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Abstract: The orbital inclination angle of the GLONASS constellation is about 10° larger than that
of GPS, Galileo, and BDS. Theoretically, the higher orbital inclination angle could provide better
observation geometry in high latitude regions. A wealth of research has investigated the positioning
accuracy of GLONASS and its impact on multi-GNSS, but rarely considered the contribution of the
GLONASS constellation’s large orbit inclination angle. The performance of GLONASS in different
latitude regions is evaluated in both stand-alone mode and integration with GPS in this paper.
The performance of GPS is also presented for comparison. Three international GNSS service (IGS)
networks located in high, middle, and low latitudes are selected for the current study. Multi-GNSS
data between January 2021 and June 2021 are used for the assessment. The data quality check
shows that the GLONASS data integrity is significantly lower than that of GPS. The constellation
visibility analysis indicates that GLONASS has a much better elevation distribution than GPS in
high latitude regions. Both daily double-difference network solutions and daily static Precise Point
Positioning (PPP) solutions are evaluated. The statistical analysis of coordinate estimates indicates
that, in high latitude regions, GLONASS has a comparable or even better accuracy than that of
GPS, and GPS+GLONASS presents the best estimate accuracy; in middle latitude regions, GPS
stand-alone constellation provides the best positioning accuracy; in low latitude regions, GLONASS
offers the worst accuracy, but the positioning accuracy of GPS+GLONASS is better than that of
GPS. The tropospheric estimates of GLONASS do not present a resemblance regional advantage as
coordinate estimates, which is worse than that of GPS in all three networks. The PPP processing with
combined GPS and GLONASS observations reduces the convergence time and improves the accuracy
of tropospheric estimates in all three networks.

Keywords: GLONASS; GPS; double-differenced; static PPP

1. Introduction

Currently, four satellite navigation systems with global coverage have been developed:
GPS, GLONASS, BDS, and Galileo. A notable design difference among the different
constellations is the satellite orbital inclination angle. The inclination angle is 55° for GPS,
56° for Galileo, 55° for BDS, and 64.8° for GLONASS. Among the four constellations, the
GLONASS has the largest orbit inclination angle, which is about 10° larger than other
systems, to provide the availability of the high-latitude of the Soviet Union.

The first Final Operational Capability (FOC) of GLONASS was achieved in 1995.
However, due to the short satellite service life and the budget decrease, the GLONASS
constellation dropped to 7 satellites by 2002 [1]. During 20012011, the GLONASS program
progressed steadily, and by late 2011, GLONASS declared FOC again.

During the period of several satellites, many studies have been performed to inves-
tigate the advantages and disadvantages of combining GPS and GLONASS [2,3]. Bruyn-
inx [4] concluded that using the GLONASS constellation of 13 satellites does not signifi-
cantly improve the precision of the double-difference (DD) network solutions, and similar
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results have been obtained with IGS and CODE (Center of Orbit Determination in Europe)
orbits. Habrich [5] obtained similar results with 16 GLONASS satellites. Additionally,
Cai and Gao [6] indicated that adding GLONASS satellites in Precise Point Positioning
(PPP) would reduce the convergence time and improve the positioning accuracy.

As GLONASS was gradually restored, in terms of DD network processing, Alcay
et al. [7] illustrated that the GLONASS stand-alone baseline solutions are inconsistent
compared to that of GPS and that solutions using the combined GPS and GLONASS con-
stellations do not provide any superiority over stand-alone GPS. Nardo et al. [8] presented
that the additional GLONASS observations add little improvement to the estimates of the
coordinates when compared to GPS-only processing. Zheng et al. [9] concluded that the
repeatability of GLONASS coordinates is slightly worse than that of GPS. The research
on GLONASS PPP increased as the usage of PPP increased. Cai and Gao [10] indicated
that integrating the GLONASS with GPS could not significantly improve the PPP accuracy
if the stand-alone GPS has adequate visible satellites with good observation geometry.
Yigit et al. [11] also revealed that the static PPP performance among GPS, GLONASS,
and GPS+GLONASS with long observation periods was similar. Choy et al. [12] further
demonstrated that the benefits of combining GLONASS with GPS in daily static PPP are
negligible. Mohammed et al. [13] assessed the static PPP performance of GPS, GLONASS,
and GPS+GLONASS, and concluded that the GLONASS PPP could achieve similar coordi-
nate estimate accuracy as GPS and GPS+GLONASS in daily solutions. However, Malik [14]
provided a different conclusion that the accuracy of undifferenced ionosphere-free dual-
frequency PPP with GPS and GLONASS observations is better than that of GPS. Hamed
et al. [15] obtained similar results with single-frequency PPP. The analysis of PPP conver-
gence time indicates that the combination of GPS and GLONASS significantly shortened the
convergence time of static PPP solutions [10,16]. Li and Zhang [17] studied the combination
of GPS and GLONASS and illustrated that the convergence time of ambiguity-float static
PPP could be reduced by 45.9% compared to GPS.

