by large differences. However, notable inconsisten-
cies in satellite orbit, clock and bias values remain during the
eclipse season especially when the p-angle is close to zero
due to the deficiencies of the employed radiation pressure
models. The developed method may be used by product pro-
viders to identify and eliminate (or mark) outliers in the esti-
mated phase biases and generate a list similar to the CNES/
CLS GRG_ELIMSAT_all.dat file. Eventually, the product
combination provider and the PPP-AR users may also verify,
which satellite phase biases should be used.

Acknowledgements We would like to acknowledge all the IGS analysis
centers for providing precise GNSS satellite products continuously.
Calculations are done using the Bernese GNSS Software (license avail-
able, University of Bern) based on resources of the Leibniz Supercom-
puting Center (LRZ).

Author contributions BD and UH proposed the idea, BD, UH and OM
discussed the methodology. BD did the computation, BD, UH and OM
discussed the results. BD, UH and OM wrote the manuscript.

Funding Open Access funding enabled and organized by Projekt
DEAL.

Data availability CODE and CNES/CLS satellite phase bias products
are available at gdc.cddis.eosdis.nasa.gov or ftp.aiub.unibe.ch for
CODE. WUHN satellite phase bias products are available at igs.gnss-
whu.cn. The GRG_ELIMSAT _all.dat file from CNES/CLS is available
at ftpsedr.cls.fr.

Declarations
Conflict of interest The authors declare no conflict of interest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Banville S, Geng J, Loyer S, Schaer S, Springer T, Strasser S (2020) On
the interoperability of IGS products for precise point positioning
with ambiguity resolution. J Geodesy 94(1):10. https://doi.org/10.
1007/s00190-019-01335-w

@ Springer

Beutler G, Kouba J, Springer T (1995) Combining the orbits of the IGS
analysis centers. Bull Géodésique 69(4):200-222. https://doi.org/
10.1007/BF00806733

Chen G, Guo J, Geng T, Zhao Q (2023) Multi-GNSS orbit combina-
tion at Wuhan University: strategy and preliminary products. J
Geodesy 97(5):41. https://doi.org/10.1007/s00190-023-01732-2

Dach R, Lutz S, Walser P, Fridez P (2015) Bernese GNSS software
version 52, user manual. Astronomical Institute, University of
Bern, Bern Open Publishing, Switzerland

Duan B, Hugentobler U (2021) Comparisons of CODE and CNES/CLS
GPS satellite bias products and applications in Sentinel-3 satellite
precise orbit determination. GPS Solut 25(4):128. https://doi.org/
10.1007/s10291-021-01164-5

Duan B, Hugentobler U, Selmke I, Wang N (2021) Estimating ambigu-
ity fixed satellite orbit, integer clock and daily bias products for
GPS L1/L2, L1/L5 and Galileo E1/E5a, E1/E5b signals. J Geod-
esy 95(4):44. https://doi.org/10.1007/s00190-021-01500-0

Duan B, Hugentobler U, Montenbruck O, Steigenberger P (2023)
Performance of Galileo satellite products determined from
multi-frequency measurements. J Geodesy 97(4):32. https://
doi.org/10.1007/s00190-023-01723-3

Ge M, Gendt G, Dick G, Zhang F (2005) Improving carrier-phase
ambiguity resolution in global GPS network solutions. J Geod-
esy 79(4):103-110. https://doi.org/10.1007/s00190-005-0447-0

Geng J, Chen X, Pan Y, Zhao Q (2019) A modified phase clock/
bias model to improve PPP ambiguity resolution at Wuhan Uni-
versity. J Geodesy 93(9):2053-2067. https://doi.org/10.1007/
s00190-019-01301-6

Geng J, Zhang Q, Li G, Liu J, Liu D (2022) Observable-specific
phase biases of Wuhan multi-GNSS experiment analysis cent-
er’s rapid satellite products. Satell Navig 3(10):23. https://doi.
org/10.1186/343020-022-00084-0

