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Abstract The Global Navigation Satellite System presents
a plausible and cost-effective way of computing the total
electron content (TEC). But TEC estimated value could be
seriously affected by the differential code biases (DCB) of
frequency-dependent satellites and receivers. Unlike GPS
and other satellite systems, GLONASS adopts a frequency-
division multiplexing access mode to distinguish different
satellites. This strategy leads to different wavelengths and
inter-frequency biases (IFBs) for both pseudo-range and car-
rier phase observations, whose impacts are rarely considered
inionospheric modeling. We obtained observations from four
groups of co-stations to analyze the characteristics of the
GLONASS receiver P1P2 pseudo-range IFB with a double-
difference method. The results showed that the GLONASS
P1P2 pseudo-range IFB remained stable for a period of
time and could catch up to several meters, which cannot be
absorbed by the receiver DCB during ionospheric modeling.
Given the characteristics of the GLONASS P1P2 pseudo-
range IFB, we proposed a two-step ionosphere modeling
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method with the priori IFB information. The experimental
analysis showed that the new algorithm can effectively elim-
inate the adverse effects on ionospheric model and hardware
delay parameters estimation in different space environments.
During high solar activity period, compared to the traditional
GPS + GLONASS modeling algorithm, the absolute average
deviation of TEC decreased from 2.17 to 2.07 TECu (TEC
unit); simultaneously, the average RMS of GPS satellite DCB
decreased from 0.225 to 0.219 ns, and the average deviation
of GLONASS satellite DCB decreased from 0.253t00.113 ns
with a great improvement in over 55%.

Keywords GLONASS - Ionospheric modeling - Pseudo-
range inter-frequency bias

1 Introduction

TEC is a key parameter in the investigation of the spatial
and temporal structure and variability of the ionosphere.
Due to the dispersive nature of the ionosphere (Bassiri and
Hajj 1992), it is an effective method for extracting the
ionospheric delay and building an ionospheric model using
dual-frequency GPS observations. In 1988, Lanyi and Roth
(1988) first used GPS data and a third-order polynomial to
model the regional ionospheric delay. Since then, various
studies and applications in this area have been carried out
(Schaer 1999; Camargo et al. 2000; Hernandez-Pajares et al.
2011). Compared to other traditional ionospheric models,
such as the Klobuchar, IRI, and GAIM (Klobuchar 1987,
Bilitza and Reinisch 2008; Schunk et al. 2004) GPS-based
ionospheric models exhibit a higher precision and resolution.
Several international GNSS Service (IGS) analysis centers,
including CODE (Center for Orbit Determination in Europe),
JPL (Jet Propulsion Laboratory), UPC (Politechnical Uni-
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versity of Catalonia), and ESA (European Space Operations
Centre), can provide a daily global ionosphere map (GIM)
model, of which the product accuracy is within the range
of +2—4-8 TECu (Herndndez-Pajares et al. 2009).

However, the TEC derived from GPS signals is badly
affected by the DCB, of both the satellites and receivers
(Mannucci et al. 1998); the DCB represents a difference
between the measurements on two or more frequencies and
may cause several meters of error if not managed appro-
priately. In general, the DCB is considered an instrumental
error because it is caused by the analog hardware delays of
the satellite and receiver (Arikan et al. 2008; Hakansson et al.
2016). In spite of the fact that the estimated DCB values may
be dependent on the hardware temperature (Heise et al. 2005)
or geometric conditions (Hong et al. 2008), the satellite and
receiver DCB values are often assumed to be constant for
1 day (or even longer) to simplify calculations; these val-
ues are estimated along with the model coefficients using the
least squares method (Jin et al. 2008). The above-mentioned
IGS analysis centers also provide the DCB product of various
satellites and several tracking stations.