There are also many studies concerning the contribution of GLONASS to three or more
GNSS systems’ combined constellations [18-20]. However, the previous research rarely
considers the constellation characteristics of GLONASS, especially the effect of the large
orbit inclination angle of the GLONASS constellation, which benefits the positioning perfor-
mance in high latitude regions. Therefore, this paper aims to evaluate the performance of
GLONASS and its contribution to GPS+GLONASS processing in different latitude regions
in terms of satellite visibility and positioning performance. Three networks located in high,
middle, and low latitude regions are employed. The performance of both daily DD network
solutions and daily static PPP solutions is used for the study.

The structure of this article is arranged as follows. Section 2 describes the methods of
data quality evaluation, the positioning strategies, and the evaluation indicators. Section 3
describes the data and data selection factors. Section 4 presents the data quality results,
the constellation visibility of different systems, as well as the analysis and discussion of
the performance of the DD network and PPP solutions. Finally, the main conclusions and
findings are shown in Section 5.

2. Evaluation Methods

This section describes the methods and metrics of data quality check, the analysis
indicators for satellite visibility of different systems, and the positioning strategies of DD
network and PPP processing, as well as the evaluation indicator for DD network solutions
and PPP solutions.

2.1. Data Quality Check

The measurement quality assessment aimed to detect the GLONASS and GPS poor
observations, which further affect the positioning performance of different combinations.
TEQC [21] toolkit was employed to perform the quality assessment of GLONASS and GPS
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L1 and L2 signals, which are used for performance assessment. The quality check was
conducted using the following indicators:

1. Data Integrity (DI). Data integrity rate is the recorded valid observation data divided
by the receivable observation data calculated by ephemeris and the station location.

2. Signal-to-Noise Ratio (SNR). SNR is the ratio of signal power to noise power within a
given bandwidth. It is usually expressed in the unit of decibels.

3.  Pseudorange Multipath (MP). Pseudorange multipath indicators are computed using
the linear combination of pseudorange and carrier phase observations:

MP1 = P; — 142 o1 + 142 o) 1)
ax—1 ax—1
2c 20

where MP1 denotes the multipath effect on L1 frequency and MP2 indicates the multipath
effect on L2 frequency; P; and P, denote the pseudorange observations at L1 and L2
frequencies, respectively; @1 and @, denote the carrier phase observations of L1 and L2

2
frequencies, respectively; o = (%) , where f; denotes the L1 frequency, and f, denotes the
L2 frequency.

2.2. Constellation Visibility Analysis

The visibility of GPS, GLONASS, and GPS+GLONASS in different latitude networks
was analyzed and evaluated using the following criteria:

1.  The number of visible satellites. The mean number of visible satellites in each network
at each epoch is computed, and the observed probability of different positioning
combinations is also analyzed.

2. The elevation angle of visible satellites. The mean elevation angle of visible satel-
lites in each network at each epoch is computed, and the occurrence probability
corresponding to different degrees is evaluated.

3. The Position Dilution of Precision (PDOP). The mean PDOP of each network at each
epoch is calculated.

As the GLONASS constellation geometry repeats about every 8 sidereal days, we used
observation data from 28 March 2021 (day of year (DOY) 087) to 4 April 2021 (DOY (094)
to evaluate the observation quality. The elevation cutoff angle was set to 3°. The study
employed the same data set as the data quality check for visibility assessment.

2.3. DD Network Processing Strategy

The DD network processing was conducted using the Bernese GNSS Software, Version
5.2. The software is developed at the Astronomical Institute of the University of Bern
(AIUB), Bern, Switzerland. A daily batch processing scheme is used for the data processing.
The final precise orbits from CODE were adopted, containing consistent orbits for GPS and
GLONASS. The different code biases (DCB) files and the Earth Rotation Parameters (ERP)
of CODE were also used for consistency. The PCC model used was igs14.atx. The ocean
tides model used was FES2004 (Finite Element Solutions). The elevation mask for data
preprocessing was set to 3°. The baselines were defined with the OBS-MAX strategy. An
attempt to fix the GPS and GLONASS integer value ambiguities was attempted with the
Quasi Ionospheric Free (QIF) strategy [22]. The VMF1 (Vienna Mapping Function) [23] grid
file [24] and NET WET model were used for the tropospheric estimate. Zenith Tropospheric
Delay (ZTD) parameter was estimated per hour. The datum definition was realized with
the minimum-constraint solution by a set of reference stations of IGS14. The processing
scheme is displayed in Figure 1.
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Figure 1. DD network processing scheme.

