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Abstract
GLONASS frequency division multiple access signals render ambiguity resolution (AR) rather difficult because: (1) Dif-
ferent wavelengths are used by different satellites, and (2) pseudorange inter-frequency biases (IFBs) cannot be precisely 
modeled by means of a simple function. In this study, an AR approach based on the ionospheric-free combination with a 
wavelength of about 5.3 cm is assessed for GLONASS precise point positioning (PPP). This approach simplifies GLONASS 
AR because pseudorange IFBs do not matter, and PPP-AR can be enabled across inhomogeneous receivers. One month of 
GLONASS data from 165 European stations were processed for different network size and different durations of observation 
periods. We find that 89.9% of the fractional parts of ionospheric-free ambiguities agree well within ± 0.15 cycles for a small 
network (radius = 500 km), while 77.6% for a large network (radius = 2000 km). In case of the 3-hourly GLONASS-only 
static PPP solutions for the small network, reliable AR can be achieved where the number of fixed GLONASS ambiguities 
account for 97.6% within all candidate ambiguities. Meanwhile, the RMS of the east, north and up components with respect 
to daily solutions is improved from 1.0, 0.6, 1.2 cm to 0.4, 0.4, 1.1 cm, respectively. When GPS PPP-AR is carried out 
simultaneously, the positioning performance can be improved significantly such that the GLONASS ambiguity fixing rate 
rises from 74.4 to 95.4% in case of hourly solutions. Finally, we introduce ambiguity-fixed GLONASS orbits to re-attempt 
GLONASS PPP-AR in contrast to the above solutions with ambiguity-float orbits. We find that ambiguity-fixed orbits lead 
to clearly better agreement among ionospheric-free ambiguity fractional parts in case of the large network, that is 80.5% 
of fractional parts fall in ± 0.15 cycles in contrast to 74.6% for the ambiguity-float orbits. We conclude that highly efficient 
GLONASS ionospheric-free PPP-AR is achievable in case of a few hours of data when GPS PPP-AR is also accomplished, 
and ambiguity-fixed GLONASS orbits will contribute significantly to PPP-AR over wide areas.

Keywords  Precise point positioning · GLONASS · Ionospheric-free ambiguity resolution · Fractional-cycle bias · 
Inhomogeneous stations

Introduction

In recent years, ambiguity resolution for precise pointing 
positioning (PPP-AR) has been of much interest since higher 
accuracy and faster initializations can be achieved in con-
trast to conventional float solutions (Bertiger et al. 2010; 
Collins et al. 2010; Laurichesse et al. 2009). Particularly, 
Ge et al. (2008) developed a GPS PPP-AR approach where 

the fractional-cycle biases (FCBs) of uncalibrated phase 
delays (UPDs) are produced across a reference network and 
then delivered to PPP users to enable AR at a single sta-
tion. While this approach applies to all GNSS emitting code 
division multiple access (CDMA) signals, it does not apply 
to the GLONASS constellation, which transmits frequency 
division multiple access (FDMA) signals at the moment.

One important reason is that inter-frequency biases (IFBs) 
are present within both GLONASS pseudorange and car-
rier phase observations, which have to be corrected before 
attempting GLONASS AR (Leick et al. 1995; Sleewaegen 
et al. 2012; Wang 2000; Wang et al. 2001). Carrier phase 
IFBs are relatively stable over time and are usually presumed 
to precisely follow a linear function of the frequency channel 
number (Al-Shaery et al. 2013; Geng et al. 2017; Wanninger 
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2012). However, such linear function normally breaks down 
for pseudorange IFBs. It has been reported that pseudorange 
IFBs vary with receivers, antennas, domes and firmware and 
hence, cannot be modeled using a simple function but should 
be addressed for individual stations and satellites (Reussner 
and Wanninger 2011; Shi et al. 2013; Yamada et al. 2010). 
It is the pseudorange IFBs that complicate GLONASS AR 
that relies on the Hatch–Melbourne–Wübbena combination 
observable (Hatch 1982) for long baseline positioning or 
PPP across inhomogeneous stations.

