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Abstract

According to the frequency division multiple access (FDMA) technology of GLONASS, the receiver inter-frequency differ-
ential code bias (IFDCB) exists in the GLONASS dual-frequency geometry-free combination observable. This study specifi-
cally investigates the contribution of GLONASS data to global ionosphere mapping, especially considering the GLONASS
receiver IFDCB. A “co-located GNSS stations” experiment shows that the GLONASS receiver IFDCB is distinguishable
from the leveling error induced by the “carrier-to-code leveling” method, and the individual GLONASS receiver IFDCB for
each satellite at one station should be considered. Based on this experiment, a modified ionospheric model for combined GPS
and GLONASS global ionosphere mapping is proposed, in which the GLONASS satellite plus receiver DCB (SPRDCB)
for each satellite-station link is directly estimated. The influence of the modified ionospheric model on the DCB estimation
and the global ionospheric vertical total electron content (VTEC) map is comprehensively analyzed using data from the
international GNSS service (IGS) network for day of year (DOY) 49-108, 2014. First, the modified ionospheric model can
slightly improve the stability of the GPS satellite DCB. The GPS receiver DCB at most stations are higher than when only
GPS data are used. Second, the neglect of the satellite-dependent part of the GLONASS receiver IFDCB may introduce
an error of tens of TEC units (TECU) in the slant TEC (STEC) computation. Comparing to the conventional ionospheric
model that ignores the GLONASS receiver IFDCB, the modified ionospheric model can significantly reduce the GLONASS
residual errors. Third, the modified ionospheric model can improve the accuracy of the global ionosphere map (GIM) at most
independent stations based on an external accuracy assessment test (or dSTEC test). We suggest considering the GLONASS
receiver IFDCB in the combined GPS and GLONASS global ionosphere mapping, it will revise the inaccurate estimation
induced by the conventional ionospheric model and result in reliable GIM and DCB products.
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Introduction establishment of the ionospheric working group (IWG) of

the international GNSS service (IGS) in 1998 (Feltens 2003;

Over the last two decades, the global navigation satellite sys-
tem (GNSS) has become an advanced technique to monitor
the Earth’s ionosphere with its unprecedented high temporal
and spatial sampling rate (Hernandez-Pajares et al. 2011).
Many efforts have been made to provide a high-precision
and reliable global ionospheric map (GIM), since the
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Hernéandez-Pajares et al. 2009). During the beginning phase,
GIM vertical total electron content (VTEC) products were
generated using dual-frequency GPS measurements (Juan
et al. 1997; Mannucci et al. 1998; Schaer 1999). With the
rapid development of GLONASS and multi-GNSS systems,
GLONASS data, Galileo data and BeiDou navigation sat-
ellite system (BDS) data have also been incorporated into
global ionospheric modeling (Ren et al. 2016; Yao et al.
2018; Hernandez-Pajares et al. 2020; Brack et al. 2021).

In the extraction of ionospheric TEC from the raw dual-
frequency measurements of GNSS data, the differential code
bias (DCB) in satellite and receiver are the main system-
atic bias to be calibrated or estimated (Coco et al. 1991; Li
et al. 2012). The code bias is assumed to be dependent on
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the signal frequency and on the signal modulation (Villiger
et al. 2019). Because GPS, Galileo and BDS use the code
division multiple access (CDMA) technology, the two fre-
quencies for different satellites are the same, which means
that only one DCB should be estimated in the receiver. In
contrast to the CDMA-based systems, GLONASS uses fre-
quency division multiple access (FDMA) technology to
make the signals from individual satellites distinguishable
(Wanninger 2012), which leads to different inter-frequency
biases (IFBs) for both code and carrier phase observations.
When we use dual-frequency GLONASS measurements to
derive the ionospheric observables, there will exist the inter-
frequency differential code bias (IFDCB) in the receiver. The
receiver IFDCB is assumed to be frequency-dependent, in
other words, the receiver IFDCBs for different GLONASS
satellites with different frequencies are different. But in prac-
tice, the GLONASS receiver IFDCB is usually ignored for
simplicity in multi-GNSS DCB determination (Wang et al.
2016; Liu et al. 2019) and the global ionospheric modeling
(Li et al. 2015; Ren et al. 2016; Zhang and Zhao 2018).

In recent years, GLONASS IFBs in the code and carrier
phase measurements have been investigated to improve posi-
tioning accuracy (Al-Shaery et al. 2013; Chen et al. 2017).
The precise point positioning (PPP) accuracy was greatly
improved during the convergence period when the GLO-
NASS code IFBs were calibrated (Shi et al. 2013). Zhang
et al. (2021) estimated the GLONASS code IFBs using
ionospheric delay modeling and undifferenced uncombined
PPP methods. However, this crucial issue concerning the
GLONASS receiver IFDCB in global ionospheric modeling
is rarely studied. Zhang et al. (2017a) proposed a two-step
ionospheric modeling method with a priori IFDCB infor-
mation to express the regional ionospheric VTEC distribu-
tion. In their method, a reference station with a good loca-
tion and observation environment should be chosen, and a
prior ionospheric product, such as a GIM product, should
be introduced. Zhang et al. (2017b) investigated the influ-
ence of the GLONASS receiver [IFDCB on DCB estimation
and ionospheric modeling. In their global ionospheric mod-
eling algorithm, the satellite and receiver DCB of GPS and
GLONASS were corrected using predetermined DCB prod-
ucts, which were estimated using an existing GIM product.
In addition, their GLONASS receiver IFDCB was set per
frequency channel, and station-dependent frequency chan-
nel constraints should be introduced. As mentioned above,
both proposed methods require an existing GIM product,
and their results might be affected by the prior ionospheric
information or the station-dependent frequency channel
constraints.