2.4. Static PPP Processing Strategy

The static PPP processing was carried out by FUSING (FUSing IN GNSS) software [25],
Version 2.0, developed by Wuhan University, Wuhan, China. The Ionosphere-free (IF) linear
combination with L1 and L2 was employed. The elevation mask, the precise products, and
the ocean tides model, as well as the PCC model, were the same as the DD processing
strategy. The GPT2 (Global Pressure and Temperature) [26] model and VMF1 [23] model
were used for the tropospheric estimate. PPP static in 24 h window was processed with
a forward extended Kalman filter. The processing strategies of PPP are summarized
in Table 1.

Table 1. The processing strategies of PPP.

Item Processing Strategies
Signal selection Lland L2
Sampling rate 30s
Elevation mask 3°
Precise products CODE final precise products
Weight for observations Elevation-dependent weighting
Receiver clock Estimated as white noise
Ionosphere IF combination
Troposphere GPT2, VMF1
Ocean tidal loading FES2004
DCB CODE DCB monthly files
Antenna center offset and variation IGS14.atx
Processing mode PPP static in 24 h window
Strategy Forward extended Kalman filter

DD network and static PPP processing were carried out for different positioning com-
bination modes: GPS stand-alone positioning mode, GLONASS stand-alone positioning
mode, and GPS+GLONASS combined positioning mode.

2.5. Accuracy Assessment

The station coordinates and ZTDs provided by the IGS were used as references to
assess the accuracy of DD network solutions and PPP solutions. The Root Mean Square
Error (RMSE) of daily coordinate estimates was used as the accuracy assessment indicator,
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(COORDINATE ¢imated — COORDINATE;Gs)?
n

RMSECOORDINATE = \/ ®)
where n is the total number of daily coordinate estimates.

The tropospheric products from IGS are sampled every 300 s, while, in this paper, the
ZTDs estimated interval by DD strategy was one hour, and 30 s by PPP strategy. Thus, the
tropospheric estimates or the IGS products needed to be resampled to match the sampling
intervals. The current study resampled the IGS tropospheric products to 1 h and the PPP
tropospheric to 300 s to coincide with IGS products. The RMSE of ZTD estimates is,

(ZTDestimated — ZTDIGS ) 2
n

4)

RMSEz1p = \/

where n is the total number of available ZTD estimates after resampling.

3. Data Selection

To comprehensively study the GLONASS performance, three networks located in
high, middle, and low latitude regions were employed. In addition to the differences in
latitude, the following three factors were also considered in the selection of the IGS station:

1.  To comprehensively evaluate and compare the performance of GLONASS stand-alone
mode, GPS stand-alone mode, and GPS+GLONASS combined mode, the station’s re-
ceiver should receive both GPS and GLONASS observations. The receivers employed
in the three networks are listed in Tables 2—4, respectively.

2. Using the GPS antenna PCC model for GLONASS will introduce systematic bias [9,27,28].
To avoid this bias, the station’s antenna and radome types should have GPS and
GLONASS-specific PCC models in the IGS antenna files. The antenna and radome
types used in the three networks are also given in Tables 2—4, respectively.

3. The baseline accuracies are related to the length of the baseline [29]. To precisely assess
the performance of GLONASS in terms of DD network processing, the mean baseline
lengths of the networks should be similar.

Table 2. The GNSS receivers and the antenna + radome types of the high latitude stations.

Station Name Receiver Type Antenna + Radome Type
KIRU SEPT POLARX5 SEPCHOKE_B3E6 SPKE
MAR?7 TRIMBLE ALLOY LEIAR25.R3 LEIT

METG SEPT POLARX5 TRM59800.00 SCIS

NYA1 TRIMBLE NETRS8 ASH701073.1 SNOW
SOD3 JAVAD TRE_3 DELTA JAVRINGANT_DM SCIS
SVTL JAVAD TRE_3 DELTA JAVRINGANT_DM JVDM
TRO1 TRIMBLE NETR9 TRM59800.00 SCIS

Table 3. The GNSS receivers and the antenna + radome types of the middle latitude stations.

Station Name Receiver Type Antenna + Radome Type
AJAC SEPT POLARX5 TRM115000.00 NONE
HERT LEICA GRX1200GGPRO LEIAT504GG NONE
JOZE SEPT POLARX5 SEPCHOKE_B3E6 NONE
MATG LEICA GR10 LEIAR25 NONE

TLSG SEPT POLARX5TR TRM59800.00 NONE
WARN JAVAD TRE_3 DELTA LEIAR25.R4 LEIT

WTZR LEICA GR50 LEIAR25.R3 LEIT




Remote Sens. 2022, 14, 4640

6 of 21

Table 4. The GNSS receivers and the antenna + radome types of the low latitude stations.