At present, two approaches have been developed to avoid 
or diminish the adverse impact of pseudorange IFBs on 
GLONASS PPP-AR for inhomogeneous stations. One idea 
is that predetermined ionospheric products, e.g., global iono-
spheric maps, can be introduced into the wide-lane carrier 
phase combination observable to compute its ambiguity, 
rather than by means of the Hatch–Melbourne–Wübbena 
combination (Reussner and Wanninger 2011). Based on raw 
observables, Geng and Bock (2016) directly constrained 
the line of sight ionospheric parameters with external iono-
spheric products and presented the full schemes to accom-
plish GLONASS PPP-AR across inhomogeneous stations, 
with the extra benefit of speeding up PPP convergence to 
ambiguity-fixed solutions (Geng and Shi 2017). However, 
the performance of this strategy is subject to the accuracy of 
ionospheric products, and a regional ionospheric product is 
preferred (Geng and Shi 2017). On the other hand, Banville 
(2016) proposed to fix ionospheric-free ambiguities with a 
wavelength of about 5.3 cm for GLONASS AR. Different 
from GPS ionospheric-free ambiguities, the GLONASS 
counterparts are integers in nature thanks to the ratio of 9/7 
between the L1 and L2 frequencies. Banville (2016) calcu-
lated undifferenced ambiguities using PPP and formulated 
double-difference ambiguities over 12 baselines spanning 
300–1400 km for integer cycle resolution. It is reported that 
ionospheric-free AR is indeed achievable, though shorter 
periods of data, e.g., 1 h, cannot efficiently guarantee a high 
fixing rate. Liu et al. (2016) showed that GLONASS iono-
spheric-free AR over baselines of longer than 2000 km using 
daily data could be accomplished with a fixing rate of over 
80% and the agreement of orbit overlaps can be improved 
by more than 20%.

This study is dedicated to GLONASS PPP-AR over 
inhomogeneous stations where we exploit the performance 
of resolving undifferenced ionospheric-free ambiguities, 
which are both immune to pseudorange IFBs and exemption 
of first-order ionospheric delays. The only disadvantage of 
ionospheric-free ambiguities is their ultrashort wavelength of 
about 5.3 cm, which is exactly half of the narrow-lane wave-
length. The ensuing question is what performance we can 
achieve when fixing them, especially in case of short dura-
tions of data, e.g., a few hours and networks of various scales, 
e.g., hundreds to thousands of kilometers, and in combination 

with GPS PPP-AR. More interestingly, we will also investigate 
how the GLONASS orbits produced by fixing ionospheric-
free ambiguities according to Liu et al. (2016) benefit GLO-
NASS PPP-AR. We first present the mathematical model and 
the details of the ionospheric-free PPP-AR, then, describe the 
experiments and analyze the performance, and finally draw 
the conclusions.

Methods

In this section, we first give a brief introduction about GLO-
NASS ionospheric-free observable. In addition, based on the 
idea of fixing ionospheric-free ambiguities with a wavelength 
of about 5.3 cm for GLONASS proposed by Banville (2016) 
and Liu et al. (2016), the details of GLONASS ionospheric-
free FCBs estimation are presented. The receiver carrier 
phase IFBs of GLONASS must be calibrated before the FCB 
estimation.

GLONASS ionospheric‑free observable

Undifferenced GLONASS observation equations of dual-
frequency carrier phase and pseudorange measurements on 
frequency band ( g = 1, 2 ) from receiver a to satellite i can be 
written as

where Pi
g,a

 and Li
g,a

 are pseudorange and carrier phase meas-
urements in the unit of length, with precisions of σP and σL, 
respectively; �i
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and

The terms Bi
if,a

 , Bi
if
 , bi

if,a
 and bi

if
 cannot be directly estimated, 

which are, however, absorbed into either observation residuals 
or other parameters such as clocks and ambiguities (Geng et al. 
2010a). For example, bi

if,a
 and bi

if
 will be combined with the 

ambiguity parameters, such that

where �k
if
 and Ni

if,a
 are the ionospheric-free wavelength 

and ambiguity, respectively; �k
n
 is narrow-lane wavelength. 