With the full operation of GLONASS with 24 satel-
lites since December 8, 2011, and the improved quality of
GLONASS orbits and clocks (Dow et al. 2009), combined
GPS/GLONASS applications have become increasingly
popular. Unlike GPS, the present GLONASS navigation
system uses FDMA to make the signals from individual satel-
lites distinguishable (Wanninger et al. 2007), which leads to
different wavelengths and IFBs for both pseudo-range and
carrier-phase observations. Many studies have analyzed the
features of carrier-phase IFBs, which are proved to be lin-
ear functions of the frequency (Kozlov et al. 2000; Zinoviev
2005; Yamanda et al. 2010; Al-Shaery et al. 2013). Only
a few studies analyzed the characteristics of pseudo-range
IFBs, and the results indicated that pseudo-range IFBs can
reach up to several meters (Tsujii et al. 2000; Al-Shaery
et al. 2013; Chuang et al. 2013). However, these researchers
mainly focused on one frequency observation (P1 or P2) or
the ionosphere-free combinations, seldom considering the
differences of P1 and P2 pseudo-range IFB. There are a few
researchers who discussed the method and effects of using
GLONASS observations to establish an ionosphere model
(Jakowski et al. 2002; Kunitsyn et al. 2011); their modeling
algorithms were similar to those for the GPS and did not
consider the P1P2 pseudo-range IFB influences. CODE is
the only analysis center that uses both GPS and GLONASS
observations to generate a daily GIM model (Herndndez-
Pajares et al. 2009).

For the purpose of effectively separating the ionospheric
delay from the satellite and receiver hardware delay, it is nec-
essary to analyze the GLONASS P1P2 pseudo-range IFBs
property. In this paper, we obtained data from four groups of
co-location GLONASS stations with different receiver and
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antenna types; our analysis of the results showed that the
GLONASS P1P2 pseudo-range IFB must be removed during
ionospheric modeling. We propose a new two-step iono-
spheric modeling algorithm using the prior IFB information.
The experimental analysis showed that the new algorithm
reduced the systemic bias of the ionospheric product and sig-
nificantly increased the accuracy of the GLONASS satellite
DCB product.

2 GNSS ionospheric modeling algorithm

Without taking into consideration the higher-order iono-
spheric effect, the anisotropic ionospheric plasma effects in
the phase and pseudo-range delays at high frequencies can
be represented as a rapidly decreasing series of the inverse
powers of frequency (Kim and Tinin 2011). The basic math-
ematical model of the GNSS carrier-phase and pseudo-range
observations are shown in Egs. (1) and (2) in units of length:

) A '
Pl =p+c(dt—dT) — F + T + D, +D°+¢p, (1
m
] A
L‘,=p+c(dt—dT)+F+T+AmN+eL. 2)
m

In Eqgs. (1) and (2), P} and L} represent the pseudo-range
and phase measurements of the receiver transmitter at a given
time, respectively;p, dt, and dT are the corresponding dis-
tance, receiver, and satellite clock errors; A represents the
slant of the total electron content (STEC); T represents the
slant tropospheric delay; f, refers to the frequency of the
observations; D, and D are the receiver and satellite DCBs,
respectively; XA, represents the wavelength of the carrier
observations; N represents the carrier-phase ambiguity in
cycles (including the integer number and float phase instru-
mental delays); and €p and ¢, are the observational noises.

We obtained the relevant ionospheric delay measurement
by using Egs. (1) and (2) with different frequency observa-
tions from the same satellites:

A A r r S )
P4=P1—P2=—2——2+((D1—D2)+(D1—D2)),
o S
(3
A A
L4=L2—L1=f—22—f—12—(N1—N2)- (4)

According to Egs. (3) and (4), TEC can be calculated
directly using pseudo-range or phase observations. However,
the pseudo-range observations are significantly influenced by
measurement noise, and the phase observation method will
introduce ambiguous parameters, which cause high computa-
tional complexity. Therefore, TEC is usually calculated using
the phase smoothing pseudo-range algorithm (Lachapelle
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etal. 1986). Due to the strong correlation, itis hard to separate
D from Dj. D| — Dj is often seen as a constant parame-
ter and estimated during ionospheric modeling (which is the
same for D{ — D3). In order to simplify the description of
the ionospheric distribution, it is often assumed that the iono-
spheric delay is concentrated at an infinitely thin layer at a
certain height above the earth, so that the total electron con-
tent can be seen as a physical quantity with location and
time distribution characteristics; it is described as a function
with the location and time as its independent variables. There
are several fitting functions available: polynomials, triangu-
lar interpolation, or spherical harmonic model (Wild 1994;
Mannucci et al. 1993; Schaer 1999). Eq.(5) is the general
form of the GNSS ionospheric model using the spherical
harmonic function:

Amax N
STEC(B.5) =Y _ Y Pun(sin B)(@un cosms
n=0 m=0

+ by sinms)/M + D* + D", 5)

where 8 and s represent the geomagnetic latitude and sun-
fixed longitude of the user IPP, Py is the regular Legendre
series, dy;;, and by, are coefficients to be estimated, nyax 1S
the maximum degree of the spherical harmonic expansion,
and M represents the mapping function.

