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Abstract. The differential code bias (DCB) of global navi-
gation satellite systems (GNSSs) affects precise ionospheric
modeling and applications. In this paper, daily DCBs of the
BeiDou Navigation Satellite System (BDS) are estimated
and investigated from 2-year multi-GNSS network observa-
tions (2013-2014) based on global ionospheric maps (GI1Ms)
from the Center for Orbit Determination in Europe (CODE),
which are compared with Global Positioning System (GPS)
results. The DCB of BDS satellites is a little less stable
than GPS solutions, especially for geostationary Earth orbit
(GEO) satellites. The BDS GEO observations decrease the
precision of inclined geosynchronous satellite orbit (IGSO)
and medium Earth orbit (MEO) DCB estimations. The RMS
of BDS satellites DCB decreases to about 0.2 ns when we re-
move BDS GEO observations. Zero-mean condition effects
are not the dominant factor for the higher RMS of BDS satel-
lites DCB. Although there are no obvious secular variations
in the DCB time series, sub-nanosecond variations are vis-
ible for both BDS and GPS satellites DCBs during 2013—
2014. For satellites in the same orbital plane, their DCB vari-
ations have similar characteristics. In addition, variations in
receivers DCB in the same region are found with a similar
pattern between BDS and GPS. These variations in both GPS
and BDS DCBs are mainly related to the estimated error from
ionospheric variability, while the BDS DCB intrinsic varia-
tion is in sub-nanoseconds.

Keywords. Radio science (ionospheric propagation)

1 Introduction

With the rapid development and wide applications of global
navigation satellite systems (GNSSs), more and more con-
stellations and stations have been constructed, including the
USA’s Global Positioning System (GPS), China’s BeiDou
Navigation Satellite System (BDS), Russia’s GLObal NAvi-
gation Satellite System (GLONASS), and the EU’s Galileo,
as well as other regional systems (Jin et al., 2011, 2016; Mon-
tenbruck et al., 2014). The multi-GNSS observations with
multiple frequencies and multiple systems provide us more
chances to monitor Earth’s ionospheric variations and be-
haviors. The ionospheric total electron content (TEC) and
electron density profile from ground-based and spaceborne
multi-frequency GNSS observations can be used for iono-
spheric delay correction and related scientific research (Jin
et al., 2006, 2007, 2013; Hernandez-Pajares et al., 2011),
including monitoring of Earth’s ionosphere, modeling, and
prediction, as well as disturbances and anomalous variations
following the solar flare, geomagnetic storms, anthropogenic
activities (e.g., rocket lunching and explosion), and natural
hazards (e.g., earthquakes, tsunamis, and volcanic eruptions)
(Calais et al., 1998; Afraimovich et al., 2010, 2013; Steiner
et al., 2011; Mukhtarov et al., 2013; Occhipinti et al., 2013;
Jin et al., 2010, 2014, 2015). The increasing number of on-
orbit GNSS satellites and operating stations have improved
the temporal-spatial resolution of GNSS observations, but
some biases in GNSS observables cannot be removed. The
high-precision ionospheric TEC can be estimated from dual-
frequency GNSS carrier phase measurement, where differen-
tial code bias (DCB) is one of the main errors, which cannot
be ignored for high-precision TEC estimation and position-
ing applications. The receiver and satellite DCBs could be up
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to 10ns, i.e., more than two decades of TEC units (TECU,;
1ns is equivalent to 2.85 TECU for GPS pseudo-range on
L1 and L2). Due to the dispersion effect of the Earth’s iono-
sphere, GNSS DCB could be estimated with dual-frequency
observations instead of high-cost instrument calibration.
Recently, various algorithms have been developed to esti-
mate GNSS DCBs based on multi-frequency measurements
(Jin et al., 2012). Excluding the common method by setting
the DCB as an unknown parameter during the GNSS TEC es-
timation (Mannucci et al, 1998; Schaer, 1999; Jin et al., 2012;
Ma et al., 2014), the satellite and receiver DCBs can also
be estimated using the IONOLAB-BIAS method with lower
computation loads by taking advantage of global ionospheric
maps (GIMs) (Arikan et al., 2008; Montenbruck et al., 2014).
Some other optimization methods have been proposed, such
as optimization by adding ionospheric residual parameters
and DCB estimation based on regional high-precision iono-
spheric model (Keshin, 2012; Li et al., 2014). In addition,
satellite—receiver geometry changes and the minimization of
standard deviation of TEC have also been used to deter-
mine TEC and DCB (Ma and Maruyama, 2003; Hong et al.,
2008). All of these methods are based on two basic assump-
tions. One is that the total electron contents in the ionosphere
are concentrated in a single thin layer at 300-500 km alti-
tude corresponding to maximum electron density height, i.e.,
the single-layer model. It is reasonable and convenient un-
der most situations for TEC modeling and DCB estimation,
except for anomalous ionospheric activities when the iono-
spheric variations are not homogeneous regionally. Note that
DCB could also be derived from three- or four-dimensional
tomography without single-layer assumption; however, it re-
quires larger computation and is only suitable for regions
with dense GNSS networks (Mitchell and Spencer, 2003).
The other assumption is the zero-mean condition, which is
used to estimate satellite and receiver DCBs, respectively. A
constant bias will be introduced into DCB results under this
condition. However, it will not affect the accuracy of TEC es-
timation, because the biases induced by the zero-mean con-
dition are opposite for satellite and receiver DCBs. Gener-
ally, the results from these methods have good agreement
with each other, and the GPS DCB is stable, especially for
the satellite DCB, whose root mean square (RMS) is sub-
nanosecond when there is no hardware adjustment. How-
ever, the estimated DCB results may contain error induced
by the artificial assumptions, especially when the realistic
ionosphere deviates from the normal state. With the appear-
ance of more and longer GPS DCB time series, the variability
in GPS DCB has been discussed. For example, day-to-day
variation, annual periodic variations, and long-term trends
in the satellites’ DCB series have been reported (Zhang et
al., 2014). The long-term trend of GPS satellite DCB has
proved to be related to the zero-mean condition (Zhong et
al., 2016); however, it is still a debate, and may be related to
ionospheric daily and annual variations. Compared to satel-
lite DCBs, the receiver DCBs are less stable, and their magni-
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Figure 1. BDS satellite sub-trajectories for one day (15 February
2014) and the location of BDS continuously operating tracking sta-
tions from the MGEX and BETS network.

