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Abstract

Precise estimation of satellite differential code biases (DCBs) plays a crucial role in precise ionospheric modeling, position-
ing, and timing. Due to the rank deficiency, a constraint or a datum is required in order to separate the satellite DCBs from
the receiver DCBs. A common practice is to impose a zero-mean constraint on all the visible satellites. However, datum
selection is affected by satellite replacement and variation of the DCBs. As a result, the long-term variations of current DCB
products vary significantly. Taking the DCBs of SVN 44 (PRN 28) as a reference, we analyzed the long-term variations of
DCBs over a period of 20 years, between 2000 and 2019. Based on this reference, the results indicate that the change of the
zero-mean datum is responsible for the variation of current DCB products. The datum change is attributed to the satellite
replacement as well as the discontinuities and their variations. We found that discontinuities for the same satellite vehicle
reach 1.8 ns, which is related to satellite changes announced in the Notice Advisory to Navstar Users message and to flex
power. The magnitude of the DCBs depends on the satellite type. DCBs for Block IIR-A and IIR-M satellites are close to
each other, while DCBs of Block IIR-B satellites are approximately 5 ns larger and DCBs for the Block IIF are 8 ns smaller.
In addition, the satellite biases between GPS P1 and C1 are also briefly examined, and the results show that they are also
affected by the satellite replacements and discontinuities. However, the satellite bias differences between P1 and C1 for dif-
ferent satellite types are minor.

Keywords Satellite biases - Differential code biases (DCBs) - Bias discontinuity - Bias jump - Bias variations - Flex power -
NANU

Introduction

Global navigation satellite system (GNSS) pseudorange
measurements are influenced by different hardware-intro-
duced group delays at different signals. The delays are also
known as differential code biases (DCBs) at different fre-
quencies, such as P1 and P2, or at the same frequency for
different signals, such as P1 and C1 (Gao et al. 2001; Li
et al. 2012; Villiger et al. 2019). These hardware delays are
caused by the digital signal processing components, antenna,
cables, and front-end when signals at both the satellite and
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receiver are encoded (Hegarty et al. 2005; Hauschild and
Montenbruck 2016). They are nonnegligible error sources
in obtaining the absolute ionosphere delays or achieving
high precision timing and positioning since the DCBs can
be significant, ranging from — 10 to 10 ns (Ray and Senior
2005; Levine 2008; Rovira-Garcia et al. 2015; Xiang 2018;
Tu et al. 2019).

Previous research has applied the geometry-free combi-
nation to estimate the DCBs at different frequencies using
ionospheric modeling (Mannucci et al. 1998; Yuan and Ou
2004; Hernandez-Pajares et al. 2009; Zhong et al. 2016b).
The geometry-free combination cancels the geometry-
related components, and the remaining are the frequency-
dependent ionospheric delays and biases at the transmitting
and receiving side. Due to the noisy pseudorange measure-
ments, the geometry-free combination of the pseudorange
measurements is usually smoothed or leveled by the carrier
phase measurements. However, this method suffers from
leveling or smoothing errors. Further improvement can be
made to reduce the leveling errors using the ionospheric
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observables based on precise point positioning (Banville
et al. 2012; Zhang et al. 2012; Xiang and Gao 2017).

GNSS scholars have extensively studied DCB estimation
(Li et al. 2016, 2017; Montenbruck et al. 2014; Wang et al.
2016; Zhao et al. 2017). Dating back three decades, Coco
et al. (1991) and Sarddén and Zarraoa (1997) demonstrated
the interday stability in terms of root-mean-square, using the
limited volume of data within two years. Zhang et al. (2017)
characterized the short-term variation of between-receiver
DCBs and the relationship between DCBs and temperature.
Recently, Wanninger et al. (2017) modeled the short-term
DCBs, or group delay variations, as a function of eleva-
tion and azimuth. Zhang et al. (2014) investigated whether
DCB variations are affected by ionospheric variation or solar
cycles, because DCBs are estimated in ionospheric mod-
eling. They found a downward trend in the estimated DCBs
based on the data from 1999 to 2010. Then, Zhong et al.
(2016a) clarified that the descending drift is independent of
the ionospheric variations by choosing continuous operat-
ing satellites as a reference from the year of 2002 to 2014.
Instead, the results reveal that the DCB variations are related
to the satellite replacement and the zero-mean constraint
or datum imposed on these satellites. More recently, Vil-
liger et al. (2019), at the Center for Orbit Determination in
Europe (CODE), worked on the observable-specific signal
bias concerning the same datum to make the biases easy to
understand and efficient to transform in computations.