In the context of the IGS IWG, there are seven lono-
sphere Associate Analysis Centers (IAACs) providing
GIM products with different techniques (Roma-Dollase
et al. 2018). The seven IAACs include the Jet Propulsion
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Laboratory (JPL), Center for Orbit Determination in
Europe (CODE), European Space Agency/European Space
Operations Center (ESA/ESOC), Universitat Politécnica
de Catalunya (UPC), Natural Resources Canada (NRCan),
Chinese Academy of Sciences (CAS) and Wuhan Uni-
versity (WHU). JPL introduced the GLONASS observa-
bles to produce the global VTEC maps in early 2015 and
estimated a separate bias for each GLONASS receiver-
to-satellite pair (Vergados et al. 2016). CODE has added
GLONASS data to its GIM product since 2003 (IGSMAIL
4371, 2003), but the GLONASS receiver IFDCB was
ignored at that time. From June 2016, instrumental biases
with respect to each involved GNSS code observable were
modeled with one set of bias parameters for each satel-
lite-station link in the case of GLONASS (Villiger et al.
2019). ESA/ESOC, NRCan, CAS and WHU have also
included the GLONASS data in their GIM generation, but
the GLONASS data were processed similarly to the GPS
data (Feltens 2007; Ghoddousi-Fard 2014; Li et a. 2015;
Zhang and Zhao 2018). UPC used only dual-frequency
carrier phase GPS data to map the global ionosphere with
the TOMION dual-layer voxel model (Hernandez-Pajares
et al. 1999). Although most IAACs have added GLONASS
data, only JPL and CODE have considered the GLONASS
receiver IFDCB in recent years. To our knowledge, very
few public investigations have specifically been performed
on the influence of GLONASS data on global ionospheric
modeling. Therefore, it is necessary to investigate the
contribution of GLONASS data to global ionospheric
modeling, especially considering the GLONASS receiver
IFDCB characteristics.

This study complements the efforts of previous research
by analyzing the contribution of GLONASS data to DCB
estimation and global ionospheric modeling. We propose a
modified method for combined GPS and GLONASS global
ionosphere mapping considering the GLONASS receiver
IFDCB. Following this introduction, the characteristics of
the GLONASS receiver IFDCB are analyzed first. Then,
global ionosphere mapping with and without GLONASS
receiver IFDCB consideration is presented. The influence
of the GLONASS data on the GPS satellite and receiver
DCB estimation, the GLONASS residuals, and the global
ionospheric VTEC map are provided. Finally, a summary
and conclusions are given.

Characteristics of the GLONASS receiver
IFDCB

The basic observations of the GNSS pseudorange and
carrier phase are described as follows (Zhang and Zhao
2018):
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where P}’ﬁ’i and Lj’f,i are the pseudorange and carrier phase
measurements from receiver i to satellite k at frequency f
with wavelength Af; pf is the geometric distance; c is the
speed of light in a vacuum; &, and ¥ are the receiver and
satellite clock biases, respectively; 1; .1s the dispersive iono-
spheric delay in both the pseudoreinge (the delay) and the
carrier phase (the advance); Tlf‘ is the nondispersive tropo-
spheric delay; by p; and b]’ﬁ’P are the code biases in the
receiver and satellite, respectively; N}‘,i is the float carrier
phase ambiguity in cycles (including integer ambiguity and
uncalibrated phase delays in the receiver and satellite); m; P
and m; L; are multipath errors in code and phase, respec-
tively; and € and g; are the observational noises.

From dual-frequency GNSS observation equations,
geometry-free measurements can be obtained by taking the
difference between two given frequencies, as follows:
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where It = I¥ — I% is the combined ionospheric delay and
DCB, = b, ; — b, p,; and DCB* = b% , — b, are the differ-
ential code biases in the receiver and satellite, respectively.
The multipath effect and noise are not included in (2) for
clarity.

Both the pseudorange and carrier phase measurements are
used to extract the ionospheric observables. The precision of
the carrier phase is approximately two orders of magnitude
higher than that of the pseudorange, but it is affected by the
unknown ambiguities. To acquire high-precision ionospheric
information, a technical method called carrier-to-code lev-
eling (CCL) is usually applied (Zhang et al. 2018). The lev-
eled carrier phase measurement can be expressed as follows
(Ciraolo et al. 2007):

= I}, +cDCB, + ¢cDCB* (3)
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where <L§i + P i> is the average in a continuous arc.

The CCL methg(rlc is widely used in global ionosphere
mapping, but the leveled carrier phase ionospheric observ-
ables may be affected by the noise and multipath errors
present in the code observations. We used “co-located
GNSS stations” to assess the effects of systematic errors
on the leveled carrier phase ionospheric observables. The
co-located GNSS stations in this context indicate that two
receivers are connected to the same antenna through an
antenna splitter. The slant TEC (STEC) can be considered
equal between the two stations. The systematic errors are

arc-dependent errors, also called “leveling error” (Ciraolo
et al. 2007). With this experiment, the leveling error of
the GLONASS data is compared to that of the GPS data,
and the characteristics of the GLONASS receiver IFDCB
can be found.