Defining

equation (3) can then be rewritten as

Ni
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 has integer nature and its wavelength, �k
if
=

1

2
�k
n
 , is 

about 5.3 cm, which is exactly half of the narrow-lane wave-
length (Dai 2000; Roßbach 2000).

GLONASS ionospheric‑free FCB estimation

In the case of GPS data, single-difference ambiguities between 
satellite i and j are usually formed to eliminate the receiver 
dependent biases. However, considering that the wavelengths 
of GLONASS carrier phase data are not identical across differ-
ent channels, and that carrier phase IFBs have a linear relation-
ship with the channel number, we can obtain
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calibrated using predetermined carrier phase IFBs (Wan-
ninger 2012; Geng et al. 2017). Assuming that Δbif,a and 
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 are known, we move them to the left side of (5) and 
obtain

where

Equation (6) is the basis for the estimation of GLONASS 
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resolution. The precisions of pseudorange and carrier phase 
measurements were presumed to be 2 m and 2 cm, respec-
tively. The phase center offset and variation corrections were 
also applied (Dach et al. 2011; Schmid et al. 2007). The 
phase wind-up effects were corrected (Wu et al. 1993). The 
mapping function of zenith troposphere delays was VMF1 
(Vienna Mapping Function 1) (Boehm et al. 2006), and the 
power spectral density for zenith wet components was set 
as 2 cm/

√
h . The receiver position, the receiver clocks, the 

zenith tropospheric delays and horizontal gradients and the 
ambiguities were estimated. FCBs were re-estimated every 
15 min, and no constraints on neighboring FCB estimates 
were applied. Rejection of outlier ambiguity fractional parts 
for the FCB estimation was carried out using a threshold of 
three times the standard deviation and the sign-constrained 
robust least squares method (Xu 2005). Based on the method 
proposed by Liu et al. (2016), the receiver carrier phase IFBs 
were estimated with respect to the values listed by Wan-
ninger (2012). The LAMBDA (Teunissen 1995; De Jonge 
and Tiberius 1996) method was used to search for integer 
ambiguities, and the ratio test, which is defined as the ratio 
between the weighted sum of the squared residuals of the 
second best solution to that of the best, was used to validate 
integer candidates. The threshold of the ratio test was 3.0 
throughout in this study.

In order to investigate how the network extent affects 
the performance of ionospheric-free FCB estimation and 
PPP-AR, we tried three scales of networks which cover cir-
cular areas with radii of 500, 1000 and 2000 km centered 
at station WTZR. In the following, they are denoted as the 
small, medium and large networks including 52, 107 and 
165 stations, respectively. Within each network, we chose 
a few tens of stations, i.e., 26, 37 and 55, respectively, to 
estimate FCBs whereas the remaining stations were used 
to test PPP-AR. For each network, we computed three 
types of solutions:

•	 “GLONASS-only and GLONASS fixed” solutions 
where only GLONASS data were processed, and only 
GLONASS ionospheric-free ambiguity fixing was 
attempted;

•	 “GLONASS + GPS and GLONASS fixed” solutions 
where both GLONASS and GPS data were processed, 
but only GLONASS ionospheric-free ambiguities were 
fixed;

•	 “GLONASS + GPS and both fixed” where both GLO-
NASS and GPS data were processed, and all relevant 
ambiguities were fixed. Note that wide-lane and nar-
row-lane ambiguities were fixed for GPS.