Station Name Receiver Type Antenna + Radome Type
BRAZ TRIMBLE NETR9 TRM57971.00 NONE
CHPI SEPT POLARX5 TPSCR.G3 NONE

SALU TRIMBLE NETR9 TRM115000.00 NONE
SAVO TRIMBLE NETR9 TRM115000.00 NONE
SPTU TRIMBLE NETR9 TRM57971.00 NONE
TOPL TRIMBLE NETR9 TRM115000.00 NONE
UFPR TRIMBLE NETR9 TRM115000.00 NONE

According to the above station select criterion, 21 IGS stations were selected and
formed 3 networks, distributed in high, middle, and low latitude regions, as shown in
Figure 2. The high latitude network locates between 60°N and the North Pole, the middle
latitude network lies between 30°N and 60°N, and the low latitude network situates
between the equator and 30°S. The baseline lengths of the three networks are approximately
660 km, 880 km, and 778 km, respectively. The performance evaluation period was from
1 January 2021 (DOY 001) to 30 June 2021 (DOY 181). The GPS and GLONASS observations
were downloaded from NASA CDDIS [30].

od i ¢ g -0
P LN L v

= N LR
Y o y: t faob
fo / 17 A

RAZ
& |

ﬁw“ﬁﬁm" : \ ‘
AFFR | 4

-30° ~ ‘ ’ -30°
-60° o 60°

Figure 2. The IGS tracking stations of the high (red triangle), middle (green triangle), and low latitude
networks (blue triangle).

4. Results and Discussion

The data quality of GPS and GLONASS, the constellation visibility of GPS, GLONASS,
and GPS+GLONASS, and the performance of the DD network solutions and PPP solutions,
are shown and discussed in this section.

4.1. Data Quality

The DI rate, MP1, MP2, SN1 (the SNR of L1), and SN2 (the SNR of L2) of GPS
and GLONASS observations for each station are calculated and presented in Figure 3.
The mean value of each indicator is listed in Table 5, where G and R denote GPS and
GLONASS, respectively.
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Figure 3. The results of the data quality check.

Table 5. The mean value of each data quality indicator in the three networks.

Indicator DI (%) MP1 (m) MP2 (m) SN1 (dB) SN2 (dB)
Region G R G R G R G R G R

High latitude

94.33 82.37 0.47 0.48 045 0.39 6.56 7.12 5.33 6.88
network
Middlelatitude g¢ 1) g346 030 046 039 043 702 720 635 676
network
Low latitude 94.81 81.33 0.72 0.53 0.48 0.4 6.72 6.59 4.92 6.32

network

The data integrity rate of GLONASS in 21 stations of the 3 networks is lower than that
of GPS, as is evident in Figure 3. As shown in Table 5, the calculated average data integrity
rates of GLONASS in the three networks are 82.37%, 83.46%, and 81.33%, respectively,
significantly lower than those of GPS with 94.33%, 96.11%, and 94.81%, respectively.

The MP1 and MP2 of GPS presented similar performance to that of GLONASS in the
high latitude network. However, the MP1 and MP2 of GPS in the middle latitude network
are smaller than those of GLONASS in most stations, except station HERT. By contrast, the
MP1 and MP2 of GLONASS in the low latitude network are smaller than those of GPS.
The calculated average value of MP1 and MP2 in Table 5 indicates similar results, but the
differences in MP1 and MP2 between GPS and GLONASS are insignificant.

The difference in SN1 between GPS and GLONASS is minor in the three networks,
except SOD3 and SVTL in the high latitude network and WARN in the middle latitude
network. The SN2 of GLONASS is significantly better than that of GPS in the high and low
latitude networks and similar to that of GPS in the middle latitude network.

Among the 21 tracking stations, however, the data quality of SALU in the low latitude
network is significantly worse than other stations. The DI rate of SALU is 84.3% for GPS
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and 71.6% for GLONASS. The MP1 of SALU is up to 0.99 m and 0.89 m for GPS and
GLONASS observations, respectively, much larger than those calculated average values,
0.39 m and 0.46 m for GPS and GLONASS. The MP2 of SALU presented similar results as
that of MP1.

4.2. Constellation Visibility

The average number of visible satellites, the average PDOP value, and the satellite
elevation distribution of the three tracking networks were analyzed with numerical com-
parison and statistical study. The number of visible satellites and their statistical property
is shown in Figures 4 and 5, respectively.