However, the variations, discontinuities, and character-
istics are still not well understood and clearly explained.
Fortunately, the international GNSS service (IGS) has pro-
vided many datasets of DCB products since 1998. It is a
substantial resource when researching the temporal varia-
tions of DCBs on a long timescale. In this study, choosing a
continuous operating satellite as a reference, we attempt to
make use of these data to interprete the long-term stability
of DCBs. Understanding the characteristics is beneficial to
improve the estimation or prediction of DCBs so that they
can be applied to ionospheric modeling, high precision tim-
ing, and positioning.

The next section explains the method of analyzing the
long-term variation of DCBs and describes the data used in
the study. Then, the following section displays and discusses
the results, answering some crucial questions about DCBs.
Finally, the conclusions are briefly summarized.

Methodology and dataset

Before explaining how the long-term variations using the
same datum are analyzed, we need to understand how DCBs
are calculated. It is well known that the DCBs between dif-
ferent frequencies are commonly computed using iono-
spheric modeling. The CODE daily DCB solutions are
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calculated as part of the global ionospheric modeling effort.
The effects of the leveling errors mentioned in the intro-
duction are not considered in the study, because CODE is
applying the smoothed code measurements or ionospheric
observables (Dach et al. 2015). Ionospheric modeling can
be explained by the following equation:

I=1,—1,+(DCB* - DCB") + ¢
= MF X K X VTEC(@pp, Aipp) + (DCB* — DCB") + ¢,
ey

where T is the carrier phase smoothed ionospheric observa-
bles; I, and I, are the pseudorange ionospheric delays on the
frequency of L1 and L2, respectively; MF is the mapping
function converting the slant ionospheric total electron con-
tents (TEC) to vertical ones; IPP is the interpolated pierce
point when the single-layer model is assumed;
VTEC(@pp, Aipp) is the vertical TEC as a function of lati-
tude, @pp, and longitude, A;pp, at IPPs; € is the noise; DCB*
and DCB’Zarez: the satellite and receiver DCBs, respectively;
andK = f;zz;f? x 40.3 X 10! with two carrier frequencies, f;
and f,. Note that, in the case of CODE, the spherical har-
monic function is adopted to model the global ionosphere.

It is worth mentioning that the satellite DCBs and the
receiver DCBs are linear dependent. The ionospheric mod-
eling has a rank deficiency of one, because each satellite
shares the same receiver DCB. To solve this rank deficiency,
it is a common practice to add the zero-mean constraint of
all the observed satellites as:

SXpep = 0, where Xpcp = [Xpepss Xpepr|s S =1e, 0]

@)
where S is the constraint vector, and the elements are 1
for satellite DCBs and O for receiver DCBs; e contains the
elements of 1 with a size of all the visible satellites; )A(DCB
refers to the DCB estimates; Xpcp: are the satellite DCBs;
and Xpcp- are the receiver DCBs.

However, the instability of the zero-mean constraint of
all satellites raises an issue. Research concluded that this
constraint or the datum changes when the DCBs of some
satellites are not stable or old satellites are replaced (Li et al.
2012; Zhong et al. 2016a). Instead, choosing a continuous
running satellite as a reference offers a way to investigate
the long-term variation of other satellite DCBs, given by:

AXpeps = Xpeps — XDCB‘;’C{’ (3)

where AXcps are the DCB value with respect to the refer-
ence DCBs. It is important to note that these differences are
utilized for analysis in the study.