tudes and variations show large differences for different types
of receivers. The receiver DCB seems to be related to the
temperature around antennas (Coster et al., 2013; Yasyuke-
vich et al., 2015; Themens et al., 2015). Besides its intrin-
sic variations, the estimated DCB series includes the signal
associated with ionospheric anomalous variations and other
errors, such as the multipath effect and the high-order effect
of ionospheric delay, that are ignored in traditional TEC and
DCB estimation, since non-modeling errors will affect the
DCB estimation (Petrie et al., 2011). Therefore, the differ-
ence between DCB intrinsic variations and estimation errors
should be considered with caution when we discuss the varia-
tion characteristics of DCB, particularly for different GNSSs.

The BeiDou Navigation Satellite System (BDS) has been
constructed covering the Asia—Pacific region; it includes
five geostationary Earth orbit (GEO) satellites, four medium
Earth orbit (MEO) satellites, and five inclined geosyn-
chronous satellite orbit (IGSO) satellites, shown in Fig. 1
(CNSO, 2013). A number of continuously operating BDS
tracking station networks have been built, such as the Chi-
nese BeiDou Experimental Tracking Stations (BETS) and the
Multi-GNSS Experiment (Montenbruck et al., 2014). As we
know, BDS measurements contain DCB errors, which affect
the TEC estimation significantly. Therefore, BDS DCB and
its behavior features should be evaluated before we use BDS
for high-precision ionospheric modeling and applications. A
number of BDS/GPS tracking stations have been operating
for more than 2 years; this provides us with an opportunity
to investigate the variation in the BDS DCB and discuss fac-
tors in effects on BDS DCB estimation. In this paper, the
BDS DCB variation characteristics are investigated and as-
sessed from multi-GNSS network measurements obtained by
the BETS and MGEX tracking stations.
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2 Data and methods
2.1 BETS and MGEX observations