Griffiths J (2019) Combined orbits and clocks from IGS second
reprocessing. J Geodesy 93(5):177-195. https://doi.org/10.
1007/s00190-018-1149-8

Hatch R (1983) The synergism of GPS code and carrier measure-
ments. In: International geodetic symposium on satellite doppler
positioning, pp 1213-1231

Hauschild A (2017) Basic observation equations. In: Teunissen PJ,
Montenbruck O (eds) Springer handbook of global navigation
satellite systems. Springer, Cham, pp 561-582

Johnston G, Riddell A, Hausler G (2017) The international GNSS
service. In: Teunissen PJ, Montenbruck O (eds) Springer hand-
book of global navigation satellite systems. Springer, Cham,
pp 967-982

Katsigianni G, Loyer S, Perosanz F, Mercier F, Zajdel R, So$nica K
(2019) Improving Galileo orbit determination using zero-differ-
ence ambiguity fixing in a multi-GNSS processing. Adv Space
Res 63(9):2952-2963. https://doi.org/10.1016/j.asr.2018.08.035

Katsigianni G (2019) Multi-GNSS hybridization for precise position-
ing. In: Doctoral thesis. Université Toulouse 3 Paul Sabatier

Kouba J, Springer T (2001) New IGS station and satellite clock
combination. GPS Solut 4(4):31-36. https://doi.org/10.1007/
PL00012863

Laurichesse D, Mercier F, Berthias JP, Broca P, Cerri L (2009) Inte-
ger ambiguity resolution on undifferenced GPS phase meas-
urements and its application to PPP and satellite precise orbit
determination. Navigation 56(2):135-149. https://doi.org/10.
1002/j.2161-4296.2009.tb01750.x


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s00190-019-01335-w
https://doi.org/10.1007/s00190-019-01335-w
https://doi.org/10.1007/BF00806733
https://doi.org/10.1007/BF00806733
https://doi.org/10.1007/s00190-023-01732-2
https://doi.org/10.1007/s10291-021-01164-5
https://doi.org/10.1007/s10291-021-01164-5
https://doi.org/10.1007/s00190-021-01500-0
https://doi.org/10.1007/s00190-023-01723-3
https://doi.org/10.1007/s00190-023-01723-3
https://doi.org/10.1007/s00190-005-0447-0
https://doi.org/10.1007/s00190-019-01301-6
https://doi.org/10.1007/s00190-019-01301-6
https://doi.org/10.1186/s43020-022-00084-0
https://doi.org/10.1186/s43020-022-00084-0
https://doi.org/10.1007/s00190-018-1149-8
https://doi.org/10.1007/s00190-018-1149-8
https://doi.org/10.1016/j.asr.2018.08.035
https://doi.org/10.1007/PL00012863
https://doi.org/10.1007/PL00012863
https://doi.org/10.1002/j.2161-4296.2009.tb01750.x
https://doi.org/10.1002/j.2161-4296.2009.tb01750.x

GPS Solutions (2024) 28:89

Page9of10 89

Laurichesse D, Mercier F, Berthias J-P (2010) Real-time PPP with
undifferenced integer ambiguity resolution, experimental
results. In: Proceedings of the 23rd international technical meet-
ing of the satellite division of the institute of navigation (ION
GNSS 2010), pp 2534-2544

Li B, Li Z, Zhang Z, Ya T (2017) ERTK: extra-wide-lane RTK of
triple-frequency GNSS signals. J Geodesy 91(2):1031-1047.
https://doi.org/10.1007/s00190-017-1006-1

Li X, Li X, Yuan Y, Zhang K, Zhang X, Wickert J (2018) Multi-
GNSS phase delay estimation and PPP ambiguity resolution:
GPS, BDS, GLONASS. Galileo Journal of Geodesy 92(6):579—
608. https://doi.org/10.1007/s00190-017-1081-3

