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Abstract

With the development of multi-GNSS, the differential code bias (DCB) has been an increasing interest in the multi-frequency
multi-GNSS community. Unlike code division multiple access (CDMA) mode used by GPS, BDS and Galileo etc., the
GLONASS signals are modulated with frequency division multiple access (FDMA) mode. Up to now, the FDMA-aware
GLONASS bias products are provided by two individual IGS analysis center (AC), i.e., CODE and GFZ. However, only the
ionosphere-free (IF) combination IFB of P1 and P2 is available, while it is founded that the GLONASS IFB of GFZ on both
frequencies are identical for the same receiver-satellite pair. In this contribution, the GLONASS IFB (inter-frequency bias)
solution based on the spherical-harmonic (SH) ionospheric delay modeling as well as the undifferenced and uncombined
PPP were carried out and evaluated. Based on the theoretical analysis, observations from 236 CMONOC stations and 172
IGS stations were collected for 2014 March and 2017 March for the numerical verification. The results suggested that the
precision of IFB estimates was mainly subjected to the ionospheric status. Concerning the SH ionospheric delay modeling
solution, the STD was 0.85 ns and 0.51 ns for 2014 and 2017, respectively. Concerning the undifferenced and uncombined
PPP solution, the IFB was further dependent on the signal frequencies, and the STD was 1.43 ns and 1.94 ns for IFB, and
IFB, in 2014, and the STD was 0.97 ns and 1.17 ns for IFB, and IFB, in 2017. When converted to the GF IFB from the
individual IFB on each frequency, and compared to that of GF IFB of SH solution, it is revealed that the undifferenced and
uncombined PPP solution has its advantages for IFB estimation on each individual frequency, and more efficient in data
processing, while the solution based on the SH ionospheric delay modeling has its advantage in the precision of the GF IFB
estimates. Thus, it is suggested that the SH model should be preferred for non-time-critical GF IFB concerned-only applica-
tions. Otherwise, the undifferenced and uncombined PPP solution is preferred. These IFB on each frequency was further
converted to the ionosphere-free IFB and compared with the products of CODE analysis center.

Keywords GLONASS - Inter-frequency bias (IFB) - Undifferenced and uncombined PPP - DESIGN

1 Introduction

With the development of multi-GNSS, especially the BDS
and Galileo satellites with multi-frequency designed sig-
nal structure, the differential code bias (DCB) has begun
to receive increasing interest in the multi-frequency
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multi-GNSS community (Lou et al. 2015). It is generally
acknowledged that the DCB is a hardware delay caused by
the signal traveling through the instruments on satellite and
receiver side, which may cause a ranging error up to sev-
eral meters. And the DCB plays an important role in GNSS
ionospheric modeling, undifferenced ambiguity resolution,
as well as the high-precision multi-frequency GNSS data
processing (Lanyi and Roth 1988; Wilson and Mannucci
1993; Gu et al. 2013; Gu 2013).

Great efforts have been made to the estimation of the
DCB constant part, as well as the modeling of the DCB
variation, each make their own contributions (Zhong et al.
2016; Xiang and Gao 2017; Zha et al. 2019; Zhang et al.
2019; Gu et al. 2020). Notably the work of Montenbruck
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et al. (2014) and Wang et al. (2016) has begun to routinely
provide DCB products of multi-frequency multi-GNSS since
2013, while Gong et al. (2018) and Zheng et al. (2019) have
gone one step further by modeling the BDS signal distortion
biases caused by different correlator spaces and front-end
designs of receivers. The signal distortion biases are related
to receiver models and will decrease the accuracy of DCB
estimation when using inhomogeneous receivers, such as
receivers from MGEX network.

Obviously, attributed to the achievements and the ongo-
ing efforts of researchers, the reliable products and models
of DCB are expected to be publicly available. However,
there was no consensus on an acceptable solution for the
GLONASS DCB up to now. Unlike code division multi-
ple access (CDMA) used by GPS, BDS and Galileo, etc.,
the GLONASS signals are modulated with frequency divi-
sion multiple access (FDMA) up to now (ICD-GLONASS
2008; Revnivykh 2010). Since the DCB is related to sig-
nal modulation and frequency, the receiver code biases of
GLONASS are varying for different satellites due to FDMA,
and consequently increase the difficulty for high precision
GLONASS data processing. It is noted that by taking the fre-
quency dependence of GLONASS DCB into consideration,
the so-called inter-frequency bias (IFB) is usually further
estimated besides the DCB parameter.

The earliest studies of GLONASS IFB may date back
to 2000s. Tsujii et al. (2000) pointed out that the IFB can
cause an error on the order of a few meters for a zero-
baseline experiment. Al-Shaery et al. (2013) proposed an
algorithm to effectively fix ambiguity by calibrating inter-
channel phase bias for GNSS RTK. Based on the residual
analysis of precise point positioning (PPP), Shi et al. (2013)
estimated undifferenced GLONASS pseudo-range IFB
for 133 receivers from five manufacturers and pointed out
that the IFB is not only dependent on the receiver type, but
also have a strong correlation with the receiver firmware.
Yasyukevich et al. (2015) founded that there are systematic
variations on the determination of the absolute total elec-
tron content by using GLONASS data. By comparison the
results of GPS/GLONASS combined ionospheric modeling
with and without GLONASS IFB estimated, Zhang et al.
(2017a, b) argued that the GLONASS IFB would intro-
duce a frequency-dependent error ranged from 0.53 to 1.13
TECU. Moreover, a co-stations experiment was carried out
by Zhang et al. (2017a, b) to analyze the characteristics of
GLONASS P1P2 pseudo-range IFB, and the result demon-
strated that the GLONASS IFBs cannot be absorbed by the
receiver DCB during ionosphere modeling.