GPS GLONASS GPS+GLONASS
24 24 24
21 21 21 :
18 18 18
15 15 15
12 M\/\MWWWWW 12 12
6 6 6

87 88 89 90 91 92 93 91 95 87 8 89 90 91 92 93 94 95 87 8 89 90 91 92 93 94 95

24 24 24
21 21 21
18 18 18
15 15 15
12 12 12
9 9 9
6 6 6

87 83 89 90 91 92 93 94 95 87 88 89 90 91 92 93 94 95 87 88 89 90 91 92 93 94 95

Visible Satellite Number

24 24 24

21 21 21
18 18 IBWWMNWWW
15 15 15
12hmh.”h,mwh.m,m.mw 12 12
6 6 6
87 88 89 90 91 92 93 94 95 87 88 89 90 91 92 93 94 95 87 88 89 90 91 92 93 94 95

Doy

Figure 4. The average number of visible satellites of GPS, GLONASS, and GPS+GLONASS in the
high (red), middle (green), and low (blue) latitude networks.

From Figure 5, during the 8 days test period, both constellations have the largest
average number of visible satellites in the high latitude network among the three networks.
The average visible number of GPS in high latitude regions is significantly larger than in
the middle and low latitude regions. The average number of visible satellites of GLONASS
in the high and the middle latitude regions is similar but significantly larger than that of
the low latitude region.

From the statistical point of view, the GLONASS visible satellites have the smallest
standard deviation in the high and middle latitude networks. The percentages of most
observed 9 and 8 GLONASS satellites in the high latitude network are 52.37% and 27.63%,
respectively. The percentages of most observed 9 and 8 GLONASS satellites in the middle
latitude network are 34.20% and 33.64%, respectively. However, the number of GLONASS
visible satellites reduces significantly, and the standard deviation increases significantly in
the low latitude network. Moreover, the standard deviation of GPS+GLONASS is relatively
larger than GPS or GLONASS, and the average number of visible satellites is also larger
than those of GPS and GLONASS. The probability of observing satellites less than 12
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in three networks of combined GPS and GLONASS is almost zeros, indicating that the
combined constellations provide more than 12 visible satellites in most cases.

GPS GLONASS GPS+GLONASS
55 55
50 = 50 I
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40 40 40 [=—
35 35 35 x=20. 15
30 30 30 5223 46
25 25 25 |
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Satellite Number

Figure 5. The histogram of visible satellites in the high (red), middle (green), and low (blue) latitude
networks. The position of the dashed line and the value x~ indicate the average number of visible
satellites. The o2 represents the variance of the visible satellites’ distribution. Please note that the
horizontal axis of GPS and GLONASS visible satellites differs from that of GPS+GLONASS.

The histogram of the elevation distribution related to GLONASS, GPS, and GLONASS+GPS
is also presented in Figure 6 to further evaluate the quality of the observed satellites.

From Figure 6, GLONASS has a much better elevation distribution than GPS in the
high latitude network. The most observed GLONASS satellites” elevation angles in the high
latitude network are between 13-33 degrees, while those of GPS are between 626 degrees,
which are obviously lower than that of GLONASS. In addition, the mean elevation angle
of GLONASS is 35.01°, which is 3.97° higher than that of GPS. In the middle latitude
network, the elevation angle distribution and average elevation angle between GPS and
GLONASS have inconspicuous disparity. In the low latitude network, the percentage peak
of GLONASS corresponds to an obviously lower elevation angle than GPS. The elevation
distribution of GPS+GLONASS lies between GPS and GLONASS.

The PDOP of GPS, GLONASS, and GPS+GLONASS during the testing period is
illustrated in Figure 7.
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Figure 6. The histogram of elevation distribution of the high (red), middle (green), and low (blue)
latitude networks, the position of the dashed line and the value x~ indicate the mean elevation.

GPS GLONASS GPS+GLONASS

it s

e D9 Dolioon e e RN
cwvwowmowvo v o
e NN W A
cuowmowvwo v o
b D D20l ab i (n
cwvwowowmo v o

|

87 88 89 90 91 92 93 94 95 87 88 89 90 91 92 93 94 95 87 88 89 90 91 92 93 94 95
5.0 5.0 5.0
4.5 4.5 4.5
4.0 4.0 4.0
A, 3.5 3.5 3.5
K 30 3.0 3.0
A 25 ‘ 2.5 }L‘”M “‘L ‘fi | 2.5
‘ ke 1 ; i
20 W N I i 2 Wi \M\W"I%‘Jh‘*\{h'ff”‘«‘w‘f ‘Wsﬁu [“W‘ﬁ‘vﬁﬂ b e ‘
Lo WA R Lo Lo JJ,\‘:A:‘-‘.;f‘\,P‘u,“»‘u,_«;,,“.‘,‘w,xvm\u'a.,,v/"‘,w,k/,‘m,wg,‘a\‘_mv,,'
87 88 89 90 91 92 93 94 95 87 8 89 90 91 92 93 91 95 87 88 89 90 91 92 93 94 95
5.0 5.0 o 5.0
4.5 4.5 4.5
4.0 4.0 88 90 92 94 4.0
3.5 3.5 3.5
3.0 3.0 3.0
2.5 2.5 2.5
2.0 2.0 2.0
1.5 1.5 1.5
e s 1 o bAoAt At Ao
87 88 89 90 91 92 93 94 95 87 88 89 90 91 92 93 94 95 87 88 89 90 91 92 93 94 95