In addition, for each type of solutions, we also tried 
different observation durations, i.e., 1, 2 and 3 h. Then 
the efficiency of GLONASS ionospheric-free ambiguity 
resolution and the positioning performance with respect 
to the observation durations are presented and discussed. 
Float solutions which are eligible for PPP-AR are defined 
as those that have five and more undifferenced GLONASS 
ambiguities to be resolved. If five or more GLONASS 
ambiguities are resolved and the positioning differences 
for the truth benchmark in the east and north components 
are both below 2 cm, this solution will be considered as a 
correctly fixed solution. In this study, daily solutions are 
taken as the truth benchmarks. The ambiguity fixing rate is 

Fig. 1   Different scale of GPS/GLONASS networks in Europe from 
the EUREF and IGS. Red solid circles denote stations used for the 
FCB estimation. Black open circles denote stations used to test PPP-

AR. Shown in panel left, middle and right are the small, medium and 
large networks, covering circular areas with radii of 500, 1000 and 
2000 km centered at station WTZR, respectively

Table 1   Number of stations for 
each receiver family

Receiver family Number 
of station

Javad 3
JPS 22
Leica 81
NovAtel 4
Septentrio Polarx 5
TPS 13
Trimble 37
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defined as the percentage of resolved ambiguity within all 
eligible ones. The correctly fixed ambiguity rate is defined 
as the percentage of correctly fixed ambiguities within all 
fixed ambiguities. Here, the daily ambiguity estimates 
were used as the reference values.

Results

In this section, we will first analyze the performance of 
GLONASS FCB estimation and then, inspect the efficiency 
of GLONASS ionospheric-free ambiguity resolution and 
the positioning performance, and finally, the contribution 
of ambiguity-fixed GLONASS orbits to GLONASS PPP-AR 
is investigated.

GLONASS ionospheric‑free FCB estimation

The ionospheric-free FCB estimates on day 300 for eight 
exemplary satellites and the distribution of relevant 

fractional parts after removal of FCBs for all GLONASS 
satellites over consecutive 31 days are shown in Fig. 2. 
We note that the FCBs are estimated using only the refer-
ence stations within each network, while the distribution 
of fractional parts in Fig. 2 is based on the solutions from 
all stations. It can be seen that the ionospheric-free FCB 
time series change very smoothly and steadily over time. 
The FCBs for R12 from 11 to 14 h derived from the large 
network show drastic jumps of up to 0.5 cycles, which is 
marked with a dashed square. We contend that these jumps 
are due to the low elevation (< 20°) of R12 during the entire 
observation periods with respect to all stations, which leads 
to noisy ambiguity estimates. Overall, the ionospheric-free 
FCB estimates from all networks vary minimally within a 
continuous observation period.

The distribution of the fractional parts after removal of 
FCBs is an important diagnostics to assessing the quality 
of FCB estimations. The closer to zero such a fractional 
part is, the more accurate FCBs we have estimated and the 
more reliable PPP-AR can be achieved potentially. For the 
small network, 89.9% of all fractional parts fall in the range 

Fig. 2   GLONASS ionospheric-free FCBs for eight satellites esti-
mated every 15 min over reference stations on day 300 of 2013 (left 
column) and distribution of all fractional parts after removal of FCBs 

over the 31 days (right column), for large (top), medium (middle) and 
small network (bottom). σ denotes the standard deviation of the frac-
tional parts. ∈ means ‘within’ while ∉ means ‘outside’
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of ± 0.15 cycles, 97.8% in ± 0.25 cycles and 0.6% outside 
± 0.35 cycles with a standard deviation of 0.10 cycles. Com-
paratively, the medium network performs slightly worse, 
with 85.0% falling in ± 0.15 cycles and a standard deviation 
of 0.11 cycles. As the network size is increased, the perfor-
mance of FCB estimation is worsened. In particular, for the 
large network, there are only 77.6% of fractional parts fall-
ing in ± 0.15 cycles. This phenomenon can be understood 
in terms of the fact that the larger the network is, the error 
correlation among stations gets weaker. As a result, the spa-
tially correlated errors, such as orbits and atmosphere refrac-
tions, cannot be absorbed into the FCB estimates, resulting 
in poor agreement among the fractional parts of ionospheric-
free ambiguities from all involved stations. Although Fig. 2 
shows that GLONASS ionospheric-free FCBs have excellent 
temporal stability and the fractional parts are overall in good 
agreement, their performance is still worse than those for the 
GLONASS narrow-lane FCBs in Geng and Bock (2016). 
Even for the small network, for example, 89.9% of all frac-
tional parts were located in the range of ± 0.15 cycles, which 
is below the 99% reported by them. This should be caused 
by the shorter wavelength of ionospheric-free ambiguities 
than that of narrow-lane ambiguities.