In (5) the station and the satellite DCB parameters are
strongly correlated, and cannot be isolated directly. A com-
mon approach to solve the problem is adding constraints for
each satellite system to force the sum of all satellite DCBs
equal to zero, which will not affect the relative DCB values
for each satellite system.

nGPS NGLONASS

Y Dy=0. > Dy=0. (6)
n=0 n=0

3 GLONASS pseudo-range IFB impact analysis

In the traditional GNSS ionospheric algorithm, D] — Dj is
often seen as a constant value for each receiver. However,
for the GLONASS receivers, the pseudo-range deviations
between the frequencies may be absorbed by the receiver
hardware delay variation, resulting in variations in the D7,
Dy} for the different GLONASS satellites, and the D] — Dj
may also be different. The process of ionospheric model-
ing may introduce errors and affect the ionosphere model
if the parameters are processed as those as the traditional
algorithms.

From Eq. (3), we can see that it is difficult to distinguish
Dy — Dj for a single station because of the ionospheric
delay and D} — D3. However, most of these errors can be
removed by using the co-location (or distance ultra short)

GPS/GLONASS data through a single difference between
the stations, only remaining A(D} — DJ).

A(D} - D5) = P! — P2, )

If the receiver P1P2 hardware delay is the same for all the
satellites, then A(D] — D5) should be a fixed value for all
satellites between two stations. Otherwise, the GLONASS
P1P2 pseudo-range IFB must be considered in the process of
the ionosphere modeling.

Seven stations were chosen to build four groups of
GLONASS co-location stations; the station distribution,
receiver, and antenna types are shown in Table 1.

Figure 1 shows the A(D] — Dj) time series of PRN02
at stations mobk and mobj together with the elevation.
Although the pseudo-range differential amplified the obser-
vation noise, the results generally showed a good agreement
at elevation angles above 30° for duration of one day. The
daily A(D] - D3) value was estimated using the elevation
weighting method:

Y. P-A(D] - Dj)
2P ’

where P represents the observations’ weights which were
determined as follows, Ea represents the elevation,

A(D}" — D) =

®)

ea = sin%(Ea)
if(Ea >30°) P =10xea . ©)
else P =ca

Figure 2 shows the daily A (D] - D?) estimated values of
PRNO2 and PRNOS together with the number of observations.
The monthly changes of the satellites were quite stable. The
average A(D{A — DY) value for the PRNO2 satellite was
2.278 m and the standard deviation (STD) was 0.024 m; for
PRNOS, the average value was 2.592 m, and the STD was
0.026 m. Figure 3 shows the daily A(Dj - D3) values and
variations for all observed satellites.

According to Fig. 3, the monthly estimation accuracy
for each satellite was better than 0.05 m (95% confidence
level). However, the maximum deviation between the satel-
lites was up to about 1 m, which far exceeded the estimation
error. It may be assumed that the receiver pseudo-deviations
between P1 and P2 frequencies were different for the mobk
and mobj stations. Next, the data of the four groups of station
combinations were analyzed. Prior research has proven that
GLONASS phase IFBs are frequency dependent (Zinoviev
2005; Wanninger 2012). Figure 4 shows the A(DIA - Dj)
values and variations together with the GLONASS RF chan-
nels.

Figure 4 shows that the variation characteristics and
frequency correlations for four groups of GLONASS co-
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Table 1 Station distribution, receiver, and antenna types of selected GLONASS receivers

Group Station X(m) Y(m) Z(m) Distance(m) Receiver Types Antenna Types
mobj 2936424.499 2178374.114 5208858.471 JPS LEGACY JPSREGANT SD E
1 0.011
mobk 2936424.503 2178374.119 5208858.480 JPS EGGDT JPSREGANT SD E
tixi —1264873.323 | 1569455.771 6031003.408 JPS EGGDT TPSCR3_GGD
2 0.196
TPS
tixg —1264873.390 | 1569455.717 6031003.232 TPSCR3_GGD
ODYSSEY E
JAVAD
godn 1130760.87 —4831298.654 | 3994155.163 TPSCR.G3
3 76.024 TRE G3TH
JAVAD
gods 1130752.307 | —4831349.086 | 3994098.923 TPSCR.G3
TRE G3TH
4 141.017
godz 1130773.639 | —4831253.559 | 3994200.438 JPS EGGDT AOAD/M T
Fig. 1 A(D} — Dj}) time series 0.0 - 90
of PRNO02, at stations mobk and |
mobj, DoY080, 2012 65 - 80
] - 70
-1.0
T - 60
E 15 1 -
g ] 45 2
g -20 - S
e 1 440 8
s g
< 254 >
o ] 130 ©
3.0 -
- 20
-3.5 - 10
-4.0 —— — T T T T 0
-100 0 100 200 300 400 500 600 700 800
Epoch