Doy

Figure 7. The PDOP of GPS, GLONASS, and GPS+GLONASS in the high (red), middle (green),
and low (blue) latitude networks (The GLONASS PDOP for the low latitude network exceed the
coordinate threshold, and the small picture in the upper right corner with the rose thread shows the
full view of the PDOP).
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Figure 7 shows that the PDOP values of GPS are less than 3.0 in all three regions,
and the most stable PDOP values appear in middle latitude regions, indicating that the
observation geometry of GPS in that region is the best among the three regions. Moreover,
the PDOP values of GPS exist daily period in all three regions. GLONASS has the most
stable PDOP in high latitude regions, which is more stable than GPS in the same region.
However, the PDOP values of GLONASS increase obviously as the latitude decreases. In
addition, the PDOP values of GLONASS at low latitude regions show some abnormally
large values, up to 92.68, as shown in the upper right corner of the subfigure for low
latitude GLONASS PDOP. The PDOP values of GPS+GLONASS exhibit better performance
than both GLONASS and GPS stand-alone systems. Although some periods exist in high
latitude regions where the PDOP of GPS is up to 2.80, the PDOP values of GPS+GLONASS
are quite stable and less than 1.55. Although the PDOP of GPS is up to 2.75 in some
periods in low latitudes and the PDOP of GLONASS is very large at certain epochs,
the PDOP of GPS+GLONASS remains stable and below 1.44. The combined GPS and
GLONASS constellations have the most obvious improvement in observation geometry at
low latitudes.

4.3. DD Network Solutions

The accuracy of coordinates, the ambiguity fixing rate, and the accuracy of ZTD
estimates with the DD network processing strategy were analyzed.

4.3.1. Accuracy of Coordinates

Taking IGS daily coordinates as the reference value, the differences between the
estimated coordinates and the IGS daily coordinates were calculated. The stations SOD3
(in the high latitude network), WTZR (in the middle latitude network), and SPTU (in the
low latitude network) were employed to illustrate the positioning performance of GPS,
GLONASS, and GPS+GLONASS. The other stations present results similar to these three
stations. The coordinate error in the North (N), East (E), and Up (U) components of the
three selected stations are presented in Figure 8.
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Figure 8. The coordinate error series of station SOD3, WTZR, and SPTU estimated with DD processing.
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As shown in Figure 8, the GLONASS coordinate error components of station SOD3
and WTZR, located in the high and middle latitude networks, respectively, are as steady as
GPS and GPS+GLONASS results. The GLONASS error components are more fluctuated
than that of GPS and GPS+GLONASS results for the low latitude station SPTU.

The RMSE of N, E, and U components, together with the three-dimensions (3D) RMSE
for all the stations, were calculated and are presented in Figure 9. Figure 9 shows that in the
low latitude network, the GLONASS positioning accuracy is obviously worse than that of
GPS and GPS+GLONASS. The coordinates of the SALU station exhibit the worst accuracy,
and the station also has poor data quality, as shown in Figure 3. Similar results can be
found from the mean RMSE of coordinate estimates of each network, as shown in Table 6.
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Figure 9. The RMSE of coordinates estimated with DD processing.
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Table 6. The mean RMSE of coordinates of each network estimated with DD processing and their
comparison among different processing modes (where R/G indicates the accuracy comparison of
GLONASS and GPS results, (G + R)/G indicates the accuracy comparison of GPS+GLONASS results
and GPS estimates. The positive red and negative green values indicate the percentage increment
and reduction of accuracy, respectively).

w G (mm) R (mm) G + R (mm) R/G (%) (G + R)/G (%)
Component

N 2.99 2.58 2.27 +13.79 +24.29
E 1.38 1.60 1.38 —16.17 +0.00
U 9.87 9.24 9.41 +6.35 +4.66
3D 10.40 9.73 9.77 +6.50 +6.05
N 291 2.88 2.78 +1.14 +4.48
E 1.90 247 2.12 —30.17 —-11.77
U 7.89 9.14 8.25 —15.79 —4.59
3D 8.62 9.89 8.96 —14.74 —3.96
N 2.60 3.18 2.57 —22.13 +1.37
E 2.94 4.79 2.87 —62.86 +2.39
U 777 10.74 6.93 —38.24 +10.89
3D 8.71 12.18 792 —39.93 +9.00

