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ABSTRACT 
 

 

Since October 2011, the Russian GLObal NAvigation Satellite System (GLONASS) has been
revitalized and is now fully operational with 24 satellites in orbit. It is critical to assess the
benefits and problems of using GLONASS observations (i.e. GLONASS-only or combined
Global Positioning System (GPS) and GLONASS) for precise positioning and zenith total delay
(ZTD) retrieval on a global scale using precise point positioning (PPP) technique. In this
contribution, extensive evaluations are conducted with Global Navigation Satellite System
(GNSS) data sets collected from 251 globally distributed stations of the International GNSS
Service (IGS) network in July 2016. The stations are divided into 30 groups by antenna/radome
types to investigate whether there are antenna/radome-dependent biases in position and ZTD
derived from GLONASS-only PPP. The positioning results do not show obvious
antenna/radome-dependent biases except the stations with JAV_RINGANT_G3T/NONE. For
these stations, the averaged biases in horizontal component, especially in the north component,
can achieve as high as –9.0 mm. The standard deviation (STD) and root mean square (RMS) are
used as indicators of positioning repeatability and accuracy, respectively. The averaged
horizontal STD and RMS of GLONASS-only PPP are comparable to GPS-only PPP, while in
vertical component, those for GLONASS-only PPP are larger. Furthermore, the STD and RMS
of GPS+GLONASS combined PPP solutions are the smallest in horizontal and vertical
components, indicating that adding GLONASS observations can achieve better positioning
performance than GPS-only PPP. With the IGS final ZTD as reference, we find that ZTD biases
and accuracy of GLONASS-only are latitude- and antenna/radome-independent. The ZTD
accuracy of GLONASS-only PPP is slightly worse than that of GPS-only PPP. Compared with
GPS-only PPP, the ZTD accuracy is only improved by 1.3% from 7.8 to 7.7 mm by adding
GLONASS observations. 
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a regional permanent GNSS network. The results
suggested that, compared with GPS-only solutions, no
obvious improvement in precision could be achieved
by combined solution. While regarding the precise
point positioning (PPP, Zumberge et al., 1997), Cai
and Gao (2007) argued that improvement in terms of
both positioning convergence and accuracy is
expected, depending on the geometry improvement
benefit from additional GLONASS observations of 12
active satellites. 

Obviously, due to its inadequate number of
satellites for globally independent positioning,
GLONASS was only regarded as an auxiliary tool for
GPS to improve positioning convergence and
accuracy in the above studies. While, GLONASS has
been revitalized since October 2011 and is now fully
operational with 24 satellites in orbit
(https://www.glonass-iac.ru/en/GLONASS/).  

 

1. INTRODUCTION 

Over the past decades, the Global Positioning
System (GPS), known as the first Global Navigation
Satellite System (GNSS), has emerged as a powerful
tool not only in scientific applications, such as
geodesy, remote sensing of atmosphere and
ionosphere, but also in engineering services, i.e.
surveying, navigation, and timing (Bock and Melgar
2016). As the second global navigation satellite
system,  Russia’s GLObal NAvigation Satellite
System (GLONASS) was recovering gradually and
there were 13 satellites in orbit in 2007 (Alcay et al.,
2012). Since then, great efforts have been focused on
the comparison between GPS-only and
GPS+GLONASS combined solutions (Zinoviev,
2005; Bruyninx, 2007; Cai and Gao, 2007; Defraigne
and Baire, 2011). Among which, Bruyninx (2007)
presented a comparative analysis of GPS-only and
combined GPS+GLONASS differential positioning in



F. Zhou et al. 

 

 

324 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

et al., 2014; He et al., 2016; Liu et al., 2016).  It is
critical to assess the benefits and problems of using
GLONASS observations (i.e. GLONASS-only or
combined GPS+GLONASS) for precise positioning
and ZTD retrieval on a global scale using PPP
technique. In this work, we compare the accuracy of
the position estimates of GLONASS-only PPP from
using GPS- and GLONASS-specific receiver antenna
PCV corrections, respectively. By dividing the
selected stations into 30 groups by antenna/radome
types, we further assess the positioning biases,
repeatability, and accuracy derived from GPS-,
GLONASS-only, and GPS+GLONASS PPP
solutions. The aim is to investigate antenna/radome-
dependent biases in position. Furthermore, we
evaluate the ZTD results. 

