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Abstract

Utilization of frequency-division multiple access (FDMA) leads to GLONASS pseudorange and carrier phase observations
suffering from variable levels inter-frequency bias (IFB). The bias related with carrier phase can be absorbed by ambiguities.
However, the unequal code inter-frequency bias (cIFB) will degrade the accuracy of pseudorange observations, which will
affect positioning accuracy and convergence of precise point positioning (PPP) when including GLONASS satellites. Based
on observations made on un-differenced (UD) ionospheric-free combinations, GLONASS cIFB parameters are estimated
as a constant to achieve GLONASS cIFB real-time self-calibration on a single station. A total of 23 stations, with different
manufacturing backgrounds, are used to analyze the characteristics of GLONASS cIFB and its relationship with variable
receiver hardware. The results show that there is an obvious common trend in cIFBs estimated using broadcast ephemeris
for all of the different manufacturers, and there are unequal GLONASS inter-satellite cIFB that match brand manufacture.
In addition, a particularly good consistency is found between self-calibrated receiver-dependent GLONASS cIFB and the
IFB products of the German Research Centre for Geosciences (GFZ). Via a comparative experiment, it is also found that
the algorithm of cIFB real-time self-calibration not only corrects receiver-dependent cIFB, but can moreover eliminate
satellite-dependent cIFB, providing more stable results and further improving global navigation satellite system (GNSS)
point positioning accuracy. The root mean square (RMS) improvements of single GLONASS standard point positioning
(SPP) reach up to 54.18 and 53.80% in horizontal and vertical direction, respectively. The study’s GLONASS cIFB self-
estimation can realize good self-consistency between cIFB and stations, working to further promote convergence efficiency
relative to GPS + GLONASS PPP. An average improvement percentage of 19.03% is observed, realizing a near-consistent
accuracy with GPS + GLONASS fusion PPP.
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Introduction

The American Global Positioning System (GPS) has been
operating for more than 20 years. Russia has also put up a
full constellation of 24 of GLONASS satellites that began
operation on December 8, 2011. China’s BeiDou-2 satellite
system has likewise provided service for the Asia-Pacific

< Min Li
limin@whu.edu.cn

1" GNSS Research Center, Wuhan University, 129 Luoyu Road,

Wuhan 430079, China

GNSS Engineering Center, China Academy of Aerospace
Electronics Technology, 1 Fengying East Road,
Beijing 100094, China

National Engineering Center for Satellite Positioning System,
129 Luoyu Road, Wuhan 430079, China

School of Electronic and Information Engineering, Beihang
University, 37 Xueyuan Road, Beijing 100191, China

Collaborative Innovation Center of Geospatial Technology,
37 Xueyuan Road, Beijing 100191, China

area for about 5 years until now. The European Galileo also
declared initial service on December 2016. With more sat-
ellites joining the family of global navigation satellite sys-
tems (GNSSs), multi-GNSS fusion positioning research and
application are becoming increasingly popular. In this vein,
as a result of frequency-division multiple access (FDMA)
utilization, GLONASS pseudorange and carrier phase obser-
vations suffer from inter-frequency bias (IFB) (Wanninger
and Wallstab-Freitag 2007). Specifically, the bias related to
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pseudorange is referred to as code IFB (cIFB), and another
related bias in carrier phase is referred to as uncalibrated
phase delay (UPD) (Ge et al. 2008; Li et al. 2013).

In the standard point positioning (SPP) that is based on
pseudorange, satellite-dependent cIFB, commonly called
time group delay (TGD), is initially provided by the control
segments of GNSS (IS-GPS-200G 2013; BeiDou SIS ICD
2017; Galileo OS SIS ICD 2016). In the GLONASS inter-
face control document (ICD), some description is provided
regarding equipment group delay (EGD), which is defined
as a delay between the transmitted radio frequency signal at
phase center of the transmitting antenna and a signal at the
output of the onboard time/frequency standard and does not
exceed 8 ns for GLONASS satellite and 2 ns for GLONASS-
M satellite (GLONASS ICD 2008).