Currently, the BDS is available for regional service (CNSO,
2013). The 14 on-orbit BDS satellites’ sub-trajectories are
shown in Fig. 1. Although the global BDS constellation
is still being expanded on, better signal coverage is avail-
able in the Asia—Pacific region from the five GEO and five
IGSO satellites. At the end of 2012, the China Navigation
Satellite Office publicly released interface control documents
(ICDs) related to open service signal B1l and B2l in De-
cember 2013 (CNSO, 2013). BDS signals will become avail-
able for worldwide users by around 2020. More and more
stations equipped with BDS receivers are being built for
high-precision GNSS applications. In this paper, BDS and
GPS observations collected by the BETS and MGEX stations
equipped with multi-GNSS receivers during 2013-2014 are
used to estimate the DCB. The locations of 20 BETS sta-
tions (marked with triangles) and 63 MGEX stations (marked
with stars) are shown in Fig. 1. Most of the stations are lo-
cated in the Asia—Pacific region, where the BDS GEO and
IGSO satellite signals are available. Unlike GPS, the num-
ber of BDS observations has a large difference for satel-
lites on different orbits. The BDS satellite CO5 provides us
the most abundant measurement since it is available at all
times for most of the stations in Fig. 1. There was an in-
crease in the number of stations around the middle of 2014
due to the addition of 10 new stations in the Asia—Pacific
region by Geoscience Australia (http://igs.org/mgex), which
increased the number of BDS GEO and IGSO observations
greatly. As most of the BETS stations did not upload BDS
data in 2004, there are fewer BDS observations from BETS.
C30 observations are excluded in our analysis because this
satellite is unavailable since the middle of 2013 with sus-
pecting clock problems (Hauschild et al., 2012). In addition,
G06, G09, G27, and G30 are also unavailable for a few days
due to replacement of satellites, and these pseudo-random
noise (PRN) numbers are assigned for different satellites dur-
ing this period (ftp://ftp.unibe.ch/aiub/BSWUSER50/GEN/
SATELLIT.I108), which should be considered carefully when
we assess 2 years of DCB estimations. Satellites are marked
with space vehicle number (SVN) instead of PRN number
in the following in order to avoid mixing of different satel-
lite DCB series. For the ionospheric pierce point (IPP) loca-
tion of the BDS line of sight (LOS), the approximate station
coordinates are used from observation files and the precise
orbit products are provided by the Wuhan University GNSS
Research Center and the GeoForschungsZentrum (GFZ). For
GPS LOS IPP locations, the precise ephemeris is used from
the International GNSS Service (IGS).

www.ann-geophys.net/34/259/2016/

2.2 DCB estimation based on GIMs

As we know, the slant TEC (STEC) along the LOS can be
expressed as the following equation, ignoring the high-order
effect of the ionosphere (Jin et al., 2008):

_ 1B
40.3(f2 — £
—(dr1 —dr2+ dl - d;) +ée112) (1)
2 ¢2
fi /3 (PL—Pp

C403(fF - fD
—(dry —drp +d; — d3) +£p12),

STEC (LyAg — Loy — (ApN1 —A2Np)

where the f represents the carrier phase frequencies, L and
P are the carrier phase and pseudo-range measurements, re-
spectively; N is the phase ambiguity; d; and d® are the inter-
nal hardware delay of the receiver and satellite, respectively;
er12 and e p12 are the other non-modeling residuals, such as
multipath effect and measurement noise; and the subscripts
1 and 2 stand for the frequency numbers. Usually, dy1 — dr2
and dj — d5 are defined as receiver and satellite DCBs, re-
spectively. In order to reduce the amount of calculation and
complexity, we use the TEC value with temporal-spatial in-
terpolation from GIMs produced by the Center for Orbit De-
termination in Europe (CODE) instead of TEC estimation
by means of spherical harmonic expansion or trigonometric
function in GNSS ionospheric modeling. A modified single-
layer mapping function (MSLM), as in Eq. (2), is used to
convert the interpolated vertical vTEC to the slant STEC (Jin
etal., 2004).
STEC = ——sin(z)

(@) @)
= vTEC————sin(az),
Re + lonH
where Re is the radius of the Earth; lonH is the assumed
single-layer ionosphere height; z’ and z are the zenith an-
gles of the LOS at the receiver and IPP, respectively; and
« is a correction factor to reduce to the mapping function
error, especially for observations with low satellite angles.
In our processing, lonH is set as 506.7 km and « is set as
0.9782 for converting between slant TEC and vertical TEC,
which are consistent with CODE for computing the GIMs
(http://www.aiub.unibe.ch). The MSLM with parameters as
above is an almost optimal approximation to the Chapman
profile mapping function that could reflect the actual situa-
tion generally (Schaer, 1999). GNSS receiver DCB (DCBy)
plus satellite DCB (DCB?®) could be derived by differencing
the biased STEC from GNSS dual-frequency observations
and GIMs. As shown in Eq. (1), both dual-frequency car-
rier phase and pseudo-range measurements are used for DCB
estimation. Here, the latter is chosen as the ionospheric ob-
servables for our DCB estimation to avoid errors induced by
cycle slip repairing and phase ambiguity.