 
2. GPS+GLONASS IONOSPHERE-FREE 

OBSERVATION MODEL 

Ionosphere-free combined observables are
normally utilized to remove the first-order ionospheric
delay. The undifferenced GNSS ionosphere-free
observations are generally expressed as 

 

, ,
s s s s s

r IF r r r r IFP dt dt Tρ ε= + − + +                               (1)
 

, , ,
s s s s s s
r IF r r r r IF r IFL dt dt T Nρ ξ= + − + + +                    (2)

 

where indices s  and r  refer to the satellite and
receiver, respectively; s

rρ  denotes the geometric

distance between the satellite and receiver; rdt  and
sdt  are the clock offsets of the receiver and satellite;

s
rT  is the slant tropospheric delay; ,

s
r IFN  is the

ionosphere-free phase ambiguity; ,
s
r IFε  and ,

s
r IFξ  are

the sum of measurement noise and multipath error for
the ionosphere-free pseudorange and carrier phase
observations. Note that all the variables in Eqs. (1)
and (2) are expressed in meters. 

Considering homogeneity and inhomogeneity of
the troposphere, the slant tropospheric delay s

rT  is

modeled by the sum of hydrostatic, wet, and gradient
delay (Chen and Herring, 1997) as follows 

 

( ) ( )

( ) [ cos( ) sin( )]

s
r h h w w

g ns ew

T mf e Z mf e Z

mf e G a G a

= ⋅ + ⋅ +
+ ⋅ ⋅ + ⋅

                   (3)

 

where ,a  and e  is the azimuth and elevation angle of

the satellite, respectively. hZ  denotes zenith

hydrostatic delay, which can be modeled accurately
using empirical models such as Saastamoinen
(Saastamoinen, 1973); ( )hmf e  and ( )wmf e  are the

hydrostatic and wet mapping functions that can be
retrieved with Global Mapping Function (GMF,
Boehm et al., 2006); ( )gmf e  is the gradient mapping

function (Chen and Herring, 1997). In the GNSS
based troposphere modeling, the zenith wet delay wZ

Moreover, the number of globally distributed
stations with GLONASS tracking capability is
increasing (See Figure 2 in Fritsche et al. (2014)).
Thus, increasing studies started to explore the
performance of GLONASS-only precise positioning
(Cai and Gao, 2013; Anquela et al., 2013; Lou et al.,
2015).  The results of Cai and Gao (2013) based on 15
high-latitude International GNSS Service (IGS)
stations indicated that the GLONASS-only PPP can
reach an comparable accuracy to GPS-only PPP. Lou
et al. (2015) indicated that GLONASS-only PPP
performance showed obvious regional characteristics
relating to the satellite geometry. 

Besides the applications in positioning, GNSS
has also been demonstrated as an efficient tool in
atmosphere studies, and the first attempt in
GLONASS troposphere modeling can be found in the
work of Dousa (2010). Based on a European network
of 38 stations, Dousa (2010) indicated that the root
mean square (RMS) of zenith total delay (ZTD)
derived from GLONASS is 1–3 mm larger than that
of GPS. The problem of 1.5 mm ZTD average biases
was related to the inconsistent GLONASS satellite
antenna phase center offsets (PCOs) and variations
(PCVs) in igs05.atx models (see Dilssner et al., 2009).
With the model updated (from igs05.atx to igs08.atx),
Dousa and Vaclavovic (2016) found that the ZTD
biases between GPS and GLONASS did not exist any
longer. More recently, Lu et al. (2016) analyzed the
ZTD derived from GPS-, GLONASS-only, and the
combined GPS+GLONASS solutions in a simulated
real-time mode and suggested that the ZTD estimates
derived from GPS-, GLONASS-only, and the
combined GPS+GLONASS solutions agree well with
each other. 

Along with the successful deployment and
application of GLONASS, some data-processing
related topics are revealed and explored further. As
pointed out by Zheng et al. (2012) from the results
with two independent networks using the igs08.atx
model, the coordinates derived from GLONASS
solutions showed some antenna/radome-dependent
systematic biases, varying from several mm to 1 cm
for stations with different antenna/radome types. This
is further confirmed by Schmid et al. (2016), and their
study suggested that the GLONASS positioning biases
in vertical with the igs08.atx model were most likely
antenna related, i.e., for most stations with Trimble
antennas, the biases were negative, while for stations
with Leica or Topcon antennas, the biases were
positive. In addition, it is found that the initial
inconsistency between GPS- and GLONASS-only
ZTD solutions disappeared when the igs08.atx model
was adopted (Schmid et al., 2016). 

The previous studies are mainly on combined
GPS+GLONASS differential positioning in a regional
network. PPP technique is widely exploited in GNSS
precise positioning and meteorology due to its
efficiency and flexibility in analyzing GNSS networks
with a large number of stations (Baire et al., 2014; Li
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Table 1 The types of antenna/radome of the selected stations. 
 