However, the corrected parameters of such EGD are not
provided in the GLONASS broadcast ephemeris data, which
works to affect GLONASS SPP performance significantly.
Even though multi-GNSS satellite-dependent differential
code bias (DCB) has been provided by Multi-GNSS Experi-
ment (M-GEX) (Montenbruck et al. 2017), it only includes
the code inter-frequency channel bias for GLONASS ion-
ospheric-free observations, which can only be used with
precise orbit and clock products at the same time. It is dif-
ficult for real-time users to obtain such products. In Ge et al.
(2017), the transformational relationship between TGD and
DCB for multi-GNSS were derived, and the impact on multi-
GNSS fusion positioning of TGD, as provided by broadcast
ephemeris data, and DCB, as provided by the M-GEX, were
compared and analyzed comprehensively.

In precise point positioning (PPP) (Zumberge et al. 1997)
that is based on precise orbit and clock products, and as
provided by the International GNSS Service (IGS) (http://
www.igs.org/products), the satellite-dependent cIFB are
included in precise satellite clock products generated by
ionospheric-free observations (Montenbruck et al. 2017).
However, in PPP ambiguity resolution, wide-lane ambiguity
is first resolved using pseudorange observations by means
of the Hatch-Melbourne-Wiibbena combination (Hatch
1982; Ge et al. 2008), and fixing efficiency will depend on
the noise of the pseudorange observations (Ge et al. 2008;
Geng et al. 2010a). Unequal GLONASS receiver-dependent
cIFB cannot be absorbed completely by receiver clocks, and
remaining residual bias will degrade pseudorange observa-
tions accuracy.

An updated list of a priori corrections for the differential
carrier phase inter-frequency bias found in the receivers of
different manufacturers has been provided by past research.
The results were compiled by analyzing 133 individual GPS/
GLONASS receivers, from 19 receiver types, as produced by
nine different manufacturers (Wanninger 2012). However, it
must be noted that those corrections do not address receiver
inter-frequency bias in GLONASS code observations. In Shi
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et al. (2013), undifferenced (UD) receiver-dependent cIFB
of GLONASS were estimated using 133 receivers from
five manufacturers, based on precision products that were
provided by the European Space Agency. After calibrating
the cIFB accordingly, the positioning accuracy of SPP as
well as the convergence performance of PPP was improved
significantly. The receiver-dependent GLONASS IFB, as
based on the ionospheric-free observations of the M-GEX
stations, are available as products in a preliminary version
of the Bias-SINEX format by the German Research Centre
for Geosciences (GFZ) (ftp:/ftp.gfz-potsdam.de/pub/GNSS/
products/mgex/wwww) (Montenbruck et al. 2017).

For this study, the GLONASS cIFB real-time estimation
and self-calibration model are presented below. Thereafter,
data processing strategies are introduced. Details on the
characteristics of the cIFB estimated by broadcast ephem-
eris data as well as for precision products are described
afterward. Then, the GLONASS cIFB self-calibration and
its effects on positioning are analyzed. Lastly, a summary
of the results and corresponding conclusions are presented.

A cIFB real-time estimation and self-calibration
model

Ionospheric-free combination observations are used com-
monly in dual-frequency data processing to eliminate the
ionospheric delay. If a unified time reference is chosen, the
UD observation equation for ionospheric-free combination
in multi-GNSS fusion positioning for GPS, GLONASS, Bei-
Dou, or Galileo is as follows (Li et al. 2015):