location station combinations, which exhibited significant
differences between the satellites. For the gdsn station combi-
nation (godn and godz), with the same receiver and antenna,
the A(D{A — DY) values of all satellites were remarkably
consistent, ranging within —0.6 to —0.3 m; the deviations
of each satellite group with same frequency were generally
less than 0.05 m. The A(Dj " D?%) values for the tix station
combination (tixi and tixg) with different receivers showed
significant frequency-dependent trends. However, for both
the mob (mobj and mobk) and gdsz (gods and godz) combi-
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nations, the A(Dj - D3) values varied greatly between the
satellites and showed no significant linear relationship with
the frequencies

4 A new two-step ionospheric modeling algorithm

The analysis results above indicate that the GLONASS P1P2
pseudo-range IFB remained stable for a period of time and
was different for each satellite, which cannot be absorbed
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Fig. 2 Daily A(D}" — Dj) 21—  PRNO2 )
estimated values of PRNO2 and
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151 Secondly, using the above method, the A (D} "o D3) values
of all satellites between the reference and rover stations were
3 [} estimated.
i 3 For the parameter estimation process, the traditional iono-
£ 20 ; i spheric model (such as Eq.(5)) can be simplified as:
Q
2 [} )
[ ) cof
2 * sy ;3 iy X
a 3 [} [} STEC = AX = [ACOfADCBSADCBI‘] XDCBS , (10)
E -25 XDCBr
& 3
(3 * . f
where A represents the transfer matrix, X“*' represents the
50 ionospheric model coefficients, XPCBS and XPCBr repre-
e ' 6 2 1 o sents all satellites’ and receivers’ DCB, respectively. For the
Satellite RPN two-step ionospheric modeling algorithm, the reference sta-

Fig. 3 Monthly A(Dj - D?) values and variations of all GLONASS
satellites at stations mobk and mobj

in the receiver DCB during ionospheric modeling. The IFB
deviations showed a certain relevance to the satellite fre-
quency for certain types of receivers and antennas, but this
phenomenon was not universal and made it impossible to
express the IFB with the frequency as an independent vari-
able. It is also inappropriate to estimate the receiver DCB
for each satellite as the traditional method, which would lead
to excessive parameterization and affect the efficiency of the
estimation efficiency.

In this paper, we proposed a new two-step ionospheric
modeling algorithm with prior IFB information. Firstly, for
a tracking station network, a station with a good location and
observation environment was chosen as the reference station.

tion’s DCBs for each satellite XPBr were estimated, while

the rover stations’ DCBs were expressed as the linear com-
binations of the prior A(D]" — Dj) products and XPCBr
coefficients during the estimation process; the mathematical
model is as follows:

Xcof
XDCBS

STEC = AX = [ pcof ADCBs AlsncBr]
XSDCBr

NS

The reference station plays an extremely important role
in the new algorithm, and it is strongly recommended to per-
form data quality analysis before ionospheric modeling to
ensure model accuracy. It should be noted that, in order to
simplify the analysis above, only the co-location (or distance
ultra short) stations were chosen; the effects of the atmo-
spheric delay could be entirely eliminated by the differential
method in specific situations. In the actual ionosphere mod-

@ Springer



1440 R. Zhang et al.
Fig. 4 Monthly A(D}" — Dj) 0.0
values and variations of all -1.8 4 ° .
mob -7./-/'\-0—-
GLONASS satellites for four /\ N -0.2 - tix .__/.,./-—-/ ~e
groups of GLONASS — 2.0 1 tod \ / ./.--/
co-location stations % 22 / \ / W 04 Ve
Q “ 'Y ' e
5 e 1A N @ J
5 241 / v A 06 -
E L
S 264\ ¢ \
a \ -0.8
-2.8 4 ° [
c1 -6.3 4
-0.3 1
gdsn e gdsz
v -6.6 4
£ 04 / 6.9 \
8 /"' \-v n\.\. .\.
o m
P [ N -7.2 4 / \.\-—.
% -\./ .\.\./\. . . . /\
< -0.5 1 \ /\ / 75 )
< [ ~ 1
x A \
06 s 7.8 1 ®
A3 59100112233445566 77-4.4:33:2:21100112233445566
RF chnl RF chnl