The RMSE results clearly show that the accuracies of coordinates estimated with
GLONASS are 13.79% and 6.35% better than that of GPS on N and U components in the
high latitude network. On the E components, however, the GLONASS positioning accuracy
decreased by 16.17% compared to GPS. Therefore, the 3D accuracy of GLONASS is 6.50%
better than that of GPS. In addition, the GPS+GLONASS combined mode presents the best
results among the three constellations, the accuracy improvements on N and U components
are 24.29% and 4.66% compared to GPS, respectively, and the 3D accuracy is 6.05% better
than that of GPS. The positioning performance is consistent with the analysis of PDOP in
Section 4.2. The stable and good PDOP enables the high positioning accuracy of GLONASS.
The PDOP of the combined constellations significantly improved over GPS; therefore,
GPS+GLONASS shows the highest accuracy in the high latitude network.

The positioning accuracy of the middle latitude network reveals that GPS presents
the best positioning results in E and U, as well as 3D components. GLONASS and
GPS+GLONASS exhibit a slightly better positioning accuracy of 1.14% and 4.48% than GPS
on the N component, respectively. The positioning accuracies of GLONASS on E and U
components are 30.17% and 15.79% worse than that of GPS. In addition, the positioning
accuracies of GPS+GLONASS on E and U components are 11.77% and 4.59% worse than
that of GPS. Furthermore, the 3D positioning accuracy of GLONASS and GPS+GLONASS
is reduced by 14.74% and 3.96% than that of GPS, respectively. As can be seen from Figure 7,
GPS has the best and the most stable PDOP values in the middle latitudes when compared
with the PDOP of high and low latitudes. The improvement of the GPS+GLONASS com-
bined constellations” PDOP over GPS is weaker when compared to high and low latitudes.
Besides, currently, the accuracy of GLONASS satellite ephemerides is about 3 cm, a bit
lower than that of GPS, with a 2.5 cm accuracy. Hence, it can be inferred that when the
stand-alone GPS has adequate visible satellites with good observation geometry, the ad-
dition of GLONASS observations shows no positive contribution to the accuracy of the
coordinates. This is consistent with the conclusion of Cai and Gao [10].

The positioning accuracy of the middle latitude network shows that GLONASS pre-
sented the worst positioning accuracy among the three modes. The positioning accuracies
of GLONASS on N, E, and U components are 22.13%, 62.86%, and 38.24% worse than that
of GPS, and the 3D positioning accuracy is 39.93% lower than that of GPS. The positioning
accuracy of GPS+GLONASS, however, is better than that of GPS, which is 1.37%, 2.39%,
and 10.89% on N, E, and U components, respectively, and the 3D accuracy increases by
9.00%. The poor positioning results of GLONASS and the improvement of GPS+GLONASS
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positioning performance by introducing GLONASS observations are consistent with the
analysis of PDOP.

4.3.2. Ambiguity Fixing Rate

The ambiguity fixing rate of GPS, GLONASS, and GPS+GLONASS modes of the three
networks is listed in Table 7. GPS has the lowest ambiguity fixing rate in the middle latitude
network but the highest ambiguity fixing rate in the low latitude network. As there is no
obvious difference in the GPS positioning accuracy of the three networks, we analyzed
the types of receivers used. The receivers of the high latitude network were of 3 brands
and 5 models, the receivers of the middle latitude network were of 3 brands and 6 types,
while in the low latitude network, there were only 2 brands and 2 models receivers. This
suggests that the different levels of ambiguity fixing rate could be related to the number of
receiver types used in different networks. The different signal distortion biases between
inhomogeneous receivers affect the GNSS data processing [31,32]. Despite having the best
receiver homogeneity, the ambiguity fixing rate of GLONASS in the low latitude network
was only 26.4%, but 74.7% for GPS.

Table 7. The ambiguity fixing rate of DD processing (G, R, and G + R in black body denote the
data processing mode, respectively. No bold G, R, and G + R represent the ambiguity fixing rate of
GPS+GLONASS processing mode, respectively).

System G+R
. G (%) R (%)
Region G (%) R (%) G +R (%)

High latitude network 70.3 63.9 69 62.8 66.5
Middle latitude network 53.1 56 51.5 54.8 53.0
Low latitude network 74.7 26.4 74.6 339 575

4.3.3. Tropospheric Estimates

Taking IGS tropospheric products as the reference value, the differences between the
estimated ZTDs and the IGS products were calculated. The stations SOD3, WTZR, and
SPTU were also used to illustrate the estimation accuracy of three different positioning
modes. The ZTD errors are presented in Figure 10. The data gaps in Figure 10 were caused
by missing observations or the reference data. It can be seen that the ZTD estimates present
wider discrepancies as the latitude decreases.
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Figure 10. The ZTD error series of station SOD3, WTZR, and SPTU estimated with DD processing.
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The RMSE of all the stations is shown in Figure 11. The mean RMSE of each network
and their comparison between different processing modes are shown in Table 8.
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Figure 11. The RMSE of ZTDs estimated with DD processing.