PCG = p +dr+ bG - dTG _BF‘PC + detrOP + 8’ PC
LCY = pS +dt + S, — dTF - BGc+NG+dzC1rop Eiic
PCJRPC = pj +dr+ bJRPC dTR ]PC + d/Rtrop + EJ PC
PCEPC =ps +dr+ bC - dTC - pc + dl?trop + EkPC
LCkCLc = Pk + dt+bC - dTC _BELC +NC +dftmp + gkLC
PC, pc = Py +dt + by —dT, — B pc+d5uop Emrc
(LChic =P, +dt+br. —dT =B+ N, +d, +ep ¢
(D

where G, R, C, and E represent one GPS, GLONASS, Bei-
Dou, or Galileo satellite, respectively; i, j, k, and m denote
the ith GPS, the jth GLONASS, the kth BeiDou, and the mth
Galileo satellite at the same epoch, respectively; PC, LC, and
N represent pseudorange, carrier phase, and ambiguity of
ionospheric-free measurements, respectively; p is the geo-
metric distance from a given satellite to the receiver; dr and
dT represent receiver and satellite clock offset, respectively;
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dtmp denotes tropospheric delay; € denotes the observation
noise; b and B represent the receiver-dependent and satellite-
dependent signal delay bias, respectively. The bias related
to the pseudorange is noted as cIFB. The bias related to the
carrier phase is noted as UPD. Because of the differences in
frequency, GLONASS pseudorange and carrier phase obser-
vations suffer from cIFB. As such, the subscript j is added
to the receiver-dependent and satellite-dependent cIFB to
distinguish the GLONASS inter-satellite cIFB.

In the procedure of positioning, the satellite orbit and clock
offset is obtained from broadcast ephemeris data or precise
orbit and clock products provided by IGS. By, the satellite-
dependent cIFB in ionospheric-free observations, can also be
calculated using the broadcast TGD parameters taken from the
broadcast ephemeris data (Ge et al. 2017) or simply ignored if
one is using the precise orbit and clock products provided IGS.
This is so because such bias is included in the precise satellite
clock calculations generated by ionospheric-free observations
(Schaer et al. 1998).

For this study, GPS time is chosen as the time reference.
The system time offset to GPS time, dz,,, should be introduced
when using clock products with a variable time reference.
Considering the initial information for normal equation will
be provided primarily by pseudorange observations, the GPS
receiver-dependent cIFB (b ) and the receiver clock offset
(dr) are merged as df = dr + bG Thus, the linearized equation
can be simplified as follows:

drs O + b

sys

ISB"C = ~ bpe )

The IFB and ISB in (3)—(5) are common parameters for
pseudorange and carrier phase observations. Some signal
delay bias combinations in pseudorange and carrier phase
in the receiver and satellite can be absorbed by ambiguities
if the ambiguities are not fixed. As such, the linearization of

(2) can be expressed as follows:

IGPC u® - dx +di + d,Gm,p - lzGPC
?LC ulG ~dx 4+ df + NG + dGm,p lzGLC
oo =uldx+ di+IFBRO 4 b R,

) Ve =uldx+di+ IFBR N+ d, — e
VE,PC = llg -dx +d7f + ISBC 9+ dlStI'OP lEPC
kaLC = llkC -dx +df + ISB® ¢ + NC dlgtrop ll(c:LC
VE e =l dx + AT+ ISBEC 4B~ E
vi,LC =u’ -dx+di+1SB*" G4+ NE+ dfztrop IELC

(6)

where N = N — bpe + by — B ¢
The IFB parameters can be estimated as constant param-
eters in multi-GNSS SPP or PPP by (6). In (3), the IFB

Vipe = U0 - dX +dT+di o~ [
VSLC=uiG'dX+d;+(bSC_bSC)_ zLC+NG+d1Gtr0p lzGLC
Voo =l dx - dF+ i+ (B = b ) + R =
< Vch = u]‘.‘ dx +di + dtfysG ( e~ > ]LC + NR + d]Rmp lJRLC @
Vipe = Uj -dx+d7+ dtfysG + (bye = bpe) + iy . —lpe
ngC=uf dX+dt+dtSCysG+( —bG ) — kLC+NC+dIStr0p_ll€LC
Ve = U - dx + d7 + dtfysG + (bpe — b)) +dE wwop ™ Ly oc
Ve e = - dx +di + drfysG + (bE - bG o) =B, c+N, +d, rop e

The symbol v denotes the residuals; u is the unit vector of
the direction from receiver to satellite; dx denotes the vector
of receiver position increments, relative to a priori position
which is used for linearization; [ is the difference between PC,
LC, and geometric distance from the satellite to the receiver.