The leveled carrier phase measurement in (3) is
extended to include both GPS and GLONASS data:

{ L$F =191 + «(DCB; + DCBY¥)
’ ’ 4
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where G stands for GPS, R stands for GLONASS, i denotes
receiver, k and [ denotes satellites; DCBg; and DCBS* are
the GPS receiver DCB and satellite DCB, respectively;
DCB%J. and DCB® are the GLONASS receiver DCB and sat-
ellite DCB, respectively. Comparing with the GPS receiver
DCB, the GLONASS receiver DCB are dependent on satel-
lite or frequency. Therefore, the GLONASS receiver DCB
is called GLONASS receiver IFDCB hereafter.

If we make a single difference in the measurements
from the same satellite between the two stations, the iono-
spheric delay and the satellite DCB can be canceled. The
single-differenced (SD) measurements from stations i and
j are described as follows:

7G.k
{ L% = cDCBg;; — cDCB;; = cDCB; s

L} = cDCB}, — cDCB}; = cDCBy, ;
where DCB; ; stands for the single-differenced GPS receiver
DCB and DCB;’U stands for the single-differenced GLO-
NASS receiver IFDCB from satellite /.

It is clear that the GLONASS receiver SD-IFDCBs are
dependent on different satellites, while the GPS receiver
SD-DCBs for all satellites are theoretically the same. In
fact, due to the leveling error, it is not clear whether we
can distinguish the GLONASS receiver IFDCB from the
leveling error.

We selected four co-located GNSS stations from the
IGS network. Each set of collocated stations had differ-
ent receivers but the same type of antenna: WTZR and
WTZZ (LEICA GR25 and JAVAD TRE_G3TH DELTA,
LEIAR25.R3), TIXG and TIXI (TPS ODYSSEY_E and
JPS EGGDT, TPSCR3_GGD), MOBJ and MOBK (JPS
LEGACY and JPS EGGDT, JPSREGANT_SD_EI),
UNB3 and UNBJ (TRIMBLE NETR9 and TPS LEGACY,
TRMS57971.00).

The GPS and GLONASS data from day of year (DOY)
49 to 79, 2014, were collected and analyzed. Figure 1
shows the receiver SD-DCBs from different satellites
for GPS and GLONASS on DOY 64, 2014. For the
GPS receiver SD-DCBs, the arc-to-arc spread reaches
peak-to-peak values of approximately 6, 1, 5 and 5 TEC
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Fig. 1 Receiver single-differ-
ence DCBs during one day
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units (TECU) for WTZR-WTZZ, TIXG-TIXI, MOBIJ-
MOBK and UNB3-UNBJ, respectively. The correspond-
ing leveling errors are approximately (6/\/5)/2 ~ 2.1,
(1/4/2)/2 %04, (5/v/2)/2~ 18 and (5/V2)/2~ 1.8
TECU, respectively, which are similar to previous studies
(Nie et al. 2018). For the GLONASS receiver SD-DCBs,
the peak-to-peak values are approximately 27, 12, 15 and
22 TECU, which lead to leveling errors of 9.5, 4.2, 5.3 and
7.8 TECU, respectively. In these cases, the GLONASS
leveling errors are at least three times larger than the GPS
leveling errors. If we assume the magnitude of the GPS
leveling error as the error introduced by the CCL method,
the very large GLONASS leveling error is actually induced
by the different GLONASS receiver IFDCBs.

The daily values of the WTZR-WTZZ receiver SD-DCBs
over one month are shown in Fig. 2. We arbitrarily selected
three satellites for each system, such as G02, G16 and G21
for GPS and R02, R16 and R21 for GLONASS. The SD-
DCBs for the three GPS satellites are nearly the same and
consistent with the expected theoretical results. While the
SD-DCBs for the three GLONASS satellites are obviously
different, they are —41.5, —46.1 and — 58.9 TECU for R02,
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R16 and R21, respectively. Both the GPS SD-DCBs and the
GLONASS SD-DCBs show good stability over one month.
Comparing the GLONASS SD-DCBs with the GPS SD-
DCBs, we can confirm that the GLONASS receiver IFDCB
is distinguishable from leveling error and cannot be ignored
in the data processing.

A previous study reported that the GLONASS code IFBs
have correlations with the receiver type, the antenna type and
the frequency (Shi et al. 2013). The four co-located stations are
equipped with different receiver types and the same antennas
in this experiment. It is important to investigate the correlation
between the GLONASS receiver IFDCB and the frequencies.
Figure 3 shows the mean value and standard deviation (STD)
of the GLONASS receiver SD-DCBs at the four co-located
stations. The SD-DCBs at WTZR-WTZZ and UNB3-UNBJ
are frequency-dependent, while those at MOBJ-MOBK have
no correlation with the frequency channel. In general, the SD-
DCBs are nearly the same on the same frequency channel,
and a previous study was performed on this basis (Zhang et al.
2017b). However, it is also observed that even with a same
frequency channel, the difference in the SD-DCBs between
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Fig.2 Daily WTZR-WTZZ receiver single-difference DCBs for GPS
satellites (G02, G16, G21) and GLONASS satellites (R02, R16, R21)
from DOY 49 to 79, 2014

two different satellites can reach up to 5 TECU. To describe
the GLONASS receiver IFDCB precisely, we suggest estimat-
ing individual receiver IFDCB for each GLONASS satellite at
one station. In other words, the GLONASS receiver IFDCB
is considered satellite-dependent in contrast to the previous
frequency-dependent (Zhang et al. 2017b).