In order to assess the noise level of GIM-derived DCB, the
scatters of DCB, and DCB?® with different elevation angles
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Figure 2. Left panel: standard deviation of DCB with different el-
evation angles based on GMSD BDS and GPS observations during
1-7 January 2014. Right panel: standard deviation of DCB with dif-
ferent local times based on GMSD BDS GEO observations during
1-7 January 2014.

and local times are presented in Fig. 2. Obviously, the stan-
dard deviation (SD) of DCBs that have a low elevation an-
gle and are taken at 12:00-16:00 local time (LT) are higher,
which should be related to the mapping function error in-
duced by the low elevation angle, multipath effect, and iono-
spheric horizontal gradient, as well as the high RMS of the
GIM during the local afternoon. The SD of the BDS DCB
is similar to that of the GPS, as shown in the left panel
in Fig. 2, although the elevation dependence of the BDS
pseudo-range variations has been confirmed (Wanninger and
Beer, 2015). After inter-frequency difference, the elevation-
dependent code pseudo-range variations in BDS observa-
tions have almost no influence. LT effects could be seen
directly with BDS GEO observations from quasi-invariance
IPP locations. This effect should be related to the lower pre-
cision of GIMs in the highly dynamic LT sectors (such as
the post-noon sector). However, the LT effect is weaker than
the effect of satellite elevation angles, as shown in the right
panel of Fig. 2. Note that the satellite elevation angle of C011
is 6.4°. Standard deviations of DCB corresponding to C011
are larger in almost all LTs. It is necessary to reduce the
noise of GIM-derived DCB before DCB estimation. As an
example, Fig. 3 shows the daily mean value of DCB corre-
sponding to GMSD-C003, GMSD-C005, GMSD-C013, and
GMSD-G063. Daily mean values of DCB from all observa-
tions with excluding measurements during 12:00-16:00 LT
and low satellite elevation angle measurements (the thresh-
old is 20° here) are presented from left to right in Fig. 3.
The DCB noise is reduced dramatically with daily averag-
ing. After removing data that are from 12:00 to 16:00 LT and
that have low elevation angles, the daily DCB time series
are more stable (lower daily SD) when compared to DCB
series derived from all observations, especially for MEO ob-
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Figure 3. Daily DCBs corresponding to GMSD-C003 (blue line),
GMSD-C005 (green line), GMSD-C013 (red line), and GMSD-
G063 (cyan line) during 1-7 January 2014. The vertical bars rep-
resent for the daily standard deviation.

servations. As shown by the SD difference with different data
sets, the daily SD of DCB does not decrease dramatically af-
ter removing measurements during 12:00-16:00 LT. With the
consideration of reducing noise and more redundant observa-
tions, a 20° elevation angle threshold is selected and a daily
mean value of all available DCBS is used to separate satellite
and receiver DCB during our processing.

After extracting clean DCB, a zero-mean condition
(DCB°® = 0) is adopted to separate the receiver and satellite
DCBs. A bias, i.e., mean value of all satellites daily DCB
solutions, is clearly introduced into both the satellite and re-
ceiver DCB, as shown in Eq. (3). Here the subscript r stands
for the receiver number, and the superscript s stands for the
satellite number. There is no difference for ionospheric cor-
rection and other applications, because the biases will be
eliminated when we compute the total effect of instrument
biases. Furthermore, the mean value of all satellites” DCB
is constant when no satellite hardware is replaced or on-orbit
adjustments are made. The zero-mean condition has no effect
on DCB variations.

n n
S DCBy' =nDCB; + > DCBS

i=1 i=1
n
S DCBY'
DCB, == _DCBS
n
n
(DCBS = =L )
n
> DCBy
DCBS = DCBY — =2 1+ DCBS,
n

where DCBS and DCB; are the DCB of satellite and receiver,
respectively, and n is the number of available satellites for
each system. If a satellite hardware replacement or adjust-
ment occurs, a zero-mean condition correction is needed to
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Figure 4. DCB (C2I-C71) variations in BDS satellites during 2013-2014. The blue, cyan, and red lines are the DCBs estimated from
BETS and MGEX BDS data, derived from broadcast navigation messages and provided by the MGEX website, respectively. Here “m”
in the vertical axis is the 2-year mean value of corresponding satellite DCBs, while the 2-year mean value and root mean square (RMS)
(DCB_MGEX + BETS) are marked for each satellite. The horizontal axis ticks 13, 14, and 15 corresponding to 2013, 2014, and 2015.

remove the jumps in the DCB series induced by the zero-
mean condition. Moreover, the zero-mean condition will also
be changed under the situation that not all satellites are avail-
able for the GNSS network. The effect of the zero-mean con-
dition is equivalent to a hardware change that changes the
DCB of unavailable satellites to zero in corresponding days.