GLONASS‑only PPP‑AR

Stations involved in static PPP of this study are exclu-
sive of reference stations, which are used to estimate 
FCBs above. Table 2 shows GLONASS-only static PPP 
solutions. PPP-AR improves the positioning accuracy 

significantly, since the RMS for the east, north and up 
components with respect to the daily position estimates 
for the small network is reduced from 1.5, 1.0, 2.3 cm for 
the float solutions to 0.6, 0.5, 1.9 cm for the fixed solu-
tions, which equates an improvement of 60, 50 and 17%, 
respectively. Such improvement can also be clearly found 
for the medium and large networks, where the east com-
ponent is improved most. When the observation period is 
increased from 1 to 2 and 3 h, the positioning accuracy 
of float solutions steadily improves (Table 2), and iono-
spheric-free ambiguity fixing still contributes significantly 
to the improvement in positioning accuracy, which agrees 
with Banville (2016).

In the case of hourly data, the percentages of fixed 
solutions and fixed ambiguities are only 66.8 and 74.4%, 
respectively, for a small network, which is obviously worse 
than that of GPS (Geng et al. 2010b). When the observa-
tion period is increased to 2 and 3 h, the percentage of cor-
rectly fixed solutions increases to 90.1 and 97.5%, respec-
tively, while the percentage of fixed ambiguities increases 
to 91.7 and 97.6%, respectively. This is expected as longer 
observation periods should lead to higher accuracy of 
ambiguity estimates, which in turn improve the efficiency 
of ambiguity fixing. Furthermore, even for 1 h observa-
tion periods, the percentage of correctly fixed ambigui-
ties can achieve 94.8 and 98.5% for 3 h, suggesting that 
this percentage is slightly affected by the length of obser-
vation periods. This indicates that once the GLONASS 
ionospheric-free ambiguities are presumably resolved after 
the LAMBDA search and the ratio test, they can normally 
be fixed to the correct integers, even for 1 h observation 

Table 2   Results of hourly static 
PPP with GLONASS-only data 
from rover stations over the 
31 days

Column “Fixed sol.” shows the percentage of correctly fixed solutions among all solutions to be fixed. In 
columns “East”, “North”, “Up” are the RMS (cm) of fixed and float hourly solutions with respect to daily 
solutions, separated by “/”. Column “Fixed amb.” shows the percentage of resolved ambiguities within all 
eligible ones. Column “Correct amb.” shows the percentage of correctly fixed ambiguities within all fixed 
ones, and the criterion of the correct ambiguities is the equivalence between the hourly and the daily ambi-
guity estimates

Scale of network Fixed sol. [%] East [cm]
fixed/float

North [cm]
fixed/float

Up [cm]
fixed/float

Fixed amb. [%] Correct 
amb. 
[%]