Note the combinations

R-G R— G R G

IFB; dt + bj vc — Dpe 3)
B-G _ 4,.C-G C G

ISB =dr N by — by, 4)

parameters include some public parameters, such as the
GLONASS to GPS system time offset (dthG) and the GPS

receiver-dependent cIFB (b )- Equation (3) can be rewritten

to include bRPC, the mean of all GLONASS satellite receiver-

dependent cIFB, which are the same for all GLONASS satel-
lites. Assuming the GLONASS to GPS system time offset
and GPS receiver—dependent cIFB remain stable over 24 h

(Dach et al. 2006), b PO which is the cIFB of GLONASS,
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can be separated by subtracting the mean of all IFB]R_G,
namely:

n
- 1
R _ R—-G R—-G
bipe = IFBfC = — 3 IFB{™C, %)
J=1

where n is the number of GLONASS satellites.

As mentioned above, the corrected parameters of EGD
are not provided in GLONASS broadcast ephemeris data. In
GLONASS point positioning, the cIFB can also be obtained
as follows:

R _ R R R R
{vj’[,c =u-dx+dr +1FB] +d;  — L

R _.R R, ¥R R R ®)
Vie=ut-dx+dr+IFBS + NS +di =15
R _ R R
where IFBJ. = bj’PC —Bj!PC and
YR _ nR R R R R
Nj = N] - (bj,PC _Bj,PC> + (bj,LC - Bj,LC>. If one uses

only the ionospheric-free pseudorange combination in (8),
the IFB parameters can be estimated as constant parameters
at each epoch via a filter algorithm for a single station, which
brings about GLONASS cIFB self-calibration into the SPP
mode. This process is same in the PPP mode with GLO-
NASS satellites when using ionospheric-free combinations
of pseudorange and phase observations. As such, the IFB
parameter found for GLONASS SPP using broadcast ephem-
eris data includes not only the receiver-dependent cIFB, but
also the satellite-dependent cIFB (also called EGD or TGD).
However, receiver-dependent cIFB is only included when
using IGS precise orbit and clock products.

On account of relying solely on your own satellite obser-
vations and the broadcast ephemeris, rather than the obser-
vations from other stations or the products from other organ-
izations, the algorithm above can realize self-calibration in
GLONASS cIFB at a single station independently. Moreo-
ver, because the GLONASS cIFB parameters are estimated
as a constant, there may be an obvious convergence with the
accumulation of observations.

Real-time cIFB estimation

Based on UD ionospheric-free observations, the real-time
GLONASS cIFB at each epoch can be estimated. For this,
the elevation mask of satellites is set as seven degrees while
the sampling rate is set at 30 s. The phase center offset and
phase center variation for satellites and stations are corrected
by values listed in IGS14.atx. The initial value for the tropo-
spheric delay is provided by the Saastamoinen model, while
the residual terms are estimated as a random walk for each
epoch. The ambiguities are estimated as float, and the ISB
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and cIFB parameters are estimated as constant parameters
(Li et al. 2015). Square-root information filtering is used for
adjustment (Bierman 1977).

Data preparation

To analyze the characteristics of GLONASS cIFB from
various manufactures and hardware, 23 stations equipped
with eight receiver types and 12 firmware produced by six
different manufacturers are used to estimate GLONASS
cIFB via the pseudorange observations as presented in (8).
The receiver, firmware, and antenna types are presented
in detail in Table 1 and the corresponding distribution is
presented in Fig. 1. The test data are selected from Day of
Year (DOY) 200-300, 2017.

Characteristics of GLONASS cIFB from Broadcast
Ephemeris Data

Figure 2 shows the 24 h time series comparison for the
GLONASS cIFB, as estimated by broadcast ephemeris
data and GFZ multi-GNSS precision products, for station
METG in SPP. As with the ambiguities for phase observa-
tions, there is first a significant convergence period, but
thereafter all GLONASS cIFB stabilize.