, . _ d;
DCBgiir = DCByle + d;, DCBeyr = DCBpre + ——

N Npre
> "DCBrur J
= )
DCBy, cur, correct = l — DCBpre — —~
J Npre Mpre 4
= DCBy, cur — —
Npre
S: S; dj . .
DCB cur, correct = DCBeyr + ——, (i # j)
Npre

DCBSj cur — DCBSj pre + dj == DCBFEJI'B - DCBr, pre + dj
= DCBY’ ¢y — DCB, pre + ——

Npre
) ) -1
dDCB = DCBY oy — DCBye = 22—~ 4, ®)
" Npre
d=—"°_4DCB
Npre —

Given that the DCB?®/ is changed with an increment of d;,

the correct DCB could be derived from Egs. (4) and (5).

Here subscript “cur” and “pre” correspond to the current and

previous days, respectively. After correction with Eq. (4),

DCBSi (i # j) will not be affected by the jump induced by
n

DCB?® variations; that is, the value of > DCB%, (i # j) re-

i=1
mains unchanged.
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3 Results and discussion

In this section, the variations in BDS DCBs are estimated and
investigated with 2 years of observations from the BETS and
MGEX networks during 2013-2014. In order to assess BDS
DCB variations, GPS DCBs derived from these BDS sta-
tions’ measurements are also compared and discussed. The
variation characteristics of different GNSS systems and dif-
ferent satellite orbits are described and analyzed below.

3.1 BDS/GPS satellite DCB variations

Figures 4 and 5 present the DCB time series of 14 BDS (C2I-
C71) and 27 GPS (C1W-C2W, i.e., P1-P2) satellites that are
extracted from BETS and MGEX observations during 2013—
2014. Here the missing specific satellite-observation-induced
jumps in DCB series are removed with Egs. (4) and (5). The
DCB series from the broadcast ephemeris timing group de-
lay (TGD) are normalized with zero-mean conditions and
GPS P1 C1 biases have also been corrected in order to en-
sure that all DCB series are in the same datum. For BDS, the
estimated DCB series derived from MGEX and BETS ob-
servations agree well with the values released by MGEX but
have relatively large differences (within £3 ns) with DCBs
determined with TGDs in broadcast ephemeris. The cause
of deviation in the BDS TGDs is not clear at present but
may be due to the effects of differences between the B3-
I and B3-Q component or incorporation of antenna off-
sets (Montenbruck et al., 2014). The RMSs of BDS-GEO
DCBs are 0.3-0.5ns, which is relatively high when com-
pared to the RMSs of BDS-MEO and IGSO DCBs, i.e., 0.2—
0.3ns, while the RMSs of GPS satellites DCBs are around
0.1-0.2 ns, except for G061 and G063. Obvious jumps are

Ann. Geophys., 34, 259-269, 2016
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Figure 5. DCB (C1W-C2W) variations in GPS satellites derived from BETS and MGEX data based on GIMs. The blue, cyan, and red lines
are the results from BETS and MGEX BDS data, broadcast navigation messages, and CODE, respectively.