The DCB products from 2000 to 2019 are analyzed. Fur-
thermore, because of minor differences existing between the
CODE and other IGS analysis centers (Wang et al. 2016),
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Fig.1 All GPS satellites launched from 2000 to 2019, identified by
the satellite vehicle number (SVN). The horizontal axis indicates the
operating time. Each color represents a continuous operating period

we chose the DCB products from CODE in the study. All
the satellite vehicles that were launched in the specified time
frame are exhibited in Fig. 1. This figure is plotted based on
the satellite-specific information available in the file SAT-
TLITE.I14 (https://ftp.aiub.unibe.ch/ BSWUSERS52/GEN/
SATELLIT.I14). The horizontal line represents the operating
time. The daily and monthly DCB products between P1 and
P2 are accessible at CODE. Both are available on websites
(https://ftp.aiub.unibe.ch/CODE). It is of interest to note that
the daily products are located as part of the global iono-
spheric maps in the format of IONEX (ionosphere exchange)
and are not in a separate daily file similar to the monthly
products. Here, the biases of GPS are only examined due to
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Fig.2 DCB time series of PRN 03 (SVN 33, SVN 35, SVN 69). On
the left y-axis, blue indicates the daily DCBs, and red is monthly
DCBs. The green line, which corresponds to the y-axis on the right,
indicates SVN. The jump in the green line indicates that the PRN 03
was assigned to another vehicle

its longer operability. DCBs refer to interfrequency DCBs
between satellite signals P1 and P2.

An example of a time series of daily and monthly DCB
products for PRN 03 (SVN 33, SVN 35, SVN 69) is dis-
played in Fig. 2. Blue represents the daily DCBs and red
represents the monthly ones. The time scale on the x-axis for
the monthly solutions is set to the middle of the month. The
right axis indicates the SVN in green. Generally, the daily
and monthly data present a fairly consistent trend, and the
monthly data are slightly smoother than the daily solutions
because of averaging. There is an obvious decreasing trend
from the beginning to the year 2010 and an increasing trend
afterward until a negative jump occurred around 2015. The
variation is related to the variation in the zero-mean datum
imposed on all the DCB estimations. The reason why there
is a jump to a negative value is that PRN 03 is reassigned
from a Block IIA satellite to a Block IIF satellite. This will
be further explained in the following subsections.

To ensure a stable and continuous datum, we choose a
satellite as a reference that has been continuously operat-
ing for a long time. As explained in Villiger et al. (2019),
SVN 44, i.e., PRN 28 is stable and has served continuously
since its launch. Therefore, PRN 28 is chosen as a reference.
The DCB values for PRN 28 are illustrated in Fig. 3. It can
be seen that the DCB trendline for PRN 28 is continuous
and without prominent discontinuities. The data starting at
2000, rather than 1998, are analyzed, because PRN 28 began
operation in August 2000.

By choosing the reference, the relative DCBs of PRN 03
with respect to PRN 28 are presented in Fig. 4. It is appar-
ent that the relative DCBs for PRN 03 are much more stable
when comparing to Figs. 2 and 3. A similar trend is removed
when the differences are created.
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Fig.3 DCB time series for continuous operating PRN 28 (SVN 44).
The green line, corresponding to the right y-axis, refers to SVNs
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Fig.4 DCB time series for PRN 03 (SVN 33, SVN 35, SVN69) with
reference to PRN 28 (SVN 44). The green line, corresponding to the
right y-axis, refers to SVN

Results and discussions

Below, we attempt to answer the following questions: (1)
How is the datum related to the variations in current DCB
products? (2) What caused the jumps for a continuous oper-
ating satellite as a function of satellite status and flex power?
(3) Would the DCBs be affected by ionospheric modeling?
(4) How are the DCB values related to different PRNs when
the same SVN is assigned to different PRNs? (5) What are
the characteristics of different types of GPS satellites and
how stable are the biases? (6) Do the results of DCBs apply
to the biases between P1 and C1?
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DCB variations related to the zero-mean datum

Instead of displaying the current DCB products, the DCB
variations with respect to the PRN 28 from randomly
selected satellites are presented in Fig. 5. The left y-axis is
the relative DCBs to PRN 28 and the right y-axis is SVN
plotted in green. The figure confirms that the DCBs are
stable and that there are jumps when the SVN is changed
(green) throughout this 20-year period. If we assume that
the DCBs of PRN 28 are stable based on the research of Vil-
liger et al. (2019), the result reveals that the satellite DCBs
are stable after differencing with PRN 28, suggesting that
their variations are affected by a similar trend. As mentioned
in the methodology section, a zero-mean datum is imposed
when DCBs are estimated. We believe the datum is one of
the contributors to this trend. However, further demonstra-
tion is required to determine whether the trend could be
caused by temperature or the ionospheric activities.