As analyzed earlier, the IFB parameter is estimated by
broadcast ephemeris data that includes receiver-dependent
and satellite-dependent cIFB, so that the variation ampli-
tude found in Fig. 2 will be larger than as in the case esti-
mated by GFZ products.

Figure 3 shows the variation in cIFB, as estimated by
the broadcast ephemeris data taken from DOY 200 to 300
in 2017, for the 23 stations mentioned in Table 1. From
the sub-figures, it can be seen that there is an obvious
common trend for all manufacturers. This may be caused
by satellite-dependent cIFB, which is a commonality in
IFB parameters. The specific characteristics of GLONASS
cIFB noted above can also be obtained using the method-
ology noted in Shi et al. (2013). In addition, it must be
noted that the inter-satellites cIFB for some manufacturers
changes significantly, as is the case with Leica and TPS.
These differences can reach magnitudes of up to about
10 m (Fig. 3-Leica, TPS). However, all of the GLONASS
cIFB for Trimble are found to stabilize from —4.0 to
4.0 m, which is conducive to performance improvement in
GLONASS positioning, since the mean of all GLONASS
cIFB can be absorbed by the receiver clock parameters.

Figure 3 shows that most standard deviations (STDs)
of GLONASS cIFB are less than 1.30 m, except for the
stations equipped with Javad. According to the statistics,
the average STD of all 23 stations is 1.32 m, which is lim-
ited by the broadcast ephemeris accuracy for GLONASS.
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Tablf" 1 Information on GNSS Manufacturer Receiver type Firmware Antenna Type Station
receiver type, firmware, and
antenna type at the test stations Leica GRX1200+GNSS 9.20 LEIAR25.R4 BZRG
GR25 4.02/4.11 TRM57971.00 GRAC
GR25 4.02/4.11 LEIAR25.R4 HKSL
GR25 3.11 LEIAR25.R4 HOFN
SEPT POLARX4 2.9.5 SEPCHOKE_MC CEBR
POLARX4 295 SEPCHOKE_MC KOUR
POLARX4 2.9.5 LEIAR25.R4 MAL2
TPS NET-G3A 3.6 TRM59800.00 ALBH
NET-G3A 3.6 TPSCR.G3 FRDN
NET-G3A 3.6 TPSCR.G3 HLFX
NET-G3A 35 TPSCR.G3 IQAL
Trimble NETRS5 4.85 TRM55971.00 ASPA
NETR9 4.85 ASH700936D_M ANTC
NETR9 4.85 TRM57971.00 BRST
NETR9 4.85 TRMS57971.00 LMMF
NETR9 5.22 TRM59800.00 METG
JAVAD TRE_G3TH DELTA 3.6.3 AOAD/M_T ALGO
TRE_G3TH DELTA 3.6.4 ASH701945G_M KOKV
TRE_G3TH DELTA 3.6.4 JAVRINGANT_DM MKEA
TRE_G3TH DELTA 3.6.3 AOAD/M_T NRC1
JPS EGGDT 2.7.0 AOAD/M_T GODZ
EGGDT 2.7.0 AOAD/M_T GOLD
EGGDT 2.7.0 TPSCR3_GGD TIXI
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Fig. 1 Distribution of GNSS stations. Symbols: grey star (Leica), pink circle (SEPT), green rhombus (TPS), red triangle (Trimble), black square

(Javad), blue inverted triangle (JPS)

For comparison, it should note that the STD for receiver-
dependent cIFB in the daily products provided by GFZ is

about 2 m.

Accuracy of cIFB from Precision Products Compared
to GFZ Products

Using precise orbit and clock products, receiver-dependent
cIFB can be obtained in GLONASS single positioning. To
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Fig.2 Time Series for the GLONASS cIFB estimates for station
METG over 24 h. Top: GLONASS cIFB estimated as broadcast
ephemeris. Bottom: GLONASS cIFB estimated using GFZ precision
products. The cIFB estimates using broadcast ephemeris are larger
than those estimated by GFZ products

analyze the characteristics of receiver-dependent GLONASS
cIFB, precise multi-GNSS orbit and clock products provided
by GFZ were chosen (Deng et al. 2017) in GLONASS SPP.