Global ionosphere mapping
with and without GLONASS IFDCB
consideration

The geometry-free ionospheric delay in (3) can be expressed
using Taylor approximation, and the first-order term (with
a dependence on f~2) accounts for more than 99.9% of the
total ionospheric delay (Hernandez-Pajares et al. 2011). The
geometry-free ionospheric delay can be expressed without
the higher-order ionospheric delay as the following good
approximation:

11
I;,=4028 - | — — = |- STEC} (6)
) <ff ff)

where STEC' f‘ is the slant total electron content from receiver
i to satellite k.

An infinitely thin shell at an altitude of 450 km above
Earth is assumed where the free electrons are concentrated
for simplicity. The signal path and the thin shell intersect at
a point that is called the ionosphere pierce point (IPP). The
STEC along the signal path should be converted to VTEC
through a modified single-layer model mapping function.
Then, the global VTEC in the spatial and temporal domains
can be represented using the well-known spherical harmonic
(SH) expansion model (Schaer 1999). The spherical har-
monic expansion model and mapping function are expressed
as follows:

-

Npax 1

VTEC(8,5) = ), ). P, (sin )(C,,, cos(ms) + S,,,, sin(ms))

n=0 m=0

STEC = M(z) - VTEC
M(2) = 1/ cos(arcsin(R sin(az) /(R + H)))

(N
where VTEC(f, s) is the vertical TEC; # and s are the latitude
and longitude of the IPPs in the solar-geomagnetic reference
frame, respectively; P, is the normalized associated Leg-
endre function with degree n and order m, n_,, is set as 15
in this study; C,,, and S, are the SH coefficients to be esti-
mated; z is the satellite zenith at the station; R (~6371 km)
is the radius of the Earth; H (~506.7 km) is the altitude of
the ionosphere thin shell for the mapping function; and « is
a correction factor that is set to 0.9782.

If we do not consider the GLONASS receiver IFDCB, we
estimate only one GLONASS receiver DCB for one station.
The term DCBZJ in (4) is replaced with the term DCByg ;.
To separate the receiver DCB from the satellite DCB, a
zero-mean constraint on the satellite DCB for each system
is introduced (Montenbruck et al. 2014). The global iono-
sphere mapping using combined GPS and GLONASS data
without considering the GLONASS receiver IFDCB (con-
ventional model) can be expressed as follows:

L$F = F(Xgy) + «(DCB; + DCB)

LY = F(Xgy) + c(DCBg; + DCBRY)

1 ) DCB% =0 8)
k=1

Mgy

Z DCB®! =0
=1

L

where F(Xgy) stands for the SH expansion model and Xgy
stands for the SH coefficients.

According to (8), the estimated parameters include the
spherical harmonic coefficients, the DCBs for the GPS
satellite and receiver and the DCBs for the GLONASS sat-
ellite and receiver. Usually, we divide one day into several
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Fig.3 Mean value and standard deviation of the GLONASS receiver
SD-DCBs at the four co-located stations. The large differences
between two satellites with a same frequency channel are labeled

sessions, and one pair of spherical harmonic coefficients is
estimated for one session (Zhang and Zhao 2019). The ses-
sion length is set to 2 h, and 13 pairs of spherical harmonic
coefficients are estimated. If we assume that the numbers
of GPS stations, GPS satellites, GLONASS stations and
GLONASS satellites are 280, 32, 190 and 24, respectively,
the total number of estimated parameters is 3854.

When we consider the GLONASS receiver IFDCB,
the individual GLONASS receiver IFDCB for each sat-
ellite should be estimated at one station. The zero-mean
constraint on the satellite DCB for the GPS still works,
but it does not work for the GLONASS. A previous study
(Zhang et al. 2017b) proposed additional frequency chan-
nel constraints to separate the GLONASS satellite DCB
and the GLONASS receiver IFDCB. This method depends
on the stations selected, i.e., when the stations change, the
estimated values belong to different datums. Considering
the global ionosphere modeling using a datum-consistent
method, we propose estimating the sum of the GLONASS
satellite DCB and the GLONASS receiver IFDCB directly,
i.e., the GLONASS satellite plus receiver DCB (SPRDCB)
for each satellite-station link. The global ionosphere
mapping using combined GPS and GLONASS data with
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with red rectangle in WTZR-WTZZ, MOBJ-MOBK and UNB3-
UNBJ stations. The GLONASS satellites are listed in order of the fre-
quency channel

consideration of the GLONASS receiver IFDCB (modified
model) can be expressed as follows:

Zfl;,k =F(Xqy) + C(DCBGJA + DCBG,k)
Ly = F(Xgy) + ¢SPRDCBY,

Ngat
Z DCB%* =0
k=1

©))

where SPRDCBZJ stands for the GLONASS satellite-station
link SPRDCB. Our method does not separate the GLONASS
satellite DCB and the GLONASS receiver IFDCB. It should
be mentioned that when we speak of the consideration of the
GLONASS receiver IFDCB, it means that we estimate the
GLONASS satellite-station link SPRDCB hereafter.

For each GLONASS station, we should estimate every
satellite-station link SPRDCB, and the number of estimated
parameters increases rapidly. Compared with the conven-
tional model in (8), the total number of estimated param-
eters of the modified model is 8200, which is approximately
twice as large. The computation efficiency of the global
ionosphere mapping is strongly related to the number of
estimated parameters. Thanks to the application of parallel
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computing techniques (Zhang and Zhao 2018) in global ion-
osphere modeling, this shortcoming of the modified model
can be overcome.

Data processing

We selected GNSS observations from DOY 49 to 108, 2014,
in our experiment. This period was during solar cycle 24 and
was under strong solar activity conditions. The observations
were collected from approximately 280 globally distributed
IGS stations. The distribution of the GPS and GLONASS
stations and the IPPs for both systems on DOY 75, 2014,
are shown in Fig. 4.