recorded by CODE DCB series, broadcast TGD, and our es-
timated results for these two satellites. The sudden jumps
are related to satellite maneuvers reported by GPS NANU
2013061 and 2014006 (http://www.navcen.uscg.gov). As we
know, the locations of BDS GEO are quasi-invariant in the
Earth-centered, Earth-fixed (ECEF) coordinate system. The
arc mean of the difference in the observed TEC and inter-
polated TEC based on GIMs is more sensitive to the errors,
such as those of GIMs and mapping function, because errors
from GIMs and mapping function will not be attenuated dra-
matically by the average of the arc observations but induce
a constant bias for one arc, if the location of IPP is invari-
ant —that is, the azimuth and elevation angles of LOS remain
almost constant. The lower stability of BDS-GEO DCB se-
ries is more likely related to the larger estimation error from
noisier BDS GEO ionospheric observations rather than its
intrinsic variations in total. GPS satellite DCBs released by
CODE and the broadcast GPS satellite TGDs determined by
NASA JPL with lab-calibrated reference receivers are pre-
sented as a reference to assess DCBs derived from MGEX
and BETS BDS stations” measurements based on GIMs. The
differences among them are rather small, as shown in Fig. 5.
For SVN G052, G062, G058, and G059, the DCB series have
larger deviations compared to the result of broadcast TGD
and CODE released values, while the mean differences do
not exceed 0.5 ns. In general, both GPS and BDS satellites’
DCBs are fairly stable over 2 years. No obvious long-term
trends are found in both GPS and BDS satellite DCB series.
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Compared to the BDS MEO and 1GSO, the RMS of GPS
satellites” DCB is almost half as small as the DCB series
from MGEX and BETS observations. The difference should
not be dominated by the GIM modeling and mapping er-
rors because the locations of BDS and GPS receivers are the
same. The ionospheric activities and mapping errors should
be similar and reduced dramatically by obtaining the daily
average DCB, as shown in Fig. 2. From Eq. (3), the variation
in constellation satellites DCB mean value will be included in
the estimated DCB series with the zero-mean condition. Usu-
ally the mean value of constellation satellites DCB is consid-
ered as a constant; however, its variation will be also adopted
in the DCB series. According to the error propagation law,
the constellation satellite mean values should become more
stable as the number of satellites increases. In order to distin-
guish the BDS DCB intrinsic variation and zero-mean con-
dition effects, RMSs of GPS DCB series estimated from dif-
ferent satellites groups are compared in Fig. 6. RMSs of GPS
satellites DCB corresponding to GPS_ALL, GPS_25 (with
all discontinuous satellites removed), and GPS_14 (the same
number of satellite as BDS) are similar. The expected RMS
increase does not appear in DCB series with GPS_26 and
GPS_14, indicating that the difference of the zero-mean con-
dition effect induced by different satellites numbers is neg-
ligible. The RMSs of DCB estimated with BDS_9 decrease
dramatically (down to around 0.2 ns) except for C014 and
C015 when compared to the result of BDS_ALL. This in-
dicates that BDS MEO/IGSO DCB will be affected by the
“noisier” GEO observations if all BDS observations are used
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Figure 6. RMS of satellite DCB series estimated from 14 BDS
satellites, 32 GPS satellites, and 14 selected satellites. “BDS_ALL’
is the result based on all BDS observations, while “BDS_9” is the
result with only BDS MEO/IGSO measurements. “GPS_ALL” cor-
responds to all orbiting GPS satellites, “GPS_25" represents avail-
able satellites except G061 and G063, and “GPS_14" represents
GPS satellites with marked SVN in Fig. 1.

in DCB estimation. After removing the GEO observation, the
magnitude of estimation errors in BDS and GPS DCB:s is
similar; however, the BDS IGSO/MEO DCB series are still
less stable during 2013-2014.

Figure 7 is the monthly mean value variation in BDS and
GPS satellites DCBs (here the 2-year mean values are sub-
tracted). The 2-year mean values for individual satellite are
removed for a better view of DCB variation. The annual vari-
ation signal is weak but visible, with an amplitude of around
0.3 ns except for the satellites in GPS orbital plane 5 and 6.
Amplitude peaks always appear around June, which indicates
the variation in monthly mean value is not a random noise.
It should be noted that annual variations in both BDS and
GPS satellite DCBs have similar phases for satellites in the
same orbital plane, while the variations are even out of phase
for satellites in different orbital planes, such as GPS plane 1
and 3. As we know, F10.7 cm solar flux is a good indicator
for ionospheric activities on a global scale. Here the monthly
variation in F10.7 cm solar flux recorded by the Dominion
Radio Astrophysical Observatory during 2013-2014 is pre-
sented in the bottom-left panel of Fig. 7 in order to show the
general variation in Earth’s ionosphere. Annual variations are
visible in both the F10.7 series and most GPS and BDS satel-
lites DCB series, although the phases are different for satel-
lites in different planes. The variations in the estimated DCB
series are related to the accumulation of modeling errors
in the GIMs and mapping function induced by ionospheric
variability along LOSs determined by specific satellite or-
bits; however, the relationship between ionospheric variabil-
ity and DCB estimated series needs to be further investigated
in the near future. It is difficult to distinguish the ionospheric
induced variation in the DCB estimated from GNSS data and
the intrinsic variation in DCB completely, but we could con-
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Figure 7. The variation in monthly mean values of GPS + BDS
satellites DCBs. Here the 2-year mean values for individual satel-
lites are removed for comparison. The bottom-right panel is the
monthly variation in F10.7 cm solar flux provided by Natural Re-
sources Canada (http://www.spaceweather.ca/).