Further attention must be paid to the usage of the monthly
products. As previously explained, the monthly data trend is
smoother than the daily data trend because of the averaging.
However, the monthly data need to be used with caution dur-
ing satellite replacement. This is because the monthly data
could be the average of two different DCBs from two SVNs.
For example, the monthly data of PRN 09 in the middle are
deteriorated during the time of satellite replacement.

In general, the satellite DCBs are stable for the same
SVN. However, some discontinuities are noticeable, even
for the same SVN, which is caused by the satellite status
changes. An example is PRN 02 around 2014. Some sat-
ellites are stable, such as PRN 05 and PRN 06, but some
descend in the long-term, such as PRN 13. These variations
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Fig.5 Time series of selected satellite DCBs (PRN5s) referenced to PRN 28 in units of nanoseconds. The green line, corresponding to the right

y-axis, refers to SVN
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Fig. 6 Statistics on the occurrence of NANU events. NANU events
starting with “FCST” are the scheduled events; others are not. There
is a total of 10 NANU message types

for the same SVN will be explained in the following
subsections.

DCB discontinuities related to satellite status

Previous subsections indicate that the DCBs of the same
satellite vehicle usually remain stable, but discontinuities
for the same satellite vehicle, such as PRN 02 (SVN61) in
Fig. 5, are also observed. Villiger et al. (2019) mentioned
that some of the discontinuities are related to Notice Advi-
sory to Navstar Users (NANU) messages, which describe
the satellite changes in the constellations. These changes
are maneuvers or onboard equipment maintenance. The
information on the NANU can be found on their website
(https://www.navcen.uscg.gov/?pageName=nanu). Fig-
ure 6 summarizes the statistics of ten types of scheduled
and unscheduled NANU events with a total of 2378 events.
NANU events starting with “FCST” are the scheduled
events, and the remainder are the unscheduled events. The
reason why the occurrence of “FCSTSUMM?” is higher
than other events is that it is the summary of all the sched-
uled events. Further details on what each type means are
given at https://www.navcen.uscg.gov/?pageName=nanuA
bbreviations.

A selection of discontinuity examples for the same satel-
lite vehicle per panel is exhibited in Fig. 7. It can be noticed
that SVN 25 dropped obviously around the year 2006 and
recovered to the previous value. This drop is related to
NANU event numbers 2005159 (UNUSABLE) and 2006058
(UNUSABLE). SVN 47 presented two discontinuities:
NANU 2008078 (FCSTMX) on the forecast outage and
NANU 2010134 (FCSTSUMM) on the summary of unus-
able status until further notice. Additionally, SVN 47 starts
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Fig.7 DCB discontinuities (dark blue) for the same satellite vehi-
cle per panel and NANU events (red star). The DCB discontinuities
in the rectangles are related to NANU messages. The green ellipses
highlight the shifts due to flex power

to increase from late 2010, which matches the trend given
in Villiger et al. (2019). For SVN 61, the discontinuity is up
to approximately 1.8 ns and maintains this value afterward.
This is related to NANU 2013062 (UNUSABLE). For SVN
63, a discontinuity in the green circle around 2017 is noticed,
but no specific NANU event was found. The nearest one
is still far from this point. A similar case is observed with
SVN 72. Actually, these discontinuities are related to the
flex power, which will be explained in the next subsection.