Generally, most of the stations are distributed on land,
especially on the European continent. Only a few stations
are located on oceans. All stations can collect GPS data, but
only 66% can track GLONASS satellites. The IPPs derived
from both the GPS and the GLONASS from 00:00 to 04:00
universal time coordinated (UTC) are shown in the bottom
plot. In the geographic-fixed coordinate system, the IPPs
are distributed around the stations, and many data gaps can
be observed over the oceans. The coordinate system is usu-
ally transformed from the earth-fixed to the solar-fixed to
utilize the high correlation of the ionospheric activity with
the position of the sun. Due to the rotation of the Earth, the
ground-based GNSS stations resemble scanners to observe
the ionosphere. As a consequence, the IPPs in the solar-fixed
system are distributed more evenly (Zhang and Zhao 2023).
Apparently, adding the GLONASS data helps increase the
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Fig.4 Distribution of the selected IGS stations on DOY 75, 2014,
and the IPP distribution from 00:00 to 04:00 UTC. The black (blue)
and red (green) dots represent the GPS and GLONASS, respectively,
in the top (bottom) plot

number of IPPs at most stations. According to the statistics,
the number of IPPs increases by approximately 50% when
9 GPS satellites and 6 GLONASS satellites are observed
simultaneously. The GPS satellite inclination is 55°, while
the GLONASS satellites have a higher inclination (64.8°)
(Afraimovich and Yasukevich 2008). At high latitudes,
GLONASS satellites are observed at higher elevations,
decreasing the influence of horizontal ionospheric gradients
and, consequently, enabling more accurate TEC representa-
tions over individual high-latitude stations.

Results and analysis

We analyzed the contribution of the GLONASS data to DCB
estimation and global ionospheric modeling. The global ion-
osphere mapping using only GPS data is labeled GPS. The
global ionosphere mapping using GPS and GLONASS data
with and without the GLONASS receiver IFDCB considera-
tion are labeled GRW and GRN, respectively. In the GPS
solution, the SH coefficients with the GPS satellite DCB
and GPS receiver DCB are estimated. In the GRN solution,
the SH coefficients with the GPS satellite DCB, the GPS
receiver DCB, the GLONASS satellite DCB and the GLO-
NASS receiver DCB are estimated using (8). In the GRW
solution, the SH coefficients with the GPS satellite DCB, the
GPS receiver DCB and the GLONASS satellite-station link
SPRDCB are estimated using (9). This section presents the
influence of GLONASS data and receiver IFDCB considera-
tion on the GPS satellite and receiver DCB estimation, the
GLONASS satellite-station link SPRDCB and the global
ionospheric VTEC map, respectively.

Influence on the GPS satellite and receiver DCB
estimation

The GPS satellite and receiver DCBs are estimated simulta-
neously with the global ionospheric model parameters. The
introduction of GLONASS data influences the ionospheric
model and indirectly affects the GPS satellite and receiver
DCBs. Figure 5 shows the averaged GPS satellite DCB dif-
ferences between the three solutions, i.e., GPS, GRN, and
GRW, from DOY 49 to 108, 2014. When the GLONASS
data are added, the GPS satellite DCB differences between
the GRN and GPS range from —0.03 to 0.02 ns. When the
GLONASS receiver IFDCB is considered, the GPS satel-
lite DCB differences between the GRW and GPS decrease
slightly. The GPS satellite DCB differences between the
GRW and GRN are also within 0.03 ns, and the maximum
value is 0.025 ns. Compared with the magnitude of the
GPS satellite DCB values (from — 10.74 to 8.61 ns), the
magnitude of the DCB differences is very small. The ratios
between the DCB differences and the absolute DCB values
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Fig.5 Averaged GPS satellite DCB differences between the three
solutions from DOY 49 to 108, 2014. The red, blue and green rep-
resent the differences between the GRN and GPS, between the GRW
and GPS, and between the GRW and GRN, respectively

are less than 2%. The result indicates that the inclusion of
the GLONASS data has little influence on the GPS satellite
DCB values.

The DCB monthly stability (Wang et al. 2016) is usually
used to describe the precision of DCB estimations. Figure 6
shows the GPS satellite DCB monthly stability. In general,
the GPS satellite DCB stabilities are better than 0.16 ns,
and they are less than 0.08 ns for most satellites. When the
GLONASS data are added, the stabilities are improved by
3.47% and 3.79% on average for the GRN solution and the
GRW solution, respectively. The maximum improvement is
approximately 17% for G29 with the GRW solution. It is also
observed that the stabilities for G02 and G28 become worse
when the GLONASS data are added, but this deterioration
is reduced with the GRW solution compared to the GRN
solution. It is confirmed that the GLONASS data help to
improve the stability of the GPS satellite DCB, especially
when considering the GLONASS receiver IFDCB.