1 hourly
Small 66.8 0.6/1.5 0.5/1.0 1.9/2.3 74.4 94.8
Medium 63.4 0.6/1.5 0.6/1.0 1.9/2.3 71.8 94.0
Large 61.7 0.7/1.5 0.6/1.0 2.1/2.3 70.9 93.3
2 hourly
Small 90.1 0.4/1.3 0.4/0.7 1.2/1.5 91.7 98.7
Medium 87.8 0.5/1.3 0.4/0.7 1.3/1.5 89.9 98.5
Large 84.4 0.5/1.2 0.5/0.7 1.5/1.6 86.8 98.1
3 hourly
Small 97.5 0.4/1.0 0.4/0.6 1.1/1.2 97.6 98.5
Medium 97.5 0.4/1.0 0.4/0.6 1.2/1.3 97.1 98.5
Large 95.8 0.5/1.0 0.4/0.6 1.3/1.4 94.8 98.2
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periods. Moreover, Table 2 shows that when the observa-
tion periods reach 3 h, a fairly reliable AR can be achieved 
for GLONASS-only static PPP. For example, the percent-
ages of the fixed solutions and the fixed ambiguities can 
reach 95.8 and 94.8% for the large network, respectively.

Integrated GLONASS and GPS PPP‑AR

Table 3 shows static PPP results for “GLONASS + GPS 
and GLONASS fixed” solutions and “GLONASS + GPS 
and both fixed” solutions. Taking the small network as an 
example, the percentage of correctly fixed solution increases 
from 66.8 to 80.6%, and the percentage of fixed GLONASS 
ambiguities also increases from 74.4 to 83.8% in case of 
1 h observation periods, after introducing GPS data into 
GLONASS solutions while only GLONASS ambiguities are 
fixed. Meanwhile, the RMS for the east, north and up com-
ponents with respect to daily solutions is decreased from 0.6, 
0.5, 1.9 cm to 0.5, 0.5, 1.3 cm, respectively. If GPS PPP-AR 
is further performed, the percentage of correctly fixed solu-
tion can be improved from 80.6 to 95.9% and the percentage 
of fixed GLONASS ambiguities also improves from 83.8 to 
95.4%. The RMS for the east, north and up components is 
reduced further to 0.4, 0.4, 1.1 cm, respectively. 

When the length of observation period is increased from 
1 to 2 and 3 h, the percentage of correctly fixed solutions 
increases from 80.6 to 95.6 and 99.4%, respectively, in case 
of the “GLONASS + GPS and GLONASS fixed” solu-
tions. In contrast, the percentage of correctly fixed solu-
tions increases from 95.9 to 99.0 and 99.4%, respectively, 
in case of the “GLONASS + GPS and both fixed” solu-
tions. From Table 3, we can see that the performance of 
the “GLONASS + GPS and both fixed” solutions in case 
of 2 h observation periods is at the similar level to those 
of the “GLONASS-only and GLONASS fixed” and “GLO-
NASS + GPS and GLONASS fixed” solutions in case of 
3 h observation periods. In general, introducing GPS data 
and subsequently fixing GPS ambiguities can improve the 
positioning performance significantly, especially the success 
rate of GLONASS ambiguity resolution.

GLONASS PPP‑AR in case of ambiguity‑fixed 
GLONASS orbits

GLONASS orbit errors are one of the major factors that affect 
the performance of PPP-AR, especially in case of a large net-
work. The orbit accuracy can be significantly improved after 
successful ambiguity resolution over the reference network 

Table 3   Results of hourly static PPP at rover stations over the 31 days

Column “Fixed sol.” shows the percentage of correctly fixed solutions among all those to be fixed. In columns “East”, “North”, “Up” are the 
RMS (cm) of fixed and float solutions with respect to daily solutions, separated by “/”. Column “Fixed amb.” shows the percentage of resolved 
GLONASS ambiguities within all eligible GLONASS ones

Type of solution Scale of network Fixed sol.[%] East [cm] North [cm] Up [cm] Fixed amb. [%]