DCB is originally treated as by-product of global GNSS
ionospheric delay modeling in Ionosphere Working Group
(Iono-WG) by the international GNSS service (IGS). Typi-
cally, the DCB/IFB is estimated along with ionospheric delay
spherical-harmonic (SH) modeling based on geometry-free
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combination (GF). It was until 2012, the IGS has issued a
call for participation in IGS bias and calibration working
group (BCWG), and providing the GNSS bias products to
cope with the multi-frequency multi-GNSS data process-
ing (Schaer 2012; Johnston et al. 2017). However, concern-
ing the GLONASS IFB solution, a GPS-like approach was
usually involved. In other words, the varying of GLONASS
receiver code bias for different satellites was absorbed in the
data processing (Hauschild and Montenbruck 2016; Wang
et al. 2016). More recently, for the flexibility of GNSS bias
transformations, the CODE analysis center (AC) has devel-
oped an observable-specific signal bias (OSB) approach as
an extension to the traditional DCB solution. In this study,
the GLONASS IFB of each satellite was simply treated as
a common parameter for all stations (Villiger et al. 2019).
Notably, the FDMA-aware GLONASS bias products are
actually provided by two individual AC, i.e., CODE and
GFZ in the SINEX-bias format via ftp://cddis.gsfc.nasa.gov/
pub/gps/products/mgex/. However, for the CODE products,
only the ionosphere-free (IF) combination IFB of P1 and P2
is available (Prange et al., 2020), while it is founded that the
GLONASS IFB of GFZ on both frequencies are identical
for the same receiver-satellite pair (Ménnel et al., 2020).
On the other hand, there is no combined GLONASS IFB
products up to our knowledge. In summary, we can conclude
that there is lack of consensus on a standard solution for the
GLONASS IFB.

To fully access the capabilities of multi-frequency GNSS,
the undifferenced and uncombined data processing model
is promoted, in which all undifferenced and uncombined
available signals from variety of frequencies of multi-GNSS
are incorporated in a uniform parameter estimation system
directly (Schonemann et al. 2011; Gu et al. 2013). Focusing
on the ionospheric delay parameterization in the undiffer-
enced and uncombined GNSS data processing model, the
DESIGN (DEterministic plus Stochastic lonosphere model
for GNss) is further developed by Shi et al. (2013), Lou
et al. (2015), and Zhao et al. (2019). In this contribution, we
extended the undifferenced and uncombined data processing
model with DESIGN to GLONASS IFB solution. This paper
is organized as follows: firstly, the mathematic models of
IFB with traditional SH ionospheric delay modeling solution
and undifferenced and uncombined solution are introduced,
while the datum effect in the two IFB solutions is analyzed.
In addition, the products of CODE and GFZ are also com-
pared. To verify the efficiency of these two IFB solutions,
numerical experiments of both regional and global network
were carried out with two-month data under different iono-
sphere activity status. Finally, we presented our conclusion.


ftp://cddis.gsfc.nasa.gov/pub/gps/products/mgex/
ftp://cddis.gsfc.nasa.gov/pub/gps/products/mgex/
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2 Notation

In this paper, we adopt the following conventions: matrices
and vectors are denoted in bold form, while scalars are
denoted in regular form. And the term in its bold form stands

for the Correspm}ding vector, e.g.,
~12 ~j

P.,= ( PP, =P, ) . a n d

N,s= < er . erf er ;) arethe pseudo-range observa-

tion minus calculated (OMC) vector and the ambiguity vec-
tor for receiver r on frequency f for different satellite j. For
more details concerning these vectors, we refer to Sect. 3. In
addition, a few symbols and notions are defined for future
reference: ® are the Kronecker product (Rao. 1973); and the
notions are defined as

5 =(00 -0) M
ug=(11 1) 2)
0.0
Zo=|: 3)
00
10
U= @
0 -1
a 0 0
. a, 0
diag(a) = ; )
0 o a,
i j 7
=4 -4)= (7 7 ) ®

thus, z,is a s by 1 vector with zero entries and ugis a s
by 1 vector with one entries, while Z is a s by s matrix with
zero entries and U is a s by s identity matrix, and diag(a)
denotes the diagonal matrix with the elements of vector
a=(a, a - a, )T on the main diagonal. The dimen-
sions and lengths of such vectors will generally be obvious
from context. J;; is the IF transformation matrix for observa-
tion on frequency i, j(i # j).

3 Method

The basic observations of the GNSS pseudo-range and car-
rier phase are described as follows (Teunissen and Monten-
bruck 2017):

40.3y¢
P=pi+t, =+ T+ — 1+ b, = b +ep -
' s s 40.3y" .
R A e R

where P; ; and @7 [, are the pseudo-range and carrier phase
on frequency ffrom receiver r to satellite s in metric units;p;
is the geometric distance for specific satellite s and receiver
r pair;t, and #* denote the clock offset for receiver and clock,
respectively;a’ and T, stand for the mapping function and the
zenith tropospheric delay, respectively; y; is the mapping
function, and I is the zenith total election content at the
signal Tonospheric Pierce Point (IPP); b*/ and b, ; are the
frequency-dependent code bias delay for satellite and
receiver, respectively; N7 y denotes the float ambiguity in the
cycle unit, and 4 is the corresponding wavelength; ¢, €4
denote the measurement noise together with the un-model
multipath error for pseudo-range and carrier phase, respec-
tively. Meanwhile, satellite orbit errors, the phase center
corrections, relative effect, earth rotation error, phase-win-
dup as well as the loading effects are assumed to be cor-
rected in Eq. (7).

Considering the FDMA signals for GLONASS, the
receiver code bias b,  is satellite frequency related, thus can-
not be separated from the satellite code bias »*/(Shi et al.
2018). Then, by defining the inter-frequency bias (IFB) for
GLONASS

IFB, = b,; — b* (8)

and assume that #* is exactly known with IGS precise ephem-
eris, thus Eq. (7) can be rewritten as

40.3y° .

P =py+t,+ T, + —1 +1FB]  +¢p .
. : 403y ¢

O =+ T L+ AN e

Though that the IFB usually contains both constant and
variable parts as DCB as we have pointed out in the intro-
duction, the variable part was neglected for the large noise
of pseudorange measurements.