firm that the DCB series include errors related to ionospheric
variability and the satellite DCB should be more stable than
estimated results, namely with RMS of less than 0.1-0.2 ns
over the 2 years. The sub-nanosecond variations should be
mainly related to the age of the hardware or variation in the
environment surrounding the antenna, such as temperature.

Furthermore, the other frequencies’ DCBs are further es-
timated from three frequencies’ BDS observations. Figure 8
is the monthly variation in BDS satellite DCB corresponding
to C2I-C71 (B1-B2 bands), C21-C6l (B1-B3 bands), and
C71-C6l (B2-B3 bands). It is generally similar to the sit-
uation of C2I-C71 as shown above for the other two DCB
series. GEO satellite DCBs have larger RMS when com-
pared to BDS IGSO/MEQ. The monthly variations in DCB
(C21-CT7I) agree well with DCB (C2I-C6l) except at the be-
ginning of 2013 and C004, while DCB (C71-C6l) is more
stable during the 2 years. The 2-year RMS of DCBs (C71-
C6l) is low, as shown in the bottom-right panel, not only
for GEO but also for BDS IGSO/MEO satellites. Accord-
ing to Eq. (1), we know DCB = P; — P, —ionk STEC —¢p12,
(DCB = di1 —dio+d§ —d3, and ionk = 40.3( f2— f2)/ f2 f2).
The DCB estimated error induced by ionospheric variabil-
ity will be attenuated with the decrease in ionk. As shown
in Table 1, the ionk is much smaller for C71-C6l than the
other pairs. It is believed that the ionospheric variability and
mapping function error have lesser effect the on C71-C6l
DCB series. In other words, the higher stability of C71-C6l
DCB during 2013-2014 indicates that the variations in C2I-
C71 DCB are likely to be estimation biases induced by iono-
spheric variability and not its intrinsic variation.
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Figure 8. Monthly variations in BDS satellite DCBs for different frequency pairs. Here the 2-year mean values are subtracted. The bottom-
right panel presents the 2-year RMS of 14 BDS satellites’ DCBs corresponding to C21-C71 (blue), C21-C6l(cyan), and C71-C6l (red).

Table 1. Carrier frequencies and ionk of DCB in different carrier
pairs.

Frequency of  Frequency of  ionk

band 1 (MHz) band 2 (MHz) (m/TECU)
ClIC-C2w  1575.42 1227.60 —0.105
C21-C71 1561.098 1207.140 —0.112
C21-Cel 1561.098 1268.520 —0.085
C71-Csl 1207.140 1268.520 —0.026

3.2 BDS/GPS receiver DCB variations

Since most BETS and MGEX stations were not completely
continuously operating in 2013-2014, 18 BDS + GPS sta-
tions with long-period continuous observations are used to
estimate BDS receiver DCB variations during 2013-2014.
In order to avoid the error caused by “noisier” GEO obser-
vations and satellite updates, the DCB series in Fig. 9 are
based on BDS_9 and GPS_25. The jumps induced by hard-
ware operations and zero-mean condition effects in the re-
ceiver DCB series are corrected. Similar to GPS, BDS re-
ceiver DCB RMSs are much larger than satellites ones, al-
though their RMSs are around 0.5 ns. Compared to GPS re-
ceiver DCBs, BDS receiver DCB series are a little less stable,
which is similar to the situation of satellite DCB. The satel-
lite DCB is obviously independent of the receivers DCB in
a physics sense, while differences between BDS and GPS
are almost the same as those of receivers (around 0.1ns in
midlatitudes). The systematic difference in the DCB series
should not be due to instrument bias variations but rather the
effects induced by other factors for BDS and GPS observa-
tions, such as multipath and some other non-modeling errors.
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Figure 9. BDS and GPS DCB (C2I-C71/CIC-C2W) variations in
nine stations in the Asia—Pacific region.

The real variations in GPS and BDS receivers DCBs should
be similar. In addition, not only GPS but also BDS receivers’
DCB variations in these adjacent stations show strong cor-
relations; however, there is no visible different variation for
different antennas.