Therefore, we believe that some of the discontinuities are
related to the occurrence of NANU messages, but NANU
messages do not necessarily causes discontinuities. In fact,
Fig. 7 indicates that the occurrence rate of NANU events
relating to DCB discontinuities is low, because only a few
NANU events result in the DCB discontinuities. Further-
more, the challenge to building the connection between
NANU events and the discontinuities is determining how to
define a jump or discontinuity. This is because some day-to-
day variations are changing gradually rather than showing an
apparent jump, such as SVN 47 around 2008. Additionally,
some overlap between the NANU events and other events
could last for several days.
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DCB shift related to flex power

GPS satellites usually transmit their signals at constant
power. Flex power redistributes the power between different
signals to protect users from jamming. The Block I[IR-M and
IIF types of satellites are capable of performing flex power.
Recently, Steigenberger et al. (2019) explained three types
of flex power modes. In the first type of flex power, 10 out of
12 Block IIF satellites have utilized flex power since January
27, 2017. The second type is a four-day flex power usage
from April 13 to 17, 2018. The third type is an 11-h flex
power usage for three days on April 27, May 1 and 4, 2018.

A selection of shifts due to the flex power for Block IIF
satellites is presented in Fig. 8. The red line indicates Janu-
ary 27,2017, which is the time of the first type of flex power.
An obvious shift can be observed before and after this time.
The shift is up to 0.4 ns. The green ellipses emphasize the
spike around April 15, 2018 at the second type of flex power.
The spike is up to 0.5 ns. The third type of 11-h flex power
did not have an apparent shift for these satellites. However,
tiny bumps of approximately 0.2 ns were noticed for SVN73
for the 11-h flex power, as shown in red in Fig. 9.

DCBs related to solar activities

As explained in the methodology section, the satellite DCBs
are estimated together with ionospheric modeling. It is of
interest to know how the DCB variations are related to solar
activities, since the latter directly affects the ionospheric
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Fig.8 DCB shifts due to flex power. The red dashed line identifies
January 27, 2017. The green ellipses are located around April 15,
2018
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Fig.9 DCB shift due to flex power for SVN 73 (PRN 10). The bot-
tom figure is a magnified time window. The dashed green and red
lines indicate April 15, April 27, May 1 and 4, 2018, respectively

variations. From Figs. 4 and 5, the variations have a close
relationship with the zero-mean datum. Here, the relation-
ship between the stability of satellite DCBs the solar activi-
ties is explored.

Figure 10 indicates the monthly average £10.7 flux and the
single differences in DCBs between two consecutive days.
The £10.7 index measures the noise level at a wavelength of
10.7 cm at the earth’s orbit generated by the sun. The larger
£10.7 values indicate higher levels of solar activity. A cur-
sory check of the figure shows two noisy places around 2001
and 2015. These two years are high solar activity years in
accordance with the f10.7 flux, and the £10.7 flux in 2015 is
smaller than that in 2001. The noise level of selected DCBs
around 2015 is less substantial than that in 2001. These
effects on the noise level of DCBs may be related to the
ionospheric modeling or temperature variations (Coster et al.
2013) caused by solar cycles. Due to the lack of temperature
information, we cannot confirm the reason of large noise
level for the current data analysis.
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DCBs related to SVNs

Would the same SVN have the same DCB value if assigned
different PRNs? Referring to Fig. 1, one can see that most
SVNs have the same respective PRN throughout their life-
time, which is represented using a continuous line. However,
some SVNs such as SVN 32, 34, 35, 36, 37, and 49 are
assigned different PRNs throughout their lifetime, which is
represented by line segments. The DCBs for these six satel-
lites are given in Fig. 11 to show what their DCBs look like.
It is interesting to observe that most DCBs keep similar
values, even for different PRNs, but jumps do occur, such
as for PRN 49. There are also some spikes of DCBs at each
end of the assignment for PRN 49. These spikes are abnor-
mal, caused by averaging and changes of satellite status.
Figure 11 also shows that the datum of all visible satellites
is affected by the new SVNs that were assigned in partway.
Similarly, monthly solutions can be affected by the aver-
age of daily solutions. Generally, the results reveal that the
DCBs are directly related to SVNs and unrelated to PRNs.