3.1 Spherical-harmonicionospheric delay modeling
The GLONASS IFB can be also estimated along with the
global or regional ionospheric delay SH modeling based

on GF combination. By definition, the GF combination is
derived from Eq. (9) with the dual-frequency observations:
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Py, = ( 2 r-x L)40.3751 + By + e,

GF,r (10)
P, = =(F = £ J40310 + Ny, + £,
in which
IFB;., = IFB] | — IFB’,
Neg, = e, = 1Nz, } (an
Since IFBgFr and Nj., can be safely regarded as con-

stant without cycle-slip, PSGF . 1s usually smoothed by @,
to remove the noise of pseudo-range based on the Hatch
filter (Hatch 1982):

_s 1 .
Per, =\ = — = J40.37 [} + IFB; , + €per (15)
fi f
in which
|
Po - i+1 mz (EPGF + g(DGF) ~ Eag (16)
8+ 5
D(e— )=GF—G*+5;) SR (17)
Per i+1 o it 1

thus, the noise of smoothed pseudo-range GF observation
can be reduced as the epochs accumulated, i.e., i + 1.

- (7. 1 Without loss of generality, suppose j satellites are
P, i+ 1) = —= (Po, () = AP 1+ 1)) + - i+ 1) ! generaity. ; ‘
GFr i+ 1\ CFr GEr i+1 Par, tracked by k receivers simultaneously, i.e., s€ (1 ... j)
(I2)  andre (1 ... k), then the GLONASS IFB solution based
with on regional ionospheric delay modeling in the matrix—vector
s form based on Eq. (15) can be written as
b= (1)
GF r( GF r (13) T T
s - i P - P, =Ae«(IIFB
AL, i+ 1) = @Y (i+1) - @Y (D) (Pgr.  Peri) - or) (18)
In this case, we can deduce that
) A=((F-3)4037 U Uy ) (19
- 1
Por, i+ 1) = i+1 & ( ar, M) + (DGFr(m)> P, i+ 1) in which the vertical ionospheric delay 7 is further con-
m=
(14) strained with SH expansion (Schaer, 1999)
By substituting Eq. (10) into (14), and regarding IFBGF . Mnax 1
and N . as constant, we have 2 Z P nm(smﬁ)(cnmcos(ms) + Snmsm(ms)> (20)
n=0 m=0
Table 1 The strategies of IFB solution
Item SH ionospheric delay modeling Undifferenced and uncombined PPP
Observation GF combination Undifferenced and uncombined
Troposphere Eliminated GPT2w model and VMF1_HT (Bohm et al.
2015), and the residuals are estimated as random
walk
Tonosphere Equation (20) (Schaer 1999) Equation (24) (Zhao et al. 2019)
PCO/PCV Corrected with igs14.atx Corrected with igs14.atx
Solid earth tides Eliminated IERS 2010
Ephemeris Eliminated The final product providing by ESA
Receiver coordinates Eliminated Fixed with daily static PPP
Receiver clock Eliminated Estimated as white noise for each system
IFB Equations (18) and (19) Equations (22) and (23)
Ambiguity Eliminated Estimated as float constant for each continuous arc
Cutoff angle 10°
1) €p = 0.2 m for pseudo-range and £4, = 0.002 m for carrier-phase
Evaluation Daily repeatability for estimated IFB with Eq. (29) Daily repeatability for estimated IFB with Eq. (29)

Compared with IFB in SH ionospheric delay
modeling solution and CODE IFB products with
Eq. (30)
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Fig.1 The geographical distribution of the STD for GLONASS IFB
(IFBgg) for CMONOC stations in March 2014 based on the SH ion-
ospheric delay modeling solution (left panel) and the undifferenced
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Fig.2 The geographical distribution of the STD for GLONASS IFB
(IFBgy) for CMONOC stations in March 2017 based on the SH ion-
ospheric delay modeling solution (left panel) and the undifferenced

and uncombined PPP solution (right panel). The color bar represents
the STD value in ns, and the averaged STD was about 0.78 ns (left
panel) and 1.11 ns (right panel), respectively
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and uncombined PPP solution (right panel). The color bar represents
the STD value in ns, and the averaged STD was about 0.50 ns (left
panel) and 0.63 ns (right panel), respectively
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Fig.3 The geographical distribution of the STD for GLONASS IFB
(IFBgg) for IGS stations in March 2014 based on the SH ionospheric
delay modeling solution (left panel) and the undifferenced and

where f and s are the geomagnetic latitude and sun-fixed
longitude of the interception point of the line of sight; n,,
is the maximum degree of the SH expansion; P,,, is the nor-
malized associated Legendre function of degree n and order
m; C,,, and S, are the unknown SH coefficients and Global
Ionosphere Map (GIM) parameters, respectively (Schaer
1999).

uncombined PPP solution. The color bar represents the STD value in
ns, and the averaged STD was about 0.92 ns (left panel) and 0.94 ns
(right panel), respectively

Still, the design matrix corresponding to IFBgp, i.e.,
Ui is an identical matrix. Thus, the columns of the design
matrix for ionospheric delay can be expressed as a linear
combination of Uj,, regardless the ionospheric delay con-
strain involved, e.g., SH constrain in this study. Fortunately,
the design matrix for ionospheric delay is mapping function
Y, and geometry terms, i.e., f and s related, while since
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Fig.4 The geographical distribution of the STD for GLONASS IFB
(IFBgg) for IGS stations in March 2017 based on the SH ionospheric
delay modeling solution (left panel) and the undifferenced and

uncombined PPP solution. The color bar represents the STD value in
ns, and the averaged STD was about 0.52 ns (left panel) and 0.59 ns
(right panel), respectively

Table2 Averaged STD for

different receiver type Network Receiver type [IFB['[ns] STD [ns] NUM
2014 2017 2014 2017 2014 2017
CMONOC TRIMBLE NETRS8 12.55 12.60 0.75 0.49 216 176
TRIMBLE NETR9 10.52 11.52 1.17 0.56 19 44
IGS JAVAD TRE_3 DELTA - 2.35 - 0.84 0 3
JAVAD TRE_G3TH DELTA 20.39 19.14 1.24 0.56 21 32
JAVAD TRE_G3T DELTA 20.46 - 0.55 - 4 0
JPS EGGDT 276 3.16 0.58 0.41 8 5
JPS E_GGD 16.81 - 0.47 - 4 0
JPS LEGACY 10.56 8.02 0.99 0.60 4 4
LEICA GR10 4.58 8.24 0.76 0.51 3 5
LEICA GR25 5.55 5.56 0.55 0.36 6 9
LEICA GRX1200+GNSS 544 7.49 1.03 0.54 14 8
LEICA GRX1200GGPRO 13.19 11.90 0.94 0.47 28 18
SEPT POLARX4 7.53 9.21 1.00 0.57 6 7
SEPT POLARXS - 14.71 - 0.46 0 7
TPS NETG3 8.78 8.84 0.55 0.52 3 3
TPS NET-G3A 12.67 12.33 0.66 0.39 13 10
TRIMBLE NETRS5 12.03 5.06 1.43 0.77 14 6
TRIMBLE NETR8 15.67 12.90 1.17 0.69 10 8
TRIMBLE NETR9 10.96 11.41 0.82 0.50 24 29
*IFB| denotes the absolute IFB value averaged over all the stations for the specific receiver type
these terms are changing over epochs, IFBp can be sepa- s 03
rated from the I in a multi-epoch solution. P?f =t+-—7 I +1FB; . + €p e
I _ 40.3y7 54 -
3.2 Undifferenced uncombined PPP Oy =t = Tl A ANt eo