Group 
# 

Antenna Radome Number 
of stations 

Group 
# 

Antenna Radome Number 
of stations 

1 TRM55971.00 NONE 8 16 TPSCR.G5 TPSH 3 
2 TRM57971.00 NONE 22 17 TPSCR3_GGD CONE 4 
3 TRM9800.00 NONE 30 18 JAVRINGANT_DM NONE 7 
4 TRM9800.00 SCIS 20 19 JAVRINGANT_DM SCIS 7 
5 LEIAR10 NONE 4 20 JAVRINGANT_DM JVDM 2 
6 LEIAX1202 GG NONE 2 21 JAV_RINGANT_G3T NONE 17 
7 LEIAT504 GG NONE 7 22 SEPCHOKE_MC NONE 5 
8 LEIAT504 GG LEIS 7 23 NOV702GG NONE 4 
9 LEIAR25.R3 NONE 3 24 NOV750.R4 NOVS 2 

10 LEIAR25.R3 LEIT 17 25 AOAD/M_T NONE 13 
11 LEIAR25.R4 NONE 7 26 ASH701945C_M NONE 5 
12 LEIAR25.R4 LEIT 21 27 ASH701945D_M SNOW 2 
13 TPSCR.G3 NONE 9 28 ASH701945E_M NONE 8 
14 TPSCR.G3 SCIS 7 29 ASH701945G_M NONE 2 
15 TPSCR.G3 TPSH 3 30 JPSREGANT_SD_E NONE 3 

Based on the above discussion, the estimates
vector S  is expressed as 
 

, ,[ , , , , , , ]
k

T
r R G w ns ew r IFdt IFB Z G G=S x N                   (6)

 

3. EXPERIMENTAL RESULTS AND ANALYSIS 

3.1. DATA AND PROCESSING STRATEGY 

To demonstrate how the GLONASS contributes
to PPP estimation of coordinates and tropospheric
parameters with respect to the receiver antenna PCV
effects, comprehensive numerical analyses are
conducted with observations collected from 251
globally distributed stations of IGS network during
the period of DOY (Day of Year) 183-213, 2016.
Figure 1 shows the geographical distribution of the
selected stations with GPS and GLONASS tracking
capability. Generally, those stations are denoted in
green and purple, respectively, depending to the
availability of GLONASS-specific antenna phase
center corrections. While regarding the
antenna/radome involved, the stations are further
divided into 30 groups as shown in Table 1. 

The Positioning And Navigation Data Analyst
(PANDA) software (Liu and Ge, 2003; Gu et al.,
2015) is used for experiment demonstration. Three
strategies, i.e. GPS-, GLONASS-only, and combined
GPS+GLONASS are compared in the data processing.
GPS and GLONASS precise orbit and clock products
with an interval of 15 min and 30s, respectively,
provided by ESA (European Space Agency) are fixed
in all these solutions. In addition, the float phase
ambiguities are estimated as constant for each
continuous satellite arc. The zenith wet delays are
estimated as a continuous piecewise linear function
with 2 h parameter spacing. The troposphere gradients
in north-south and east-west direction have a para-
meter spacing of 24 h. The elevation-dependent
weighting for the observations with elevation angle
below 30° is applied, and the weighting ratio of GPS

and gradient vector ( )T

ns ewG G=G  with north-south

and east-west components, are usually estimated as
unknowns along with other parameters in PPP
processing. 

Substituting Eq. (3) into Eqs. (1) and (2), and
applying the IGS precise satellite orbit and clock
products, the linearized observation model within the
combined GPS+GLONASS context can be reformed
as 
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where the indices G  and R  refer to GPS and

GLONASS satellite systems, respectively; ,
s
r IFp  and

,
s
r IFl  denote observed minus computed (OMC) values

of pseudorange and carrier phase observables; s
ru  is

the unit vector of the component from the receiver to
the satellite; x  is the vector of the receiver position
increments relative to a priori position; kR  denotes

GLONASS satellite with factor k  that used for the
computation of signal frequency. It is noted that the

,kR GIFB  parameter for each station and GLONASS

satellite pair in this study is actually the combination
of original inter-system bias (ISB) of GPS and
GLONASS as well as inter-frequency code bias of
GLONASS. 
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up component for the GLONASS-only PPP by taking
the GPS-specific PCVs, the daily repeatability turns
out to be comparable with either GLONASS- or GPS-
specific PCVs model. Thus, in the following
demonstration, for the 33 stations denoted with green
triangles in Figure 1, the GPS PCV corrections are
applied in the GLONASS involved PPP and ZTD
evaluation. 