= Smoothly Monthly Value

O Monthly Value

240

220

200

180

160

140

120

100

10.7cm Radio Flux(sfu)

80

60

00 01 02 03 04 05 06 07

08

09 10 11 12 13 14 15 16 17

Fig. 5 Solar cycle F10.7 cm radio flux progression (http://www.swpc.noaa.gov/phenomena)

eling process, the distance between the reference and rover

station cannot be ignored, so a prior ionosphere product had
. . . A

to be introduced to obtain a reliable A(D} — Dj) product.

S Experimental analysis
5.1 Experimental data

As is known, TEC is strongly controlled by the solar activity
in a rather complicated way (Liu et al. 2006). In order to eval-
uate the effectiveness of our proposed ionospheric modeling
approach in different space environments, we selected two
typical periods. Acoording to Fig. 5, data of DoY 234-248,
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2009 were chosen because of low solar activity, while data
of DoY 066-080 2014 were chosen because of the high solar
activity. About 86 GPS/GLONASS stations from the EUREF
Permanent Network were analyzed. Figure 6 shows the sta-
tion distribution in 2009 (a few stations changed the receivers
in 2014), and Table 2 gives an overview of the number and
types of receivers used.

By considering the geographic and receiver type factors,
the BERG station was chosen as the reference station. It
was located at N 46.499°, E 11.337°, and equipped with
the LECIA GRX1200GGPRO receiver. In the experiments,
a considerable number of stations (all Leica and Trimble
receivers) were lacking P1 observations and there was no
accurate C1-P1 DCB product available for GLONASS till
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Fig. 6 Selected station
distributions in 2009

® Leica

Trimble © TPS

JPS e Others % Reference Station

0 20 E

Table 2 Number and receiver

- 2009, DOY 234-248
types of the selected stations

2014, DOY 066-080

Manufacturers Station numbers Manufacturers Station numbers
LEICA 38 LEICA 41

TRIMBLE 13 TRIMBLE 14

TPS 16 TPS 13

JPS 16 JPS 14

NOV 2 NOV

ASHTECH JAVAD 2

Total 86

now. So the GLONASS C1 observations were used instead,
and the GLONASS C1P2 DCB parameters were estimated
during the experiments.

5.2 IFB analysis

Figures 7 and 8 show the average and STD of A(D} " - D3)
values for all 85 rover stations in 2009 and 2014 (each col-
umn represents a single station). Due to the distance between
reference and rover station, we chose the JPL ionospheric
products as the prior ionosphere information to estimate the
A(DIA — DY) value for each rover station. Similar to our
previous analysis, the A(Dj] - D3) values varied because
of the different receiver manufacturers and types. The daily
A(D} - Dj) values showed excellent stability in 2009,
STDs of over 76.3% stations were within 0.1 m (over 91.7%
were within 0.2 m). The estimated A (D] " D3) values will
be affected by the prior ionospheirc product due to the intense
solar activity; the results were relatively poorerin 2014. STDs

of only 47.8% were within 0.1 m, but still over 88.7% were
within 0.2 m.

5.3 Ionospheric model and satellite DCB analysis

During the experiments, we chose a spherical harmonic
function of order four to express the regional ionospheric
distribution. A set of ionospheric model coefficients were
estimated every 2 h with a spatial resolution of 2.5° x 5°in
the geographic latitude and longitude. The standard IONEX
files were outputted with the grid range latitude 35°N-60°N,
longitude 20°W=30°E. The satellite orbit errors were cor-
rected by precise orbit correction provided by IGS.

Three experimental strategies were used for ionospheric
modeling. In strategy A, only the GPS observations were
used in the modeling process. In strategy B, the GPS and
GLONASS were processed by the traditional algorithm
without any IFB corrections. In strategy C, the GPS and
GLONASS data were processed by the new algorithm with
the prior IFB product. The estimated ionospheric model and
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Fig. 8 Average and STD of A(Dj - D3) values from DoY 066-080 in 2014 of all 85 rover stations

satellite DCB products were compared with the CODE global
ionospheric products and monthly DCB products. CODE
TEC is modeled in a solar-geomagnetic reference frame
using a spherical harmonic expansion up to degree of order
15 (Jee et al. 2010). Figures 9 and 10 show the average and
STD of model differences between strategies A, B, C and
CODE for all 15 days in 2009 and 2014, respectively.