Focusing our attention on the IFB parameters, it is assumed
that the geometric distance p? and the tropospheric delay
a’T, are exactly known, and only dual frequency is involved
here. Then the model (9) can be further simplified

@ Springer

in which P and @ are the observation minus calculation
(OMC) for pseudo-range and carrier-phase, respectively,
ie,P=P-p—aT,and®=® - p—a’T,.

In the case that the receiver r tracked j satellites simul-
taneously, i.e., s € ( 1 ... j), the GLONASS IFB solu-
tion model based on the undifferenced and uncombined
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Fig.5 The geographical distribution of the STD for GLONASS IFB
(1: IFB; 2: IFB,) for CMONOC stations in March 2014 based on the
undifferenced and uncombined PPP solution. The color bar represents
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the STD value in ns, and the averaged STD was about 1.45 ns and
2.00 ns for IFB, and IFB,, respectively
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Fig.6 The geographical distribution of the STD for GLONASS IFB
(1: IFB,; 2: IFB,) for CMONOC stations in March 2017 based on the
undifferenced and uncombined PPP solution. The color bar represents
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Fig.7 The geographical distribution of the STD for GLONASS IFB
(1: IFB ; 2: IFB,) for IGS stations in March 2014 based on the undif-
ferenced and uncombined PPP solution. The color bar represents the
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Fig.8 The geographical distribution of the STD for GLONASS IFB
(1: IFB,; 2: IFB,) for IGS stations in March 2017 based on the undif-
ferenced and uncombined PPP solution. The color bar represents the

the STD value in ns, and the averaged STD was about 0.96 ns and
1.16 ns for IFB, and IFB,, respectively
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STD value in ns, and the averaged STD was about 1.41 ns and 1.87 ns
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for IFB, and IFB,, respectively
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Fig.9 Difference of GF IFB (black dot) between the SH ionospheric
delay modeling solution and the undifferenced and uncombined PPP
solution for 2014 (upper panel) and 2017 (bottom panel), respec-
tively, while the STD of each site is also plotted as the error bar for
the SH ionospheric delay modeling solution (red) and the undiffer-
enced and uncombined PPP solution (green), respectively
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Fig. 10 Residual distribution of the GF IFB between the SH iono-
spheric delay modeling solution and the undifferenced and uncom-
bined PPP solution for each experiment

observation in the matrix—vector form based on Eq. (21)
can be written as

( P,P, @, P, )T :Aro( t.1 IFB N )T 22)

. 5
ala < 40.3 >® dzag(f—i) <U2j) < Zy )
r ¥\ —403 diag(}%) Z, AUy
2

(23)
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Fig. 11 Difference of IF IFB between our undifferenced and uncom-
bined PPP solution and CODE product with different station in differ-
ent color (upper panel). By removing the common bias across satel-
lites and receivers, the difference with an RMS of 0.55 ns was further
plotted in the bottom panel
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Fig. 12 GLONASS IFB STD of each IGS stations over 2014 (upper
panel) and 2017 (bottom panel), respectively. Where the triangle,
square, circle and star represent IFB, IFB,, IFB and IFB,, respec-
tively. The color bar represents the STD value in ns. In 2014, the
averaged STD was 1.48 ns, 1.87 ns, 1.17 ns and 2.34 ns for IFB,,
IFB,, IFBgg and IFB,, respectively. In 2017, the STD was 1.26 ns,
1.64 ns, 1.00 ns and 1.92 ns for IFB,, IFB,, IFBg and IFB,, respec-

tively
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Fig. 13 IFB series of stations ALIC (in black), BRST (in red), ONSA
(in green) and NICO (in blue) for satellite R3 over 2014 and 2017.
The top panel is IFB, series, and the bottom panel is IFB, series

Table 3 Receiver type of stations ALIC, BRST, ONSA and NICO

STATION 2014 2017

ALIC LEICA GRX1200GGPRO LEICA GR25
BRST TRIMBLE NETR9 TRIMBLE NETR9
NICO LEICA GR25 LEICA GR25
ONSA JPS E_GGD JPS E_GGD

The model expressed as Egs. (22) and (23) is a typical
singular system due to the linear dependence of the param-
eters ¢, I and IFB (Welsch 1979; Gu et al. 2013).

Concerning the datum deficiency of ionospheric delay
I*, it can be regularized by applying its temporal and spatial
constrains, as well as a priori ionospheric delay model as
discussed by Zhao et al. (2019). In this study, the DESIGN
model is adopted in the ionospheric delay constrain:

I = ay + a;dL + a,dB + a;dL? + a,dB? + r

1 —a0+a1dL+a2a’B+a3dL2+a4dB2+r +e s (24)

where q; (i € (0 ... 4 )) are the coefficients that describe
the deterministic behavior of ionospheric delay; r’ is the
residual ionospheric effect for each satellite that describes
the stochastic behavior of ionospheric delay; dL, dB are the
longitude and latitude differences between the IPP and the
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Fig. 14 Efficiency comparison of the SH ionospheric delay modeling
solution (black) and the undifferenced and uncombined PPP solution
(red) in GLONASS IFB estimation. The upper panel presents the
time-consuming per epoch against the number of stations involved,
while the bottom panel presents the time-consuming series of 250
stations for 24 h with an interval of 300 s

~S
approximate location of station, respectively.]  is the vertical
ionospheric delay pseudo-observation with the correspond-
ing noise €7 and it is typically derived from the Global

Tonosphere Map (GIM) or regional ionosphere model. For
more details of Eq. (24) as well as the datum deficiency of
undifferenced and uncombined model, the readers are sug-
gested to refer to Zhao et al. (2019).