The receiver-dependent GLONASS cIFB have been pro-
vided by GFZ which can be used to verify the accuracy of
receiver-dependent cIFB as estimated in this section. It must
be noted that the cIFB products from GFZ are derived by
fixing the IFB of one station instead of adding the zero-
mean conditions for all the IFBs to separate the cIFB from
GLONASS receiver clock offset (Deng et al. 2017). Thus,
the mean of all GLONASS cIFB for one station should be
deducted.

A total of 13 common stations from Table 1 and GFZ
products are selected to verify the accuracy of the receiver-
dependent GLONASS cIFB, as well as the RMS of GLO-
NASS cIFB, relative to the GFZ products from DOY 200
to 206 in 2017. The results are presented in Fig. 4. Here it
is found that most measures for RMS are less than 0.6 m
and that the mean of the RMS for all stations and GLO-
NASS satellites is 0.26 m. A good consistency is observed
between receiver-dependent self-calibrated GLONASS cIFB
and GFZ products.
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Effect of GLONASS cIFB Self-calibration
on Positioning

As noted above, the differences in receiver-dependent and
satellite-dependent GLONASS cIFB can reach up to several
meters, which should be considered in GNSS positioning,
especially for GLONASS satellites. The single positioning
accuracy and performance, both before and after self-cali-
brating for GLONASS cIFB, are analyzed below.

cIFB Self-calibration on SPP

Figures 5 and 6 show the GLONASS ionospheric-free com-
bination SPP results as well as the pseudorange residual
comparison for METG between the general method and
cIFB self-calibration method using broadcast ephemeris data
for Aug 1, 2017, respectively. From Fig. 5, it can be seen that
the GLONASS SPP time series with cIFB self-calibration
are more stable than the results that do not utilize cIFB self-
calibration. There is an obvious systematic bias in the pseu-
dorange residual with no cIFB self-calibration, as seen in
Fig. 6, and the periodic terms for the pseudorange residuals
with no cIFB self-calibration can be eliminated by pseudor-
ange cIFB self-calibration. The RMS accuracy of METG
SPP, based on GLONASS broadcast ephemeris data, is
found to improve from 3.42, 1.67, and 5.57 to 1.12 m, 1.06,
and 3.05 m in the north, east, and up directions, respectively.

To best evaluate the effects and performance improve-
ments from GLONASS cIFB self-calibration on GNSS
SPP, the stations of Table 1 are re-analyzed using a differ-
ent model, as follows:

e GLONASS SPP (GLS)

o GLONASS SPP with GFZ IFB calibration (GLS + GFZ)

e GLONASS SPP with cIFB self-calibration (GLS + cIFB)

o GPS+GLONASS (GPS+GLS)

e GPS + GLONASS with GFZ IFB calibration
(GPS+GLS +GFZ7)

o GPS + GLONASS with cIFB self-calibration
(GPS + GLS +cIFB).

The GPS SPP is also presented for comparative analysis.

The bar chart in Fig. 7 presents the SPP RMS com-
parisons for GLS, GLS + GFZ, and GLS + cIFB. The lines
present the improvement percentage for GLS + GFZ and
GLS +cIFB, relative to a single GLONASS SPP. Taken
from the results, it can be seen that there are indeed some
contributions that the GLONASS IFB products provided by
GFZ offer for several stations, with an average improvement
percentage of 7.70 and 11.12% for horizontal and vertical
directionality, respectively. Due to the accuracy of the IFB
products from GFZ, some of the measures for station per-
formance are found to still degrade to a significant extent.
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Fig.3 Variation and standard deviation for cIFB as estimated by
broadcast ephemeris data from DOY 200-300, 2017, for the 23 sta-
tions equipped with various manufacturer parts. Most of STDs are

less than 1.30 m, except for the stations equipped with Javad. Accord-
ing to the statistics, the average STD of all 23 stations is 1.32 m,
which is limited by the broadcast ephemeris accuracy for GLONASS
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clFB RMS Comparing to GFZ (