DCBs relate to satellite types

It is well known that the GPS constellation is being mod-
ernized. There are 31 satellites in service, and four types of
satellites in use: 7 Block IIR-A, 4 Block IIR-B, 7 Block IIR-
M, and 12 Block IIF satellites. Further detail on the types
of satellite is summarized in the file SATELLITE.I14. The
DCBs, separated by satellite type, are presented in Fig. 12
to examine the characteristics of DCBs based on different
types of satellites. The time scale on the x-axis infers that the
Block IIR-A satellites were launched first, and the Block IIF
satellites were the most recently launched ones.
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Fig. 11 SVNs with changed PRN assignment. The left axes refer to DCBs in units of ns. The right axis identifies the PRN, here plotted in green
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Fig. 12 Monthly DCBs between P1 and P2 for each operating satel-
lite vehicle. Different colors represent different satellite types. Here,
SVN 69/PRN 03 is highlighted as a Block IIF satellite

It is worth keeping in mind that PRN 28, a Block IIR-A
satellite, is chosen as a reference. It can be observed that
the DCBs for Block IIR-A satellites in magenta are basi-
cally within 1 ns of each other, except for one at the bot-
tom that is approximately 2 ns away. The DCBs in black
are for Block IIR-B satellites, and their values are approxi-
mately 5 ns larger than those of Block IIR-A satellites.
Comparably, the DCBs of Block IIR-M satellites in green
are close to those of the Block IIR-A satellites as well,
with a difference of approximately 1 ns. By contrast, sat-
ellites of Block IIF are approximately 8 to 12 ns smaller
compared to those of Block IIR-A.

Therefore, it is not difficult to understand the variations
in original DCB products for PRN 03. If the zero-mean

datum of all the DCBs increases, each DCB will decrease
to compensate for the zero-mean constraint, and vice
versa. For the original DCBs of PRN 03 in Fig. 2, there is
a descending trend until 2010, because the datum increases
with the launch of Block IIR-B satellites around 2005. The
increasing trend around 2010 is caused by the decreas-
ing datum with the launch of the first Block IIF satellites,
Block ITF having a smaller DCB. The reason for the nega-
tive jump around 2015 is that the PRN 03 was assigned to
a Block IIF satellite.

One can observe from the previous figures that some
DCBs show slight variations, even without the satellite
replacement or the discontinuities. By choosing six con-
tinuously operating satellite vehicles from different satellite
types, we modeled the daily DCB linearly or quadratically,
as demonstrated in Fig. 13. The magenta line and green
curve describe the linear and quadratic fittings, respectively.
The scale factors or slope for the Block IIR-A satellites SVIN
43 and 56 are 0.037 and 0.018, respectively, whereas the
scale for the Block IIF satellites SVN 67 and SVN 70 is up
to 0.067. Additionally, SVN 58 of Block IIR-M presents
a quadratic trend. This linear or quadratic fitting can be
employed for the prediction. It is based on different satellite
DCB characteristics. Finally, the peak-to-peak amplitude of
DCB variations is approximately 0.3 ns (9 cm). If one cen-
timeter (0.03 ns) accuracy of DCB corrections is required for
high precision ionospheric modeling, positioning, or timing,
the stochastic element must be handled properly.

Biases between P1 and C1

Based on a similar strategy, the biases between P1 and C1
are also examined to analyze whether they are affected by

Fig. 13 Linear and quadratic 2 ‘ oF
fitting of continuous DCBs. SVN 43
The line and curve describe the 1L 0.2¢
linear and quadratic fits 04t
ol | ‘ ; 06} SVN 56
2000 2005 2010 2015 2020 2000 2005 2010 2015 2020
25 T T : . . .
SVN 52 12+ SVN 58
2r .l
1571 0871
1 - - 0.6 : : : : : :
2005 2010 2015 2020 2008 2010 2012 2014 2016 2018 2020
7 ‘ ; 7 ‘ : ‘
SVN 70
-7.5
-9 : : : -8 : : :
2012 2014 2016 2018 2020 2016 2017 2018 2019 2020