In addition, to separate IFB from the receiver clock ¢,,
the following condition

0= u «IFB (25)
is further introduced, i.e., the sum of IFB of different satel-
lite and frequency for each receiver r is zero. It should be
noted that since the number of the processed GLONASS sat-
ellites could vary during the experimental period, a constant
may be introduced to remove the additional IFB variation
introduced by this datum shift.

3.3 Datumin IFB solutions

It should be noted that with PPP solution, we can generate
the IFB on each frequency, which is not directly compara-
ble with the GF IFB. And the datum effect should be taken
into consideration in the transformation of GF IFB and the
IFBs on each frequency. The datum difference may raise
from the PPP solution with the precise GLONASS satellite
clock used, as well as the constrain of Eq. (25), while the
SH ionospheric delay modeling solution is free of precise
satellite clock and the constrain.
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As the precise clock provided by IGS is estimated with
L1/L2 IF combination, the satellite clock and code bias
lumped together (Lou et al. 2015) as

£ i=1 +Jp,+ (IFB IFB, )" (26)

the symbol : = here means “is replaced by”. Thus, by sub-
stituting Eq. (26) intTo (7), the model (21) is shifted by
Jy (IFB, IFB;, ) as

40.3y

~S ' ' ; v
P,y +dipe (IFB) TFB}, )" =1, + 2500 +IFB) +ep

~ s s \T 40.3y%
®,,+Jpe (IFB) IFB], ) =1, =

B+ AN+

@7

Since the ionospheric delay is constrained with DESIGN,
Jioe( IFB; | IFB;, )T is most likely to be absorbed by #, and
IFB} - Obviously, the estimated values of ¢, and IFB} ; in
Eq. (27) differ from that of Eq. (21). Assuming the estimated
t, and IFB? y is shifted by x, and x;pp, respectively, then x, and

xpg must satisfy the follow relations by the comparison of
Egs. (21) and (27)

. i=1.+x,
IFB';J = IFB‘;J + Xipp (28)
N s T
X, +xpg =Jpp e (IFBr!1 IFBr,z )

while the value of x, and xpg is subject to the constrain (25),
which is introduced to separate IFB and the receiver clock.
In addition, the IFB; on both frequencies are shifted by
the same value xpy as the identical coefficient in the design
matrix, and x;g is removed in the GF combination as indi-
cated by Eq. (11), i.e.,
IFB; o = (IFB}, + i ) = (IFB), + xip ) = IFB;, — IFB;,. Thus, the
GF IFB derived with the IFB on individual frequency is free
of the datum effect. However, special attention should be
paid to this datum effect when IFB} [ was applied to the
single-frequency or IF data processing for GLONASS.

4 Experiment
To assess the performance of GLONASS IFB estimation
based on different methods, i.e., SH ionospheric delay mod-

eling, undifferenced and uncombined PPP, we adopt both
methods in the FUSING (FUSing IN Gnss) software package

@ Springer

(Shi et al. 2018; Zhao et al. 2019; Yang et al. 2019; Gu et al.
2020). In this section, the details of the data collection, pro-
cessing strategy, as well as the results of both the regional
and global GLONASS IFB solution experiments will be
presented.

4.1 Data and strategy

Concerning the regional experiment, observations from 236
CMONOC (the Crustal Movement Observation Network of
China) stations were collected with an interval of 30 s, while
172 IGS stations were collected with an interval of 30 s. The
experimental periods from March 1 to March 31, 2014, and
March 1 to March 31, 2017 were selected for the high solar
and low solar status, respectively. To analyze the long-term
stability of IFB, the data of 172 IGS stations over 2014 and
2017 was further collected and processed with a time resolu-
tion of 10 days.

The experimental verification is organized as follows:
firstly, the SH ionospheric delay modeling solution was per-
formed with GLONASS IFB of each receiver-satellite pair
treated as independent parameter, and the estimated GF IFB
products were evaluated in terms of daily stability. Then, the
IFB on each frequency was estimated with undifferenced
and uncombined PPP, and the performance of these IFB was
analyzed and compared with the GF IFB, as well as the IF
IFB products of CODE analysis center. Next, we came to the
discussion on the properties of the IFB estimates; finally, we
discussed the calculation efficiency of two methods.

4.2 IFB performance analysis

Summarized in Table 1 is the strategy of the solutions, since
there is no standard IFB products available from IGS up to
now, the performance of the IFB solution is mainly evalu-
ated by the daily repeatability, i.e., standard deviation over
the experimental period. For each receiver r, the standard
deviation is defined as

J;—lSTDi
STD, = —— (29)
2 z"an’i’ <IFB:, a) _H;B:> - 8 nDay IFB*
where STD“; = \/ o dy andIFB = Edayzl r.day
nDay—1 r, nDay

are the standard deviation and mean value of IFB for receiver
r and satellite s, respectively; nDay is the number of days for
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A 18 the
daily IFB estimate for receiver r and satellite s on da)y/.

In addition, the IFB in undifferenced and uncombined
PPP solution on each frequency is also converted to GF IFB,
and compared with the results in the SH ionospheric delay
modeling solution. In this case, we defined the root-mean-

square error as

each experimental period, i.e., 31 in this study; IFB’ |

j nDay s s
2 st:1 Zday:l (IFBGF,r,day(P PP) — IFBGF,r,day)

RMS, = -
j e nDay

(30
where IFBjday cr(PPP) is the PPP converted GF IFB;
IFB? day.GF is the IFB estimates in SH ionospheric delay

modeling solution.
4.2.1 SHionospheric delay modeling solution

Presented in Fig. 1 (left panel) and Fig. 2 (left panel) are the
daily repeatability, i.e., STD of each CMONOC stations for
March 2014 and March 2017, respectively, while Fig. 3 (left
panel) and Fig. 4 (left panel) are the corresponding results
for IGS stations. As we can see, the precision of IFB solu-
tion is latitude-location related. Typically, the low-latitude
stations presented a larger STD which is mainly due to the
higher ionospheric activity. The comparison between the
results further confirms that the performance of IFB solu-
tion is rather sensitive to the ionospheric activity.