Due to the quite space environment and sufficient obser-
vations, the results of 2009 were consistent well with the
CODE products. The average deviations for all 15 days were

@ Springer

between —1.5 TECu to 1.5 TECu, and the STDs were under
1.5TECu. Compared with strategy A and B, the absolute aver-
age deviation of all grids decreased from 0.31, 0.25 to 0.22
TECu with IFB correction products. However, the results
of 2014 showed an obvious systematic bias in the south-
ern region, about —2 TECu from the CODE products for
all three strategies. Because the absolute ionospheric delay
significantly increased, the error caused by different algo-
rithms (including model height, mapping function and so
on) increased at the same time. The average deviations for
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Fig. 10 Average and STD of model differences between strategies A, B, C and CODE in 2014

all 15 days were mainly between —3 TECu to 1 TECu, and the The satellite and receiver DCB per day were obtained as
STDs were generally under 2 TECu. Similarly, the absolute ~ a by-product of the ionospheric modeling. The DCB accu-
average deviation of all grids for strategy C decreased from  racy and stability can reflect the ionospheric model accuracy
2.20 and 2.17 TECu to 2.07 TECu compared with strategy ~ to some extent. Figure 11 shows the RMS of the differ-
A and B. ence between the estimated GPS satellite DCB and CODE
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Fig. 11 GPS satellite DCB
RMS between strategies A, B,

C, and CODE in 2009 and 2014 015 -

0.10

0.05

RMS(ns)

RMS(ns)

Fig. 12 GLONASS satellite
DCB STD of strategies B, C in
2009 and 2014
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monthly products during all 30 days. The results of 2009
were very consistent with the CODE products, the aver-
age RMS of strategy A and strategy B were 0.118 ns, with
the IFB correction product, the average RMS of strategy C
decreased by 4.2% to 0.113 ns. By contrast, the valuation
accuracy of 2014 was seriously affected by the solar activ-
ity and showed more clear distinctions. The average RMS
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of strategy A was 0.249 ns, which was the lowest preci-
sion because of the fewest observations. The average RMS
of strategy B decreased by 9.6% compared to strategy A,
because of the greater number of observations. With the
IFB correction, the average RMS of strategy C decreased
to 0.219 ns with an improvement of 2.4% compared to
strategy B.
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At the present, there are no other agencies which can pro-
vide GLONASS C1P2 satellite DCB products; we could only
assess the inner precision for all the two selected periods. Fig-
ure 12 shows the GLONASS satellite DCB STD of strategies
B, C in 2009 and 2014. The estimated accuracies of both
years were significantly improved because of the IFB cor-
rection products; for 2009, the average STD decreased by
61.9% from 0.231 ns to 0.088 ns, while for 2014, the average
STD decreased by 55.4% from 0.253 ns to 0.113 ns, which
demonstrated the great influence of the GLONASS pseudo-
range IFB on the ionospheric model and DCB estimation.

6 Conclusion

In this paper, we used the co-location GLONASS data to
analyze the effects of the pseudo-range IFB on the iono-
spheric delay values and proposed a new two-step ionosphere
modeling method to eliminate their adverse effects. The
experimental results showed the GLONASS P1P2 pseudo-
range IFB varied between the different satellites, and did
not exhibit a linear relationship between the frequencies for
all the types of receiver combinations. Through the experi-
ments of two typical solar activity periods, the new method
was demonstrated to be able to weaken the influence of the
GLONASS pseudo-range IFB on the ionospheric model and
DCB estimation. The absolute average deviation of TEC
decreased from 0.31 to 0.22 TECu (TEC unit) for low solar
activity, while from 2.20 to 2.07 TECu for high solar activ-
ity. The improvement in estimation accuracy of GPS satellite
DCB was strongly related to the solar activity. For low solar
activity, the average RMS decreased by about 4%, while for
high solar activity the average RMS decreased from 0.249 ns
to 0.219 ns, due to the increase of observations and IFB
correction. Moreover, with the IFB correction, GLONASS
satellite DCB estimation accuracy can reach up to about
0.1 ns with a great improvement of over 55% in both space
environments. Based on the above discussion, we suggest
choosing the same type of GLONASS receivers or using the
two-step algorithm proposed in this paper during ionospheric
modeling with GLONASS observations.
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