Time (year)
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Fig. 14 Monthly biases between P1 and C1 for PRN 02 (SVN 13,
SVN 61) and PRN 06 (SVN 36, SVN 49, SVN 67). On the left axis,
blue represents PRN 28 and red represents the original product of
biases between P1 and C1. The axis on the right is the PRN plotted
in green

the satellite replacement and discontinuity related to NANU.
Figure 14 displays the selection of satellites PRN 02 and
PRN 06. In this figure, blue represents PRN 28, and red
represents the original bias products between P1 and C1.
One can discern that the relative value in blue is more stable
than the original monthly biases between P1 and C1. Biases
between P1 and C1 are also related to the satellite replace-
ment. For example, PRN 02 and PRN 04 both have a jump
during satellite replacement. Additionally, the discontinuity
for biases between P1 and C1 is related to NANU messages.
For instance, a discontinuity for PRN 02 around 2014 is
similar to the biases between P1 and P2 mentioned earlier.

Monthly biases between P1 and C1 for each satellite vehi-
cle are presented in Fig. 15 to show a general picture of bias
between P1 and C1. Overall, biases for P1 and C1 are within
2 ns, and they are mostly smaller than the biases between
P1 and P2. In addition, unlike the biases between P1 and P2
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o
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Fig. 15 Monthly biases between P1 and C1 for each operating satel-
lite vehicle. Different colors represent different satellite types

reflecting the satellite types, biases between P1 and C1 for
different satellite types do not show apparent differences.

Conclusions

By choosing a stable and continuous satellite as a reference,
we have studied the long-term variations in GPS satellite
biases between P1 and P2 as well as between P1 and C1
using CODE products from 2000 to 2019. The method of
constraining all the visible satellites to a zero-mean refer-
ence makes the long-term DCBs challenging to interpret.
Instead, this study chose to select the continuously operat-
ing satellite vehicle SVN 44 (PRN 28) as the reference to
analyze the long-term variation in DCBs. The results show
that the selection of stable and robust references makes a sig-
nificant difference in understanding the long-term analysis.

In summary, the six factors of zero-mean datum, satel-
lite status, flex power, solar activities, PRNs, and satellite
types are considered. The major conclusions can be drawn
as follows:

1. The change in the zero-mean datum causes the long-
term variations in DCBs. The datum change is attributed
to the replacement of satellites as well as the disconti-
nuities and variations of the DCBs.

2. Itis necessary to apply the DCB products with caution.
This is because the monthly DCBs could be the average
of DCBs from two different satellite vehicles.

3. Discontinuities due to NANU message are identified for
the same satellite vehicle, and they can be up to 1.8 ns.
However, NANU occurrences do not necessarily result
in discontinuities. The rate of NANU events occurring
and relating to DCB discontinuities is low.

@ Springer
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4. Flex power also causes the DCB shift, and this shift is
up to 0.4 ns.

5. The DCB estimates under high solar activity conditions
are noisier when compared to the low solar activity year.

6. A satellite with different PRNs assigned shows a similar
level of DCBs. This concludes that DCBs are highly
dependent on satellite vehicles.

7. Different satellite types manifest different amplitudes
of DCBs. DCBs for Block IIR-A and IIR-M are close
to each other, while DCBs for Block IIR-B is approxi-
mately 5 ns larger than that of Block IIR-A. Block IIF is
8-12 ns smaller than that of Block IIR-A. Additionally,
the DCBs signify slightly linear or quadratic variations.
The peak-to-peak amplitude for this variation is approxi-
mately 0.3 ns.

8. Satellite biases between P1 and C1 are also affected
by the satellite replacement and discontinuities related
NANU messages, but there are minor differences for
different satellite types.

By analyzing the long-term variations of DCBs over
a 20-year period, the results indicate that the DCBs are
affected by satellite replacement and status changes. The
long-term variation in DCBs is caused by the zero-mean
datum that is imposed during estimation. In this way, DCBs
may potentially act as an indicator of satellite status, alert-
ing users to apply DCBs with caution. In addition, the study
assumes that the DCBs of satellites with PRN 28 are con-
tinuous and stable. However, these DCBs are also affected
by noises, temperature, and NANU events. It would be
extremely meaningful to maintain a stable datum to cali-
brate and estimate the biases. Further research can be done
to determine DCBs relative to such a stable datum instead
of imposing the zero-mean datum.
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