Overall, the averaged STD of all the stations for high
solar year, i.e., 2014, is 0.78 ns and 0.92 ns for CMONOC
and IGS, respectively. Concerning the low solar year 2017,
the precision increased by 47.2%, and the averaged STD is
0.50 ns and 0.52 ns for CMONOC and IGS, respectively.

Besides the ionospheric activity dependence of the GLO-
NASS IFB solution, the performance of IFB for different
receivers was also analyzed, and the result is presented in
Table 2. As we can see, though the STD of GLONASS IFB
varies for different receivers, it can be hardly determined
which one performs the best among all the receiver types
in term of STD, while the absolute value of the GF IFB is
ranging from 2.76 ns for JPS EGGDT receivers to 20.46 ns
for JAVAD TRE_G3T DELTA receivers. For more details
concerning the IFB for each receiver-satellite pair, we refer
to the Appendix section.

4.2.2 Undifferenced and uncombined PPP solution

Similarly, Figs. 5 and 6 presented the GLONASS IFB STD
of each CMONOC stations for March 2014 and March 2017,
respectively, while Figs. 7 and 8 present the results of each
IGS stations for March 2014 and March 2017. Different from
that of GF IFB estimates based on the SH ionospheric delay
modeling solution, the IFB on each frequency was derived
based on the undifferenced and uncombined PPP solution.
Again, as suggested by the latitude pattern of STD dis-
tribution and the comparison between 2014 and 2017 with
different solar activity, the performance of IFB with the PPP
solution shows apparent ionospheric status dependence.
Concerning the performance during the high solar activ-
ity year, the STD is 1.43 ns and 1.94 ns for IFB, and IFB,,
respectively, while, for the low solar activity year, the STD
decreased to 0.97 ns and 1.17 ns for IFB, and IFB,, respec-
tively. Furthermore, with respect to the STD of IFB,, the
STD of IFB, was decreased by 22.6% averaged over the IGS
and CMONOC experiments. From which, we can conclude
that the signal on the first frequency performs better than the
signal on the second frequency for GLONASS observation.

4.2.3 Comparison and discussion

In this section, first we derived the GF IFB from the PPP IFB
on each frequency, and compared with our GF IFB based on
the SH ionospheric delay modeling solution. Then, the IF
IFB was derived from our PPP IFB on each frequency, and
compared with the IF IFB product of CODE analysis center
(ftp://cddis.gsfc.nasa.gov/pub/gps/products/mgex/). Finally,
the stability of the IFB products over 2014 and 2017 with
undifferenced and uncombined PPP solution of 2014 and
2017 was analyzed.

Though the STD of IFB based on the undifferenced and
uncombined PPP solution was larger than that of SH iono-
spheric delay modeling solution, it should be noted that with
PPP solution, we can generate the IFB on each frequency,
and was not directly comparable with the GF IFB. Thus, we
should convert these IFB to GF IFB by Eq. (11). Then the
performance of PPP derived GF IFB was evaluated in terms
of STD, i.e., daily stability, and the results are presented in
the right panel of Figs. 1, 2, 3 and 4. Compared with the
GF IFB based on SH solution shown in the left panel of
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Figs. 1, 2, 3 and 4, the PPP solution turned out to have a
large STD be a factor of 16.8%, and the STD was 1.0 ns and
0.61 ns for 2014 and 2017, respectively. This result implied
that the DESIGN ionospheric delay model (24) used in the
PPP solution performs less accurate in the GLONASS IFB
estimation, compared with the SH ionospheric model (20).
It is most likely due to the fact that the single station iono-
spheric delay model DESIGN is less stable compared with
the network ionospheric delay model SH.

Furthermore, Fig. 9 presents the bias of PPP derived
GF IFB with respect to the SH ionospheric delay modeling
solution, while plotted in black dot is the mean value of
0IFB = IFBgr(PPP) — IFB g averaged over all the satellites
and the corresponding experimental period of each site. As
analyzed in Sect. 3.3, there should be no systematic errors
between these two solutions in GF IFB estimates theoreti-
cally. However, the numerical results suggested that the GF
IFB of PPP solution turned out to be larger than that of SH
solution with a value of about 2 ns and 1 ns for 2014 and
2017, respectively. Obviously, these biases may be caused
by the limited precision in each solution with a STD ranging
from 0.50 to 1.15 ns. In addition, taking the complicated var-
iation of the ionospheric delay in temporal and spatial into
consideration, it is supposed that the divergence of the math-
ematic model expressed as Egs. (20) and (24) can introduce
additional systematic bias to the IFB estimates. The results
of the CMONOC sites further confirmed this hypothesis.
As we can see, the biases were more consistent among the
CMONOC sites since, that in the regional ionospheric delay
modeling, the mathematic model may diverge from the true
ionospheric delay in a more consistent manner.

Figure 10 further presents the residual distribution of the
GF IFB between the SH ionospheric delay modeling solu-
tion and the undifferenced and uncombined PPP solution
for each experiment, i.e., CMONOC in 2014, IGS in 2014,
CMONOC in 2017 and IGS in 2017. Again, the GF IFB
would have a positive offset once the solution changed from
SH modeling to PPP.

Besides the comparison of GF IFB derived from different
solutions, we further compared our IFB product with that of
CODE analysis center. Concerning our experimental period,
only the IFB of IF combination was available from CODE,
thus we transform the IFB on each frequency derived from
PPP solution to IF IFB, i.e., I[FB;, = Jij( IFB, IFB, ) first.
There were 42 common stations in our IGS experiment
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and the product of CODE during 2014, we calculated the
difference of the averaged IFB;; of the experiment period
for each receiver-satellite pair and the result is plotted in
Fig. 11. Shown in the upper panel was the different of the
original /FB; between our result and CODE. As we can
see, the GLONASS IFB derived from the undifferenced and
uncombined PPP solution biased due to the datum effect.
And by removing the common bias across satellites and
receivers, the difference was further plotted in the bottom
panel, and the RMS of /FB,, with the datum effect removed
was 0.55 ns.