Figure 7 shows the averaged GPS receiver DCB differ-
ences between the GPS solution, the GRN solution and the
GRW solution from DOY 49 to 108, 2014. The receivers
are listed in order of station latitude. For most stations, the
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Fig.6 GPS satellite DCB monthly stability. Red, blue and green rep-
resent the GPS, GRN and GRW, respectively
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the differences between the GRN and GPS, between the GRW and
GPS, and between the GRW and GRN, respectively. The stations are
listed in order of latitude from the southern hemisphere to the north-
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DCB differences between the GRN (or GRW) and GPS
range from — 0.4 to 0.4 ns. The inclusion of the GLONASS
data increases the GPS receiver DCBs at 77% of the stations
compared to when only GPS data are used. In the north-
ern hemisphere, most GPS receiver DCBs increase. The
reduced receiver DCBs are generally located at low latitudes
in the southern hemisphere. A remarkable minimum value
of —1.12 ns is observed at station STHL (5.67° W, 15.94°
S). This station is located on Saint Helena in the Southern
Atlantic Ocean, where very few stations are distributed. It is
believed that the inclusion of the GLONASS data has a large
influence in regions where GPS data are sparsely distributed.
The GPS receiver DCB values with the GRW solution are
larger than those with the GRN solution, but the differences
are generally less than 0.2 ns. Compared with the influence
of the GLONASS data on the estimation of the GPS receiver
DCB, the influence of the GLONASS receiver IFDCB is
much smaller.

The GPS receiver DCB monthly stability at each sta-
tion of the three solutions and their difference are shown in
Fig. 8. In the left panel, the blue indicates small value and
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the red indicates large value. While in the right panel, the
blue indicates stability improvement, and the red indicates
deterioration. The GPS receiver DCB stability over time is
latitudinally dependent and ranges from 0.21 to 2.26 ns. The
receiver DCB stabilities at low latitudes are significantly
larger than that at middle and high latitudes. According to
the statistics, the GPS receiver DCB stabilities at 60% of the
stations are improved when the GLONASS data are added.
Most stations in the southern hemisphere show stability
improvement, and the maximum value of 0.24 ns (approxi-
mately 26%) is observed at station OHI3 in Antarctica. The
abovementioned station STHL shows an improvement of
0.15 ns (approximately 13%). We also observe the stations
with stability deterioration, mainly distributed in North
America. Comparing the GRW and GRN solutions, the dif-
ferences in the GPS receiver DCB stability are smaller than
0.04 ns, which means that no significant improvement is
found with the GRW solution relative to the GRN solution.

Influence on the GLONASS satellite-station link
SPRDCB

In the GRW solution, the GLONASS satellite-station link
SPRDCB is directly estimated. In the GRN solution, the
GLONASS satellite DCB and the GLONASS receiver DCB
are estimated separately. The GLONASS receiver DCB is
actually a mean value that ignores the satellite-dependent
part of the receiver IFDCB. The GLONASS SPRDCB
with the GRN solution can also be recovered by adding the

90°E

180°

GLONASS satellite DCB and the GLONASS receiver DCB.
The influence of the GLONASS receiver IFDCB considera-
tion on the GLONASS satellite-station link SPRDCB can be
obtained by subtracting the GRN recovered SPRDCB from
the GRW estimated SPRDCB with the following equation:

— (DCB!

| _ i
dSPRDCB[. = SPRDCB GRN

GRW.i + DCBggrn,)

(10)
where dSPRDCBf is the GLONASS SPRDCB difference for
each satellite-station link.

We selected six IGS stations to analyze the GRW esti-
mated SPRDCB and the GRN recovered SPRDCB and
their differences. These six stations are equipped with dif-
ferent receivers and antenna types most commonly used in
the IGS network. These stations are ABMF with a TRIM-
BLE NETRY receiver and TRM57971.00 antenna, ALIC
with a LEICA GRX1200GGPRO receiver and LEIAR25.
R3 antenna, BADG with a JAVAD TRE_G3TH DELTA
receiver and JAVRINGANT_DM antenna, GODZ with a
JPS EGGDT receiver and AOAD/M_T antenna, KIRU with
a SEPT POLARX4 receiver and SEPCHOKE_MC antenna
and URUM with a TPS NETG3 receiver and TPSCR3_GGD
antenna.

Figure 9 shows the GLONASS satellite-station link
SPRDCB for the six stations on DOY 75, 2014. The GRN
recovered SPRDCB and GRW estimated SPRDCB are
shown in the top and bottom plots, respectively. In the GRN
solution, one GLONASS receiver DCB is estimated at one
station, i.e., the receiver DCB differences between different
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Fig.9 GRN recovered SPRDCB (top) and the GRW estimated
SPRDCB (bottom) for different GLONASS satellite-station links at
six stations. The GLONASS satellites are listed in order of frequency
channel

stations are the same for all satellites, so the GRN recovered
SPRDCB for different stations show parallel lines. In the
GRW solution, the common part and the satellite-dependent
part of the GLONASS receiver IFDCB are considered. The
GLONASS receiver IFDCB for different satellites at one
station are different, so the parallel characteristics of the
GLONASS SPRDCB for different stations disappear. In our
experiment, the GLONASS SPRDCB at one station for dif-
ferent satellite-station links vary within 15 ns. The difference
of GLONASS SPRDCB for the same satellite between two
stations can reach up to 25 ns.

The GLONASS SPRDCB difference between the GRW
solution and the GRN solution on DOY 75, 2014, is shown
in Fig. 10. The SPRDCB difference represents the satellite-
dependent part of the GLONASS receiver IFDCB. In our
experiment, the SPRDCB difference for different stations
has significantly different values. The minimum value of
approximately — 27 ns is observed for R16 at station BADG,
and the maximum value is 12 ns for R10 at station ABMF.
This indicates that the neglect of the satellite-dependent part
of the GLONASS receiver [IFDCB may introduce an error of
27 ns or 50 TECU in the STEC computation. At one station,
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Fig. 10 GLONASS SPRDCB difference between the GRW solution
and the GRN solution. The GLONASS satellites are listed in order of
frequency channel

the difference of the GLONASS dSPRDCB between differ-
ent satellites can be 7.7 ns, approximately 2.3 m. Therefore,
it is necessary to consider the GLONASS receiver IFDCB in
the positioning domain due to the very large inconsistency of
the GLONASS receiver IFDCB corrections for all observed
satellites. We also find that the GLONASS dSPRDCB at sta-
tions ABMF, ALIC and GODZ have correlations with the
frequency channel, but no obvious correlations are found at
the remaining three stations.