Fig.4 GLONASS estimated cIFB RMS as compared with MGEX
BIAS products provided by GFZ. Most RMS values are less than
0.6 m and the mean of the RMS for all stations and GLONASS satel-
lites is 0.26 m

[—-—dN—-—dE—-—dU|

101 No
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METG DOY213, 2017

8 20 22 24

Fig.5 GLONASS SPP results comparison between the stand-
ard method (top) and cIFB self-calibrated method using broadcast
ephemeris data (bottom) for Aug 1, 2017

However, GLONASS positioning accuracy can be improved
significantly using a cIFB self-calibration algorithm. As
compared to a single GLONASS SPP, the average RMS of
the GLONASS SPP retrieved from cIFB self-calibration is
reduced from 4.63 and 7.61 m to 2.01 and 3.40 m in the
horizontal and vertical direction, seeing an improvement of
54.18% and 53.80%, respectively.

The bar chart in Fig. 8 presents the SPP RMS compari-
son for GPS + GLS, GPS + GLS + GFZ, GPS + GLS +cIFB,
and GPS. The lines presents the improvement percentage
for GPS + GLS + GFZ and GPS + GLS + cIFB, relative to
GPS + GLONASS SPP. From the results, it can be seen that
the accuracy of GPS + GLONASS SPP can be additionally
improved after GLONASS cIFB self-calibration to obtain
1.14 and 2.13 m in the horizontal and vertical direction with
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an improvement percentage of 42.79% and 37.80%, respec-
tively. For most stations, the accuracy of GPS + GLONASS
SPP with GLONASS cIFB self-calibration is found to be
better than with a single GPS SPP.

In addition, Fig. 7 andFig. 8 also present the difference
that GLONASS cIFB products provided by GFZ make to
GLONASS point positioning. It is found that GLONASS
positioning with GFZ IFB calibration can improve posi-
tioning accuracy for most stations from receiver-dependent
GLONASS cIFB correction. However, satellite-dependent
cIFB can still present itself in the residuals but can be elimi-
nated by the cIFB self-calibration algorithm. Thus, integrat-
ing cIFB self-calibration can further improve GLONASS
positioning accuracy via calibration in GFZ IFB products.

cIFB Self-calibration on PPP

The convergence rate of PPP at the initial period will depend
on the accuracy of the pseudorange. This is because car-
rier phase ambiguities will not have yet been determined
accurately (Geng et al. 2010b). Multi-GNSS fusion PPP can
effectively accelerate convergence and improve stability sig-
nificantly when compared to single GNSS PPP utilization
(Chen et al. 2018). In order to analyze the effect of GLO-
NASS cIFB on PPP, PPP with estimating cIFB parameters
is carried out in this section.

The use of GFZ precision products for PPP leads only to
receiver-dependent cIFB in observations. The GLONASS
IFB products provided by GFZ are very suitable for cIFB
calibration in PPP. Figure 9 shows the convergence period
comparison for single GPS PPP, GPS + GLONASS fusion
PPP, GPS + GLONASS fusion PPP with estimating cIFB,
and GPS + GLONASS fusion PPP with GFZ IFB calibration
for the station ALGO. Figure 10 shows that the convergence
time statistics under the condition of the three-dimensional
(3D) error less than 10 cm. From the figure, it can be seen
that GPS + GLONASS fusion PPP can improve convergence
time from about 40 min to about 20 min in the case of sta-
tion BRST. From Fig. 10, it is found that the convergence
time improvement percentage for GPS + GLONASS + cIFB
and GPS + GLONASS + GFZ, relative to GPS, is 58.62 and
50.81%, respectively. The average improvement percentage
for GFZ cIFB calibration, relative to GPS + GLONASS,
is about 12.59% when neglecting the station ALGO. The
accuracy of ALGO with GFZ cIFB calibration decline sig-
nificantly, which may be caused by the poor accuracy of
GLONASS cIFB.