Furthermore, with a resolution of 10 days, we presented
the long-term stability of IFB for each IGS stations over
2014 (upper panel) and 2017 (bottom panel), respectively
in Fig. 12. The STD of IFB,, IFB,, IFB5; and IFB,; was
denoted as triangle, square, circle and star, respectively. The
results suggested that the STD was 1.48 ns, 1.87 ns, 1.17 ns
and 2.34 ns for IFB,, IFB,, IFB; and IFB,, respectively,
over 2014; while the STD was 1.26 ns, 1.64 ns, 1.00 ns and
1.92 ns for IFB,, IFB, and IFBgg and IFB,, respectively,
over 2017. Again, the stability of the IFB, performs bet-
ter than that of IFB, by a factor of about 22%. In addition,
compared with IFB,, the stability of IFB, was improved by
49% on averaged, which may due to the noise amplification
of the IF transformation.

Though the stability of IFB was around 1 ns to 2 ns over
the experimental period for most of the 172 IGS stations,
there were jumps in the IFB series for some stations. Fig-
ure 13 presents the IFB series of stations ALIC, BRST,
ONSA and NICO for satellite R3 over 2014 and 2017, and
there were apparent jumps up to 10 ns for stations ALIC
and ONSA as we can see. By checking the receiver types for
these stations listed in Table 3, it was found that those jumps
mainly due to the replacement of the receivers.

Besides the IFB precision and consistency, special atten-
tion should be given to the efficiency of the solution. And
there is a long history of researchers worldwide trying to
simplify the GLONASS data processing model, since that
the FDMA signal will introduce a large number of param-
eters to be estimated. Concerning the efficiency performance
of the two solutions presented in this study, Fig. 14 compared
the efficiency of the SH ionospheric delay modeling solution
(black) and the undifferenced and uncombined PPP solution
(red) in GLONASS IFB estimation. All these experiments
were carried out on a server with an Intel(R) Xeon(R) CPU
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E5-2630 @ 2.40 GHz CPU and 32 cores. As we can see
from the upper panel of Fig. 14, the time-consuming in SH
ionospheric delay modeling solution increased rapidly as the
increase of the stations involved, while, for the PPP solution,
the time-consuming increased linearly, since that the IFB
were estimated station by station, while for the IFB solution
with 250 stations, the bottom panel of Fig. 14 suggested that
the averaged time-consuming per epoch was 28.4 s and 2.3 s
for SH solution and PPP solution, respectively.

As a result, the SH model solution should be applied in
the non-time-critical GF IFB concerned-only applications.
Otherwise, the IFB solution based on the undifferenced and
uncombined PPP is preferred.

5 Conclusions

Concerning the GLONASS IFBs estimation, there was no
consensus on a standard solution up to now. By taking the
FDMA signal property into consideration, one may naturally
extend the traditional SH ionospheric delay modeling for
GLONASS IFBs solution. In addition, the undifferenced and
uncombined PPP presented a new potential GLONASS IFBs
solution. In this paper, both these methods are analyzed and
compared with experiment verification.

Based on the theoretical analysis, it is suggested that only
the differential GF IFB, i.e., IFBEF’V = IFB‘;_’1 - IFB‘;’2 can
be derived in the SH ionospheric delay modeling, while the
IFB on individual frequency can be derived with the undif-
ferenced and uncombined PPP, but subject to the datum
effect of the satellite clock products and the constrain
0= ugj « IFB to separate the IFB from the receiver clock.

Then the two solutions are assessed with 236 CMONOC
stations over China, as well as 172 IGS stations globally dis-
tributed. In addition, to evaluate the IFB performance under
different solar activities, both the data of March 1 to March
31, 2014, and March 1 to March 31, 2017 were collected in
the experiment.

Concerning the IFB solution based on the SH ionospheric
delay modeling, the averaged STD of all the stations for high
solar year, i.e., 2014, is 0.78 ns and 0.92 ns for CMONOC
and IGS, respectively, while the averaged STD is improved
to 0.50 ns and 0.52 ns for CMONOC and IGS, respectively,
for low solar year, i.e., 2017. When the undifferenced and
uncombined PPP is adopted, the IFB on each individual fre-
quency were derived. Under the high solar activity in 2014,

the precision is 1.45 ns and 2.00 ns for IFB, and IFB, for
CMONOC stations, and 1.41 ns and 1.87 ns for IFB, and
IFB, for IGS stations, respectively, while in 2017, the aver-
aged STD is about 0.96 ns and 1.16 ns for IFB, and IFB,
for CMONOC stations, and 0.98 ns and 1.17 ns for IFB,
and IFB, for IGS stations, respectively. The results sug-
gested that the IFB performance mainly subjected to the
ionospheric activity status for both solutions. In addition, the
IFB performed apparently different for different frequencies
in PPP solution.

Compared with the GF IFB of SH ionospheric delay
modeling solutions, though the GF IFB converted from
PPP solution had a slightly large STD be a factor of 16.8%,
respectively. Then, the IFB on each frequency was converted
to IF IFB and compared with that of CODE, and the result
suggested that the averaged IF IFB has a consistency of
0.55 ns by removing the datum effect. Concerning the long-
time span stability of GLONASS IFB, the STD was around
1 ns to 2 ns over one year; however, there were cases that the
IFB may jump 10 ns due to the replacement of the receivers.

In summary, the undifferenced and uncombined PPP
solution has its advantages for IFB estimation on each indi-
vidual frequency, and more efficient in data processing, but
the solution based on the SH ionospheric delay modeling
has its advantage in the precision of the GF IFB estimates.
Therefore the SH model should be used for non-time-critical
GF IFB concerned-only applications and the undifferenced
and uncombined PPP solution should be used for other
things.