 
3.3. PERFORMANCE OF GLONASS IN PPP AND ZTD

ESTIMATION 

The overall performance of GLONASS in PPP is
then studied with all the 251 stations by the
comparison of GPS-, GLONASS-only, and
GPS+GLONASS combined PPP in terms of
positioning biases, repeatability, and accuracy. The
stations of x-axis are again arranged by station
numbers. The averaged biases of the stations with
JAV_RINGANT_G3T/NONE (in  red stars, see
Figure 1) in east and north components for
GLONASS-only PPP are –5.2 and –9.0 mm,
respectively. They are abnormally larger than those of
the other groups. From Figures 2 and 4, the impact of
PCV corrections on horizontal position is small.
Hence, we consider these horizontal biases may be
caused by the inaccurate PCO corrections. Figure 5
shows no obvious antenna/radome-dependent biases
in the horizontal and vertical components except the
stations with JAV_RINGANT_G3T/NONE. As can
be seen in Figures 6 and 7, better positioning
repeatability and accuracy are found in north
component than that in east component. One reason
may be that the phase ambiguities are more correlated
with the east component than the north component
except in regions of high-latitude, the solutions of east
component can be weakened through their correlation
with phase ambiguities (Blewitt, 1989). The other
reason may relate to the north-south ground tracks of
GPS and GLONASS satellites in the earth-fixed
reference frame (Melbourne, 1985). 

Apart from the stations with
JAV_RINGANT_G3T/NONE, the averaged RMS
values of GLONASS-only PPP in east and north
components are 3.8 and 2.6 mm, which are
comparable to that of GPS-only PPP.
GPS+GLONASS combined PPP get the smallest
RMS values, 2.8, 2.2, and 5.6 mm in east, north, and
up components, indicating that adding GLONASS
observations can achieve better positioning
performance than GPS-only PPP. 

The impact of using or adding GLONASS
observations on ZTD estimates is also discussed. With
IGS final ZTD as reference (Byun and Bar-Sever,
2009), Figure 8 shows the biases of GPS-,
GLONASS-only, and GPS+GLONASS PPP-derived
ZTD. No latitude- or antenna/radome-dependent ZTD
biases derived from GLONASS-only PPP can be
observed. The biases range from -4.1 to 7.3 mm for
GPS-only PPP-derived ZTD, from –6.0 to 8.0 mm for
GLONASS-only, and from –3.5 to 7.2 mm for

and GLONASS is assumed to be 1:1 (Lou et al.,
2015). Regarding the results evaluation, the
positioning performance is assessed with respect to
either the coordinates from IGS weekly SINEX
(Solution INdependent EXchange format) files, or the
averaged values from 7 consecutive daily PPP
solutions with the PANDA software in static mode.
While, the ZTD estimates are analyzed with respect to
the IGS meteorology product. 
 
3.2. PCVS EFFECT ON GLONASS POSITIONING 

Since not all the receiver antennas have the
GLONASS-specific PCV corrections. It is worth to
identify the effect of mis-matching antenna model on
GLONASS high-precision data processing before the
performance evaluation. This was conducted by the
comparison between GLONASS-only PPP with GPS
PCVs and without PCVs corrections for the 33
stations (green triangles in Figure 1) that with only
GPS-specific antenna/radome PCVs (Group 25-30 in
Table 1). Furthermore, concerning the 218 stations
that both have GPS- and GLONASS-specific PCVs,
GLONASS-only PPP was carried out by using
igs08_1918.atx model with GPS- and GLONASS-
specific PCV corrections, respectively. It is noted that
in all the experiments, the GPS PCOs are applied at
ground antennas since they are identical for GPS and
GLONASS regardless the antennas equipped as
implied by igs08.atx. 

Concerning those 33 stations without
GLONASS-specific antenna/radome PCOs and PCVs,
GPS-specific PCVs are used for the validation. The
positioning accuracy and the difference of accuracy
are indicated in Figure 2. Compared with no PCV
corrections, the averaged vertical RMS of
GLONASS-only PPP solutions is improved by 73.4 %
from 27.4 to 7.3 mm with GPS-specific PCV
corrections. 