1 hourly
GLONASS + GPS and GLONASS fixed Small 80.6 0.5/1.3 0.5/0.8 1.3/1.6 83.8

Medium 75.0 0.6/1.3 0.5/0.8 1.4/1.6 79.4
Large 72.1 0.6/1.3 0.6/0.8 1.6/1.7 77.4

GLONASS + GPS and both fixed Small 95.9 0.4/1.8 0.4/1.0 1.1/1.8 95.4
Medium 93.1 0.4/1.8 0.5/1.0 1.2/1.9 92.8
Large 90.9 0.5/1.8 0.5/1.0 1.4/1.9 89.8

2 hourly
GLONASS + GPS and GLONASS fixed Small 95.6 0.4/1.0 0.4/0.6 1.0/1.1 96.3

Medium 93.1 0.5/1.0 0.5/0.6 1.0/1.2 94.0
Large 91.0 0.5/1.0 0.5/0.6 1.2/1.3 91.7

GLONASS + GPS and both fixed Small 99.0 0.4/1.1 0.4/0.6 0.9/1.2 98.4
Medium 98.0 0.4/1.1 0.4/0.6 1.0/1.2 96.8
Large 96.7 0.4/1.1 0.5/0.6 1.1/1.3 94.4

3 hourly
GLONASS + GPS and GLONASS fixed Small 99.4 0.4/0.7 0.4/0.5 0.83/0.94 98.8

Medium 98.8 0.4/0.8 0.4/0.5 0.93/1.01 97.7
Large 97.8 0.5/0.8 0.4/0.5 1.04/1.09 95.7

GLONASS + GPS and both fixed Small 99.4 0.3/0.7 0.4/0.5 0.78/0.95 98.1
Medium 98.1 0.4/0.8 0.4/0.5 0.86/1.01 95.7
Large 95.9 0.4/0.8 0.4/0.5 0.97/1.09 91.7
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used for orbit determination. In this section, we will use both 
ambiguity-fixed and ambiguity-float orbits to investigate the per-
formance of GLONASS PPP-AR. At present, the GLONASS 
products of IGS analysis centers are mainly based on the float 
ambiguities, except for those from CODE (Centre for Orbit 
Determination in Europe). The ambiguity-fixed orbit product 
used in this section is derived using the method by Liu et al. 
(2016). We re-computed the “GLONASS-only and GLONASS 
fixed” solutions with the large network for day 300–330 in 2013.

The results are shown in Fig. 3 and Table 4. Compared to 
the results from float orbits, the results of fixed orbits have a 
better performance, and the percentages of the fractional parts 
within ± 0.15 cycles increase substantially from 74.6 to 80.5%, 
those within ± 0.25 cycles increase from 90.4 to 94.0% and 
those outside ± 0.35 cycles decrease from 3.6 to 2.0% on aver-
age. In particular, the percentages of the fractional parts within 
range ± 0.15 cycle vary from 72.2 to 85.4% for the fixed orbits, 
in contrast to 59.4–82.8% for the float orbits, which shows that 

the performance with respect to the fixed orbits is better. The 
percentages of the correctly fixed solution with respect to the 
fixed orbits are 63.1%, but just 60.2% with respect to the float 
orbits in case of 1 h observation periods. The percentages of 
fixed ambiguities within all candidate ambiguities are 71.4 and 
68.6% for fixed and float orbits, respectively. Compared to the 
float orbits, the performance of static PPP-AR for the fixed 
orbits improves in terms of the fixing rate of ambiguities and 
the positioning accuracy. Therefore, for a large network span-
ning over a few 1000 km, ambiguity-fixed GLONASS orbit 
will clearly benefit GLONASS PPP-AR.

Conclusions

This study investigates GLONASS PPP-AR based on the 
ionospheric-free ambiguities with a wavelength of about 
5.3 cm, motivated by Banville (2016) and Liu et al. (2016). 