Appendix

In this part, details of each receiver-satellite pair IFB were
presented. Figures 15, 16, 17 and 18 present the GF IFB of
CMONOC for March 2014, CMONOC for March 2017, IGS
for March 2014 and IGS for March 2017 with the SH iono-
spheric delay modeling solution. Figures 19, 20, 21 and 22
present the IFB on each individual frequency of CMONOC
for March 2014, CMONOC for March 2017, IGS for March
2014 and IGS for March 2017 with the PPP ionospheric
delay modeling solution. Figures 23, 24, 25 and 26 present
the GF IFB of CMONOC for March 2014, CMONOC for
March 2017, IGS for March 2014 and IGS for March 2017
with the PPP ionospheric delay modeling solution.
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Fig. 16 The mean value (a) and
the STD (b) for GLONASS IFB
(IFBgg) of each receiver-satel-
lite pair for CMONOC stations
in March 2017 based on the

SH ionospheric delay modeling
solution. The X-axis is grouped
according to the receiver type.
The color bar represents the
STD value in ns, and the aver-
aged STD is about 0.50 ns
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Fig. 18 The mean value (a) and
the STD (b) for GLONASS
IFB (IFBgg) of each receiver-
satellite pair for IGS stations in
March 2017 based on the SH
ionospheric delay modeling
solution. The X-axis is grouped
according to the receiver type.
The color bar represents the
STD value in ns, and the aver-
aged STD is about 0.52 ns
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Z.Zhang et al.

Fig. 19 The mean value (a)

and the STD (b) for GLO-
NASS IFB (1: IFB; 2: IFB,) of
each receiver-satellite pair for
CMONOC stations in March
2014 based on the undifferenced
and uncombined PPP solution.
The X-axis is grouped accord-
ing to the receiver type. The
color bar represents the STD
value in ns, and the averaged
STD is about 1.73 ns
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Fig. 19 (continued)
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Z.Zhang et al.

Fig.20 The mean value (a)

and the STD (b) for GLO-
NASS IFB (1: IFB,; 2: IFB,) of
each receiver-satellite pair for
CMONOC stations in March
2017 based on the undifferenced
and uncombined PPP solution.
The X-axis is grouped accord-
ing to the receiver type. The
color bar represents the STD
value in ns, and the averaged
STD is about 1.06 ns
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Fig.20 (continued) ] . 3.0
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Fig. 21 (continued)

R22
R21
R20
R19
R18
R17
R16
R15
R14
R13
R12
R11
R10

T

c
[

0749 YOI T

S249 VOI31

€913N SdL
SYLIN IT9WIEL

V1130 HLED FHL VAV
XYV10d 1d3S

V1130 1€9 341 VAV
SSNO+00ZTXYD YOI
0Yd9900ZTXYD YOI

64.L3N 3TWIEL

REC_TYPE

(b2)

@ Springer



32 Page240f29 Z.Zhang et al.
Fig.22 The mean value (a) R24 A T T Ir-"'-l- BTN TN i: 30
1:311;1Stlslell§]"13“121(bI)F§;)rCziLI?:i3 : Rol HIMEN WIEIT I | 1 o g Y ]
: ;2 R20" o pEEE T 1 m w p— g
of each receiver—sa;ellite a?r RIgL iR . : 2 | I-l -
AV P RS pmIE W | in L R D
for IGS stations in March 2017 R16 ]
based on the undifferenced and 0 3&;”; pEd 1 1 .
uncombined PPP solution. The E R13
X-axis is grouped according to RTgM B L B _10
the receiver type. The color bar §§§i rl I llq | I \ 1 I
represents the STD value in ns, Sgé: 1 20
and the averaged STD is about ROA- HH h | [ . l hr 1
g 04" | I (1 R el A9 .
1107 ns ser] 1. . - : ]
z2 Temm kb k 23 I3 3 =
>3 m=-—09 9 9 I3 3 2 Y2 2 =
oo o m > > > > = Zm @ @
== 0 Q0 0 [2 I} S 3 T i Fmi e e
o 3 O 22X D = bl . ol
mm SR~ < X% 5 5 o Oz =z =z
le < o u = = o o w m m m
8 S 3 8 % 3 =
rUn 3 o o 0 o ©
So 5 8
>3 z 3
5 n ©°
REC_TYPE

@ Springer

STD(ns)

IFB(ns)

f

V1130 €_341 QVAV

2
>
w]
3
P
m
@
w
G
juny
=}
m
5
>

3
g
f

V1130 €_34L VAV
VL13A HLED 3YL AVAV

|
Qo@D b - I
O 0O Ie) e} T v un 0n = =
TE>® > B 4 4 =z =z F 3
o U
82338 3 9 ¢ 8 3 dhh ok
S2EE 5 & 532 %%z 7
NN 2 2 3 I 039
S o & > 3 =
o o v oo
P )
2 9
=
wn pod
n o
REC_TYPE
HmEE w 20
|
I[l-l—ll—
HINEE B 0
ITI_*"--
Il | —20
| |
[l i [ ) im
-40
R L R A E
o m— e :
o R noa 3 323
O 0O Ie) Ie) T v un 0w = =
m-2 9 92 9 3 3 2 22 2 2
2800 o o S 3 T me 22
O)> o o H sm m m
Un”ﬁ =z z ;;G‘ﬁ o
42ss = X I wz z =z
N N W;U)> ﬂﬂﬂ
> > x X
s 8 & &3 &
f Q
5 g
=
w0 Pl
0] o
REC_TYPE
(a2)



ON GLONASS pseudo-range inter-frequency bias solution with ionospheric delay modeling and... Page250f29 32

Fig.22 (continued)

Fig. 23 The mean value (a) and
the STD (b) for GLONASS
IFB (IFBg) of each receiver-
satellite pair for CMONOC
stations in March 2014 based
on the undifferenced and
uncombined PPP solution. The
X-axis is grouped according to
the receiver type. The color bar
represents the STD value in ns,
and the averaged STD is about
1.11 ns
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Fig.24 The mean value (a) and

the STD (b) for GLONASS 0 | Wk b bt ol e W el If* 11

IFB (IFBgg) of each receiver-
satellite pair for CMONOC
stations in March 2017 based
on the undifferenced and
uncombined PPP solution. The
X-axis is grouped according to
the receiver type. The color bar
represents the STD value in ns,
and the averaged STD is about
0.63 ns
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Fig.25 The mean value (a) and
the STD (b) for GLONASS
IFB (IFBgg) of each receiver-
satellite pair for IGS stations in
March 2014 based on the undif-
ferenced and uncombined PPP
solution. The X-axis is grouped
according to the receiver type.
The color bar represents the
STD value in ns, and the aver-
aged STD is about 0.94 ns
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