Figures 3 and 4 display positioning repeatability
(STD) and accuracy (RMS) of GLONASS-only PPP
solutions of the 218 stations, with the differences of
STD and RMS values between the two solutions using
the GLONASS- and GPS-specific PCVs. The stations
of x-axis are arranged by station number (from Group
1 to 24, stations of each group are numbered in
alphabetical order) in Table 1. From Figure 3, we can
see that the differences of positioning repeatability by
using GPS- and GLONASS-specific PCVs are very
small. Concerning the RMS statistic, though the
differences of horizontal values are also negligible as
shown in Figure 4, the averaged RMS for the vertical
component is improved by 10.7% from 8.4 to 7.5 mm
by employing the GLONASS-specific rather than
GPS-specific PCV corrections. Specifically, it is more
significant for the stations equipped with
LEIAR25.R3/NONE and LEIAR25.R3/LEIT
antennas (Group 9 and 10). 

From the above analysis, it is concluded that the
effect of PCVs is non-ignorable in high-precision
positioning. Though some systematic biases exist in
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JAV_RINGANT_G3T/NONE all exhibited obvious
systematic biases not only in east but also in north
components. Apart from these stations, the averaged
STD and RMS values in horizontal component for
GPS- and GLONASS-only PPP were comparable,
while GLONASS-only PPP obtained larger averaged
vertical STD and RMS. The STD and RMS values of
GPS+GLONASS combined PPP were the smallest,
indicating that adding GLONASS observations could
achieve better positioning performance than GPS-
only. Also, better positioning repeatability and
accuracy were found in north component than that in
east component, which may be caused by the GNSS
orbit configuration. 

Meanwhile, the impact of using or adding
GLONASS observations on ZTD estimates was also
evaluated. The results showed that ZTD biases and
accuracy of GLONASS-only are latitude- and
antenna/radome-independent. The averaged ZTD
accuracy was 7.8 mm for GPS-only, 8.1 mm for
GLONASS-only, and 7.7 mm for GPS+GLONASS.
No obvious biases between GPS- and GLONASS-
only PPP-derived ZTD were observed, which were
also confirmed by Lu et al. (2016) and Dousa and
Vaclavovic (2016). Unlike positioning, we found that
the ZTD accuracy improved by adding GLONASS
observations is not obvious. 
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Fig. 1 Geographical distribution of 251 IGS tracking stations used in the
experiment. The red stars indicate the stations with antenna/radome type of
JAV_RINGANT_G3T/NONE (see Group 21 in Table 1); The purple solid
dots and red stars represent the 218 stations with GLONASS-specific
antenna/radome calibrations  (see Group 1-24 in Table 1), and green triangles
denote the 33 stations without such calibrations (see Group 25-30 in Table 1). 

 

Fig. 2 The positioning accuracy of GLONASS-only PPP solutions of the 33 stations in
east, north, and up components; the differences (DIFF) of RMS between with and
without GPS PCVs are also displayed. 

Fig. 3 The positioning repeatability of GLONASS-only PPP solutions of the 218
stations in east, north, and up components; the differences (DIFF) of STD
between “With GLO PCV” and “With GPS PCV” are also displayed. 
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Fig. 6 The positioning repeatability of GPS-only (G), GLONASS-only (R), and
GPS+GLONASS (GR) PPP solutions of 251 stations in east, north, and
up components. 

Fig. 5 The positioning biases of GPS-only (G), GLONASS-only (R), and
GPS+GLONASS (GR) PPP solutions of 251 stations in east, north, and up
components.

Fig. 7 The positioning accuracy of GPS-only (G), GLONASS-only (R), and
GPS+GLONASS (GR) PPP solutions of 251 stations in east, north, and
up components. 

Fig. 4 The positioning accuracy of GLONASS-only PPP solutions of the 218
stations in east, north, and up components; the differences (DIFF) of
RMS between “With GLO PCV” and “With GPS PCV” are also
displayed. 
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Fig. 9 The correlation between GPS- (a),
GLONASS-only (b), GPS+GLONASS (c)
PPP-derived ZTD and IGS final ZTD of 209
stations. 

 
 

Fig. 8 The biases of GPS- (a), GLONASS-only (b)
and GPS+GLONASS (c) PPP-derived ZTD
with respect to IGS final ZTD of 209 stations.

 

(a) 

(b) 

(c) (c) 



332        F. Zhou et al.: COMPREHENSIVE ASSESSMENT OF POSITIONING AND ZENITH TOTAL DELAY … 
 
 

 
 

 
 
 
 

 
 

 

(a) 

(b) 

(c) 

Fig. 10 The RMS of GPS- (a), GLONASS-only (b) and 
GPS+GLONASS (c) PPP-derived ZTD with 
respect to IGS final ZTD of 209 stations. 
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