As analyzed above, GLONASS cIFB significantly
changes with the receiver hardware used. GLONASS cIFB
self-estimation can achieve good self-consistency between
cIFB and station, which can further promote convergence
efficiency for most stations relative to GPS + GLONASS
PPP, by average improvement percentage of 19.03%.
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Fig. 7 Bar chart presenting the SPP RMS comparison between GLO-
NASS, GLONASS with GFZ IFB calibration, and GLONASS with
cIFB self-calibration. The line represents the improvement percent-
age for GLONASS + GFZ and GLONASS +cIFB relative to a single
GLONASS SPP. In the percentage A relative to B, the numerator is B
minus A, and the denominator is B

The positioning accuracy after convergence in the four solu-
tion modes is also analyzed, and the results are presented in
Fig. 11. Here it can be seen that the GPS + GLONASS fusion
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Fig.8 Bar chart presenting the SPP RMS comparisons for
GPS + GLONASS, GPS+GLONASS with GFZ IFB calibration,
and GPS + GLONASS with cIFB self-calibration. The lines represent
improvement percentage, relative to GPS + GLONASS SPP

PPP can improve positioning accuracy when compared to
single GPS PPP. In addition, GPS + GLONASS PPP with
cIFB self-calibration can achieve the same accuracy with
GPS + GLONASS PPP. This is a result of the ability of the
carrier phase to determine positioning accuracy after ambigu-
ity convergence. However, it must be noted that the accuracy
of GPS + GLONASS PPP with GFZ cIFB calibration is found
to be slightly worse when compared with GPS + GLONASS
fusion PPP. This may be attributable to the poor accuracy of
GLONASS cIFB.
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Conclusion

To analyze the characteristic of GLONASS code inter-
frequency bias and its effects on positioning, an estima-
tion model and data process strategy for GLONASS cIFB
in multi-GNSS fusion positioning and single GLONASS
positioning was presented to realize GLONASS cIFB real-
time self-calibration using a single station. A total of 23
stations equipped with various manufacturer hardware
were used to analyze the characteristics of GLONASS
cIFB and its relationship with the different receiver hard-
ware. The results can be summarized as follows:

1. There is an obvious common trend in the cIFB estimated
by broadcast ephemeris data for all the different sample
manufacturers, and the unequal GLONASS inter-satel-
lites cIFB of the same brand manufacturer were found
to change significantly.

2. A good consistency was found between self-calibrated
receiver-dependent GLONASS cIFB and GFZ IFB prod-
ucts.

3. The algorithm for cIFB real-time self-calibration not
only corrects receiver-dependent cIFB, but also further
eliminates satellite-dependent cIFB, which provides
more stable results, further improving the accuracy of
GNSS point positioning significantly when including
GLONASS satellites, as compared to SPP with GFZ IFB
calibration. It was found that the RMS of single GLO-
NASS SPP can be improved from 4.63 and 7.61 m to
2.01 and 3.40 m in the horizontal and vertical direction,
representing 54.18 and 53.80% improvement, respec-
tively. For GPS + GLONASS SPP, the RMS with cIFB
self-calibration was found to be capable of improving
to 1.14 and 2.13 m in the horizontal and vertical direc-
tion implying an improvement percentage of 42.79 and
37.80%, respectively.

4. GLONASS cIFB self-estimation was found to be able
to achieve good self-consistency between cIFB and sta-
tion, which further promotes convergence efficiency,
relative to GPS + GLONASS PPP, achieving on average
an improvement percentage of 19.03%. This accuracy is
nearly consistent with that of GPS + GLONASS fusion
PPP.

5. The algorithm for GLONASS cIFB self-calibration is
recommended for real-time navigation and for improv-
ing the availability and stability of GNSS positioning.
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