Lin J, Geng J, Yan Z, Masoumi S, Zhang Q (2023) Correcting
antenna phase center effects to reconcile the code/phase bias
products from the third IGS reprocessing campaign. GPS Solu-
tions 27(2):70. https://doi.org/10.1007/s10291-023-01405-9

Loyer S, Perosanz F, Mercier F, Capdeville H, Marty J-C (2012)
Zero-difference GPS ambiguity resolution at CNES—CLS IGS
analysis center. ] Geodesy 86(11):991-1003. https://doi.org/10.
1007/s00190-012-0559-2

Mansur G, Sakic P, Minnel B, Schuh H (2020) Multi-constellation
GNSS orbit combination based on MGEX products. Adv Geosci
50(2):57-64. https://doi.org/10.5194/adgeo-50-57-2020

Melbourne W (1985) The case for ranging in GPS-based geodetic
systems. In: Proceedings 1st international symposium on precise
positioning with the global positioning system, US department of
commerce, Rockville, Maryland. pp 373-386

Mervart L, Lukes Z, Rocken C, Iwabuchi T (2008) Precise point posi-
tioning with ambiguity resolution in real-time. In: Proceedings of
the 21st international technical meeting of the satellite division of
the institute of navigation (ION GNSS 2008). pp 397-405

Montenbruck O, Hugentobler U, Dach R, Steigenberger P, Hauschild
A (2012) Apparent clock variations of the Block IIF-1 (SVN62)
GPS satellite. GPS Solut 16(7):303-313. https://doi.org/10.1007/
$10291-011-0232-x

Montenbruck O, Hauschild A, Steigenberger P (2014) Differential
code bias estimation using multi-GNSS observations and global
ionosphere maps. Navig J Inst Navig 61(3):191-201. https://doi.
org/10.1002/navi.64

Montenbruck O, Steigenberger P, Hauschild A (2018) Multi-GNSS
signal-in-space range error assessment—methodology and results.
Adv Space Res 61(12):3020-3038

Riley W], Howe DA (2008) Handbook of frequency stability analysis.
US department of commerce, national institute of standards and
technology: Gaithersburg, MD

Schaer S, Villiger A, Arnold D, Dach R, Prange L, Jaggi A (2021) The
CODE ambiguity-fixed clock and phase bias analysis products:
generation, properties, and performance. J Geodesy 95(7):81.
https://doi.org/10.1007/s00190-021-01521-9

Schaer S (2016) Sinex bias—solution (software/technique) independent
exchange format for GNSS biases version 1.00. In: IGS workshop
on GNSS biases, Bern, Switzerland

Schaer S (2022) Bias and calibration working group technical report
2022. In: International GNSS service technical report 2022 (IGS
annual report). Bern Open Publishing, IGS Central Bureau and
University of Bern.

Sosnica K, Zajdel R, Bury G, Bosy J, Moore M, Masoumi S (2020)
Quality assessment of experimental IGS multi-GNSS com-
bined orbits. GPS Solut 24(2):54. https://doi.org/10.1007/
$10291-020-0965-5

Strasser S, Mayer-Giirr T, Zehentner N (2019) Processing of GNSS
constellations and ground station networks using the raw obser-
vation approach. J Geodesy 93(7):1045-1057. https://doi.org/10.
1007/s00190-018-1223-2

Uhlemann M, Gendt G, Ramatschi M, Deng Z (2015) GFZ global
multi-GNSS network and data processing results. IAG 150 years.
Springer, Cham, pp 673-679

Villiger A, Schaer S, Dach R, Prange L, SuSnik A, Jiggi A (2019)
Determination of GNSS pseudo-absolute code biases and their
long-term combination. J Geodesy 93(9):1487-1500

Wang N, Li Z, Duan B, Hugentobler U, Wang L (2020) GPS and Glo-
nass observable-specific code bias estimation: comparison of solu-
tions from the IGS and MGEX networks. J Geodesy 94(8):74.
https://doi.org/10.1007/s00190-020-01404-5