Furthermore, the parameters estimation residuals with the
three solutions are presented in Fig. 11. The middle and right
columns show the GLONASS residuals with the GRN and
GRW solutions, respectively. In contrast, the GPS residuals
with the GPS solution are shown in the left column. In the
GPS solution, the GPS residuals are mainly normally dis-
tributed for the six stations. The biases range from —0.29 to
0.09 ns, and the STDs range from 2.09 to 2.48 ns. Compared
with the GPS residuals, the GLONASS residuals with the
GRN solution have larger STDs due to the inaccurate mean
value estimation of the GLONASS receiver IFDCB. The
STDs for stations ABMF, ALIC, BADG, GODZ, KIRU and
URUM are 2.60, 2.78, 2.28, 2.73, 2.27 and 2.88 ns, respec-
tively. In the GRW solution, the STDs of the GLONASS
residuals decrease rapidly at all stations. The GRW solu-
tion shows 15.0%, 28.8%, 21.1%, 38.8%, 22.5% and 30.2%
improvements in the STD at each station compared to the
GRN solution. The STDs of the GLONASS residuals with
the GRW solution are even smaller than those of the GPS
residuals. It is confirmed that considering the GLONASS
receiver IFDCB can help improve the precision of the esti-
mated parameters.
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Fig. 11 Parameters estima-

tion residuals with the three
solutions. The left, middle, and
right columns represent the
GPS residuals with the GPS
solution, the GLONASS residu-
als with the GRN solution, and
the GLONASS residuals with
the GRW solution, respectively.
The p, o and rms represent bias,
STD and RMS, respectively
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Influence on the global ionospheric VTEC map

The influence of the GLONASS data and the receiver
IFDCB consideration on the global ionospheric VTEC
map is analyzed in this section. Figure 12 shows the global
VTEC map differences between the GPS, GRN and GRW
solutions at 12:00 UTC on DOY 75, 2014. The VTEC dif-
ferences between the GRN and GPS solutions range from
—5to 4 TECU. Most of the large differences are distributed
over the regions where only a few stations are located. In
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regions with many stations, such as the European continent,
the VTEC differences are generally within 1 TECU. When
we consider the GLONASS receiver IFDCB, the VTEC dif-
ferences between the GRW and GPS solutions are smaller
than those between the GRN and GPS solutions. Comparing
the middle plot with the top plot, the apparently negative
values at low latitudes are reduced. In the bottom plot, the
VTEC differences between the GRW and GRN solutions are
within 3 TECU and are mainly positive values at low and
high latitudes. This indicates that the consideration of the
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Fig. 12 Global ionospheric VTEC map differences between the GPS,
GRN and GRW solutions at 12:00 UTC on DOY 75, 2014. The top,
middle and bottom plots represent the differences between the GRN
and GPS, between the GRW and GPS, and between the GRW and
GRN, respectively

GLONASS receiver IFDCB has an influence on the magni-
tude but not the distribution of the VTEC differences.

The GIM product includes 13 global ionospheric VTEC
maps for each day. We computed the biases and STDs of
the VTEC differences between the three solutions. The
VTEC biases and STDs from DOY 49 to 108 are shown in
Fig. 13. The biases between GRN solution and GPS solution
range from —0.2 to 0.2 TECU, while the biases between
the GRW and GPS solutions range from 0.0 to 0.2 TECU.
The apparent change is that the negative biases are gener-
ally eliminated. This result indicates that the introduction of
GLONASS data with consideration of the receiver [IFDCB
can increase the VTEC values of the GIM by approximately
0.1 TECU. In the bottom plot, the STDs between the GRN
and GPS solutions range from 1.1 to 1.6 TECU and those
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Fig. 13 VTEC biases (top) and STDs (bottom) between the GPS,
GRN and GRW solutions from DOY 49 to 108. Red, blue and green
represent the differences between the GRN and GPS solutions,
between the GRW and GPS solutions, and between the GRW and
GRN solutions, respectively

between the GRW and GPS solutions range from 0.8 to 1.3
TECU. Compared with the GRN solution, the STDs of the
GRW solution are decreased by approximately 0.3 TECU.
This means the GRW solution shows more consistency with
the GPS solution than the GRN solution. Additionally, the
average STD between the GRW and GRN solutions is 0.7
TECU, approximately 70% of the STD between GRW solu-
tion and GPS solution. This indicates that the consideration
of the GLONASS receiver IFDCB also influences the VTEC
map, but this influence is smaller than that induced by intro-
ducing the GLONASS data to global ionospheric modeling.