Figure 9 shows the receiver DCB variation for nine se-
lected stations in the Asia—Pacific region during 2013-2014.
The stations’ latitudes are marked in the middle. We can see
that the closer two stations are, the more relevant the re-
ceivers’ DCB variation appears. Since the station is close to
the Equator, RMSs for both BDS and GPS DCB increase,
except for station CHDU. As we know, a few IGS stations
are used to derive GIMs in CODE’s processing, which leads
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Figure 10. Two-year RMS of GPS minus BDS DCBs (C2I-
C71/CIC-C2W) estimated from MGEX and BETS network obser-
vations corresponding to the 18 selected stations.

to the relatively low precision of GIM in the Asia—Pacific ar-
eas. Since GIMs could not describe the details of ionospheric
variations accurately in this area and the ionosphere around
the Equator is more active, GIM modeling error increases.
Figure 10 presents the two RMSs between BDS and GPS
receiver DCBs at 18 selected BDS stations. The RMS de-
creases dramatically compared to the BDS DCB RMS, ex-
cept for station BRUX. The regional variation characteristics
and the consistency of the estimated BDS and GPS receiver
DCB variations at one station show that the GIMs-derived
DCBs should be related to the GIM estimation error. When
one bias is added to DCB, the magnitudes of estimated satel-
lite and receiver DCBs errors should be similar to the zero-
mean condition, while the satellite DCBs are much more sta-
ble because regional GIM estimation error will be attenuated
when multiple stations in different areas are used in DCB es-
timation.

Figure 11 shows the results of C2I-C71, C2I-C6l, and
C71-C6l receiver DCB variations at CUTO and GMSD,
whose observations are available for almost all days during
2013 and 2014 without jumps induced by receivers’ replace-
ment and other artificial operation. Similar to satellites’ DCB
variations, the estimated C21-C71 receiver DCBs and C2l-
C6l receiver DCB series have high consistency with each
other, while C71-C6l receiver DCBs are much more stable,
with a smaller RMS of around 0.3 ns even though these two
stations (as shown in Table 1) are located in an area where
the precision of GIM TEC is relatively low due to sparsity
of IGS stations. The ionospheric-variability-induced error in
the GIM TEC should be an important source of the BDS re-
ceiver DCB variations. As shown in Figs. 8 and 11, these ef-
fects could be greatly reduced by the carrier pairs with lower
“ionk™.
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Figure 11. BDS receiver DCB variations in C21-C71, C21-C6l, and
C71-Cé6l at BDS stations CUTO0 and GMSD during 2013-2014.

4 Summary

In this paper, BDS and GPS satellite and receiver DCBs
are estimated based on GIMs using the multi-GNSS mea-
surements from the BETS and MGEX networks. The results
show that both BDS and GPS satellite DCB RMSs are less
than 0.3ns — except for BDS GEO satellites, whose RMS
is around 0.4-0.5ns — after removing jumps induced by the
zero-mean condition effects. The RMS of BDS IGSO/MEO
DCBs is decreased when we remove the GEO observations.
Annual DCB variations are found for satellites in the same
orbital plane. The variations in the DCBs are more likely to
be related to ionospheric activity and mapping function er-
rors. The BDS receiver DCB (C21-C71) is less stable than
GPS results (C1C-C2W) during 2013-2014, with an RMS
of around 0.3-1.8 ns. The RMS of BDS receivers’ DCBs is
a little larger than those of GPS even at the same station, but
their trends are almost the same. Furthermore, the receivers’
DCBs become “noisy” when the station’s location is closer
to the region with lower-precision GIMs. This is important
evidence to show that GNSS-estimated DCBs contain the
modeling error induced by ionospheric variability. In addi-
tion, not only satellite but also receiver DCBs in C71-C2l are
much more stable, while C21-C71 and C2I-C61 DCB series
have higher and similar variations. lonospheric-variability-
induced errors in GIM TEC and mapping function should be
dominant factors for the fluctuation of C2I-C71 and C2I-C6l
DCBs. Although it is difficult to separate the ionospheric-
variability-induced errors and the intrinsic variation in DCB,
both BDS satellite and receiver DCBs are rather stable. BDS
observations, like GPS, can be used for ionospheric mod-
eling. In the future, with the benefit of multi-GNSS obser-
vations, it is expected that ionospheric models with high
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temporal-spatial resolution will be able to be driven by com-
bining BDS and GPS measurements.
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