Fig. 3   Distribution of all 
fractional parts after removal 
of FCBs over the 31 days. σ 
denotes the standard deviation 
of the fractional parts. ∈ means 
‘within’ while ∉ means ‘out-
side’. Red and black represent 
ambiguity-fixed and- float orbits

Table 4   Results of hourly static 
PPP of the ambiguity-fixed and- 
float orbits from rover stations 
within large network over the 
31 days

Column “Fixed sol.” shows the percentage of correctly fixed solutions within all those to be fixed. In col-
umns “East”, “North”, “Up” are the RMS (cm) of fixed and float hourly solutions with respect to daily 
solutions, separated by “/”. Column “Fixed amb.” shows the percentage of resolved GLONASS ambiguities 
within all candidate GLONASS ones

Time Fixed sol. [%] East [cm] North [cm] Up [cm] Fixed amb. [%]

Ambiguity-fixed orbit
1 hourly 63.1 0.62/1.45 0.59/1.01 1.91/2.22 71.4
2 hourly 86.6 0.49/1.23 0.48/0.72 1.36/1.52 88.4
3 hourly 96.3 0.47/0.98 0.44/0.58 1.17/1.21 95.5
Ambiguity-float orbit
1 hourly 60.2 0.66/1.43 0.63/1.01 1.98/2.20 68.6
2 hourly 82.7 0.52/1.20 0.51/0.72 1.40/1.50 85.1
3 hourly 94.4 0.50/0.95 0.46/0.59 1.19/1.20 93.4
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The data processing strategy is fairly straightforward as 
pseudorange IFBs are no longer a factor in deterring PPP-
AR. With the data from day 300–331 in 2013 from about 
165 stations in Europe, the performance of GLONASS 
PPP-AR is investigated with different network sizes, types 
of solution and lengths of the observation period.

The distribution of the fractional parts after removal of 
FCBs is an important diagnostics to assessing the quality of 
FCB estimations. For the small network, we find that 89.9% 
of all fractional parts agree well within ± 0.15 cycles with a 
standard deviation of 0.10 cycles. The performance slightly 
decreases when the size of the network increases, and 77.6% 
of fractional parts are within ± 0.15 cycle with a standard 
deviation of 0.14 cycle for the large network.

When the length of observation period reaches 3 h, a 
fairly reliable PPP-AR can be achieved for GLONASS-
only static PPP. The percentages of fixed solution and fixed 
ambiguities can reach 97.5 and 97.6%, respectively, for the 
small network. The RMS of east, north and up directions 
decreases from 1.0, 0.6, 1.2 cm to 0.4, 0.4, 1.1 cm by 60.0, 
33.3 and 8.3%, respectively.

Introducing GPS and simultaneously fixing GPS ambi-
guities, the performance of positioning is improved to a large 
extent, especially increasing the percentages of fixed GLO-
NASS ambiguities. For the solution type “GLONASS + GPS 
and both fixed,” the small network and the 1-h observation 
period, compared to solution type “GLONASS-only and 
GLONASS fixed” the percentage of fixed GLONASS ambi-
guity increases from 74.4 to 95.4%. For the 2-h observation 
period, the percentage of fixed ambiguity can reach 98.4% 
for the small network and also can reach 94.4% for the large 
network. The performance of static PPP-AR shows higher 
efficiency and reliability than the solution type “GLONASS-
only and GLONASS fixed” of the 3-h observation period. 
Overall, we demonstrate that 2 h of data can usually ensure 
a reliable GLONASS PPP-AR which is comparable to what 
can be obtained with 3 h of data.

Ambiguity-fixed and- float orbits are used to evaluate 
the effect of orbital errors on the performance of PPP-AR. 
The results show that for the large network, the fractional 
parts of ambiguity-fixed orbits have better consistency and 
show more stability from day to day than from ambiguity-
float orbits. The percentages of GLONASS fixed ambigui-
ties are 71.4 and 68.6% for ambiguity-fixed and ambiguity-
float orbits for the 1-h observation period, respectively. 
A GLONASS ambiguity-fixed orbit is necessary, which 
makes AR more effective. Generally, a high precision orbit 
can effectively improve the performance of PPP-AR over 
a large network.
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