To validate the internal precision of the GIM, a self-
consistency test was conducted in our experiment, i.e.,
comparing the GIM-derived VTEC with the GPS-based
ionospheric VTEC (Li et al. 2015; Zhang and Zhao 2019).
Specifically, the root mean square (RMS) at each station
was calculated, and the daily RMS was a mean value over
all stations. Then, the precision improvement IMP can
be computed using IMP = (RMS,; — RMS,,,)/RMS,.;.
RMS,,, and RMS,; are the daily RMS of the evaluated
solution and the reference solution, respectively. Figure 14
shows the internal precision of GPS, GRN and GRW
solutions and the precision improvement from DOY 49
to 108. The RMSs of the three solutions range from 2.7
to 3.6 TECU. When the GLONASS data are introduced,
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Fig. 14 Internal precision (top) of the GPS, GRN and GRW solutions
and the precision improvement (bottom) of the GRN solution relative
to GPS solution, the GRW solution relative to GPS solution and the
GRW solution relative to GRN solution from DOY 49 to 108

the internal precision of the GRN and GRW solutions is
slightly better than that of the GPS solution. The average
improvement of the GRN and GRW solutions relative to
the GPS solution is approximately 1.3%. This indicates
that the contribution of the GLONASS data to global ion-
ospheric modeling on a global scale is small according
to the internal precision test. Similarly, the contribution
of the GLONASS receiver IFDCB consideration is also

Fig. 15 External accuracy of the
dSTEC test at 30 IGS stations.
The red, blue and green stand
for the GPS solution, the GRN

very limited. However, it is also observed that the consid-
eration of the GLONASS receiver IFDCB can revise the
inaccurate estimation of the VTEC on some days, such
as on DOY 57, 83 and 87. The results of our experiment
show that the GRW solution is more reliable than the GRN
solution.

Besides the internal precision test, an external accuracy
test called dSTEC test (Hernandez-Pajares et al. 2017) was
conducted. We selected 30 IGS stations that were not used
in our ionospheric modeling to assess the GPS-, GRN- and
GRW-derived GIMs. The stations are globally distributed,
as shown in Fig. 15. Similar to the internal precision test,
we computed the RMS of the dSTEC test at each station
for the GPS, GRN, and GRW solutions. The accuracy
ranges from 1 to 9 TECU and is strongly correlated with
the latitude. The accuracy at low latitudes is significantly
larger than that at middle and high latitudes. The maxi-
mum RMS is approximately 9 TECU at station NAMA in
Africa, and the minimum RMS is approximately 1.5 TECU
at station BZRG in Europe.

The accuracy improvement at each station was also com-
puted, as shown in Fig. 16. The stations are listed in order of
latitude from the northern hemisphere to the southern hemi-
sphere. It shows that when the GLONASS data is added,
the GRN and GRW solutions show accuracy improvement
relative to the GPS solution at 57% and 73% of the stations,
respectively. The maximum improvement for the GRN and
GRW solutions is approximately 5%. Comparing the GRW
solution with the GRN solution, 90% of the stations show
improvement, although the maximum improvement is only
3%. Notably, the accuracy at station MARN shows appar-
ent degradation with the GRN solution. But this problem
can be reduced significantly with the GRW solution. The
results show that the introduction of GLONASS data can
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Fig. 16 Accuracy improvement at 30 IGS stations. The red, blue and
green stand for the improvement of the GRN solution to the GPS
solution, the GRW solution to the GPS solution, and the GRW solu-
tion to the GRN solution, respectively

improve the accuracy at most stations, and if we consider the
GLONASS receiver IFDCB in further, more reliable global
ionospheric models can be obtained.

Summary and conclusions

In this study, we specifically investigated the contribution
of GLONASS data to global ionosphere mapping, espe-
cially considering the GLONASS receiver IFDCB. First,
the characteristics of the GLONASS receiver IFDCB were
analyzed based on a “co-located GNSS stations” experi-
ment. The results show that the GLONASS receiver IFDCB
is distinguishable from the leveling error induced by the
CCL method and cannot be ignored in the data process-
ing. Because the SD-DCB of two satellites on the same
frequency channel show large differences, we suggest esti-
mating the individual GLONASS receiver IFDCB for each
satellite at one station. Second, we propose a modified model
for combined GPS and GLONASS global ionosphere map-
ping. The GLONASS SPRDCB for each satellite-station link
is directly estimated with the ionospheric model parameters
in this modified model.

The influence of the GLONASS data and receiver IFDCB
consideration on the DCB estimation and the global iono-
spheric VTEC map was comprehensively analyzed using
data from the IGS network for DOY 49-108, 2014. The
results show that the following (1) The inclusion of GLO-
NASS data can improve the stability of the GPS satellite
DCB by 3.8% and will increase the GPS receiver DCB at
77% of the stations compared to when only GPS data are
used. (2) The GLONASS SPRDCB difference between
the GRW estimated SPRDCB and the GRN recovered
SPRDCB can be 27 ns, which means that the neglect of the
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satellite-dependent part of the GLONASS receiver IFDCB
may introduce an error of 50 TECU in the STEC computa-
tion. Considering GLONASS receiver IFDCB can reduce
the GLONASS residual errors by approximately 26%. (3)
The introduction of GLONASS data considering the receiver
IFDCB will increase the VTEC map by approximately 0.1
TECU on a global scale. In the GIM internal precision test,
the average improvement of the GRW solution relative to the
GPS solution is approximately 1.3%. In the GIM external
accuracy test, the GRW solution improves accuracy relative
to the GPS solution at 73% of the stations.

It can be concluded that the introduction of GLONASS
data, especially considering the GLONASS receiver IFDCB,
will benefit global ionosphere modeling and DCB estima-
tions for GPS and GLONASS. Although the contribution
of the GLONASS data may not be significant on the global
scale, the use of GLONASS data in regions with few IGS
stations, such as in the southern hemisphere, still shows
apparent improvement. When the GLONASS receiver
IFDCB is considered in further, more reliable global iono-
spheric models can be obtained. This modified ionospheric
model proposed in this study may be an alternative to the
GNSS global ionosphere mapping.
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