Wu J-T, Wu SC, Hajj GA, Bertiger WI, Lichten SM (1992) Effects
of antenna orientation on GPS carrier phase. Astrodynamics
1991:1647-1660

Wubbena G (1985) Software developments for geodetic positioning
with GPS using TI 4100 code and carrier measurements. In:
Proceedings 1st international symposium on precise positioning
with the global positioning system, US department of commerce,
Rockville, Maryland, pp 403—412

Zajdel R, Masoumi S, Sosnica K, Galdyn F, Strugarek D, Bury G
(2023) Combination and SLR validation of IGS Repro3 orbits
for ITRF2020. J Geodesy 97(10):87. https://doi.org/10.1007/
s00190-023-01777-3

Zhang B, Chen Y, Yuan Y (2019) PPP-RTK based on undiffer-
enced and uncombined observations: theoretical and practical
aspects. J Geodesy 93(12):1011-1024. https://doi.org/10.1007/
s00190-018-1220-5

Zumberge J, Heflin M, Jefferson D, Watkins M, Webb F (1997) Precise
point positioning for the efficient and robust analysis of GPS data
from large networks. J Geophys Res: Solid Earth 102(B3):5005—
5017. https://doi.org/10.1029/96JB03860

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Bingbing Duan is working at the
Institute for Astronomical and
Physical Geodesy, TUM, Ger-
many. His main research inter-
ests are GNSS orbit modeling,
precise GNSS orbit determina-
tion, GNSS signal biases, LEO
satellite orbit determination, and
the combination of space tech-
niques (GNSS, DORIS, SLR).

@ Springer


https://doi.org/10.1007/s00190-017-1006-1
https://doi.org/10.1007/s00190-017-1081-3
https://doi.org/10.1007/s10291-023-01405-9
https://doi.org/10.1007/s00190-012-0559-2
https://doi.org/10.1007/s00190-012-0559-2
https://doi.org/10.5194/adgeo-50-57-2020
https://doi.org/10.1007/s10291-011-0232-x
https://doi.org/10.1007/s10291-011-0232-x
https://doi.org/10.1002/navi.64
https://doi.org/10.1002/navi.64
https://doi.org/10.1007/s00190-021-01521-9
https://doi.org/10.1007/s10291-020-0965-5
https://doi.org/10.1007/s10291-020-0965-5
https://doi.org/10.1007/s00190-018-1223-2
https://doi.org/10.1007/s00190-018-1223-2
https://doi.org/10.1007/s00190-020-01404-5
https://doi.org/10.1007/s00190-023-01777-3
https://doi.org/10.1007/s00190-023-01777-3
https://doi.org/10.1007/s00190-018-1220-5
https://doi.org/10.1007/s00190-018-1220-5
https://doi.org/10.1029/96JB03860

89 Page 10 of 10

GPS Solutions (2024) 28:89

@ Springer

Urs Hugentobler is a professor
at TUM, Germany, and head of
the Research Facility Satellite
Geodesy. His research activities
focus on precise applications of
GNSS such as positioning, pre-
cise orbit determination, refer-
ence frame realization, time
transfer, and other space tech-
niques, such as DORIS, SLR and
VLBI.

Oliver Montenbruck is head of
the GNSS Technology and Navi-
gation Group at DLR’s German
Space Operations Center
(GSOCQ). His research activities
include spaceborne GNSS
receiver technology, autonomous
navigation systems, spacecraft
formation flying and precise
orbit determination, new constel-
lations and multi-GNSS
processing.



	A method to assess the quality of GNSS satellite phase bias products
	Abstract
	Introduction
	Methodology
	Consistency of satellite phase bias products between two consecutive days
	Comparing satellite phase bias products from two analysis centers
	Noise Characteristics of DOCBs for one analysis center over time

	Summary and conclusions
	Acknowledgements 
	References