Table 8. The mean RMSE of ZTDs estimated with DD processing for each network and their
comparison between different processing modes (The positive red and negative green values indicate
the percentage increment and reduction of accuracy, respectively).

Region SYStem G (mm) R@mm) G+R(mm) RIG(%) G +R/G (%)
High latitude network 4.70 5.45 4.80 —15.85 —2.08

Middle latitude network 5.63 6.32 5.57 —12.26 +1.06
Low latitude network 7.81 10.33 7.50 —32.24 +4.00

The statistical results show that, in all the three networks, the ZTD estimates of
GLONASS are obviously worse than that of GPS, which are 15.85%, 12.26%, and 32.24%
lower in the high, middle, and low latitude networks, respectively. The accuracy of
GPS+GLONASS in the high latitude network is 2.08% worse than that of GPS but slightly
better in the middle and low latitude networks, about 1.06% and 4.00%, respectively. The
consistency between the estimated results and the IGS products decreases as the latitude
decreases for GPS, GLONASS, and GPS+GLONASS.

4.4. Static PPP Results

The positioning accuracy, the convergence time, and the accuracy of ZTD estimates
with the PPP processing strategy are analyzed.

4.4.1. Positioning Accuracy

Taking IGS daily coordinates as the reference value, the coordinate difference between
the estimated coordinates with PPP and the IGS daily coordinates was calculated. The
coordinate error series of GPS, GLONASS, and GPS+GLONASS modes on N, E, and U
components of SOD3, WTZR, and SPTU are shown in Figure 12.
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Figure 12. The coordinate error series of station SOD3, WTZR, and SPTU estimated with PPP.

As shown in Figure 12, the GLONASS coordinate error series of SOD3 is as steady as
that of GPS, while the coordinate error of WTZR and SPTU estimated with GLONASS ob-
servations is much more dispersed than other estimate modes. In addition, the magnitude
of the error series on U components of three positioning modes at the SPTU station is larger
than at the other stations.

The RMSE of N, E, and U components, together with the 3D RMSE for all the stations,
are shown in Figure 13. The mean RMSE of N, E, and U components, together with the 3D
RMSE for each network, are calculated and listed in Table 9.

Table 9. The mean RMSE of coordinates for each network estimated with PPP and their compari-
son between different processing modes (The positive red and negative green values indicate the
percentage increment and reduction of accuracy, respectively).

w G(mm) R@mm) G+R(mm) R/G(%)  G+R/G(%)
Component

N 2.66 2.30 2.16 +13.62 +18.78
E 3.16 3.13 2.83 +0.87 +10.37
U 6.67 6.86 6.15 —2.83 +7.87
3D 7.92 8.03 7.18 —-1.37 +9.35
N 297 3.56 3.14 —19.83 —5.63
E 2.64 3.21 2.56 —21.77 +2.99
U 7.54 9.08 7.62 —20.40 —-1.03
3D 8.56 10.39 8.69 —21.43 —1.52
N 3.44 3.86 3.48 —12.06 —0.96
E 391 4.09 3.14 —4.54 +19.73
U 8.19 8.87 7.23 —8.30 +11.79
3D 9.78 10.52 8.66 —7.58 +11.40
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Figure 13. The RMSE of coordinates of all the stations estimated with PPP.

Figure 13 and Table 9 illustrate the RMSE of coordinates estimated with PPP. The
GLONASS estimated coordinates have comparable accuracy with GPS in the high latitude
network. The accuracies on N and E components are 13.62% and 0.87% better than that of
GPS, but the accuracies on U and 3D components are 2.83% and 1.37% worse than that of
GPS. GPS+GLONASS presents the best coordinate estimates in the high latitude network.
The percentages of improvement over GPS on N, E, and U components are 18.78%, 10.37%
and 7.87%, respectively, and the 3D positioning accuracy is 9.35% better than that of GPS.
GPS stand-alone mode presents the best coordinate estimates except for the E component
in the middle latitude network. The coordinate accuracy on the E component of combined
GPS+GLONASS constellations has an advantage of 2.99% over GPS. The accuracies of
GLONASS on N, E, and U components are worse than that of GPS, at 19.83%, 21.77%, and
20.40%, respectively. The 3D positioning accuracy of GPS+GLONASS is 1.52% lower than
that of GPS. GLONASS shows the worst coordinate estimates among the three positioning
modes in the low latitude network. The 3D positioning accuracy is 7.58% lower than that
of GPS; however, the 3D positioning accuracy improvement of GPS+GLONASS is 11.40%
over GPS. The positioning performance of PPP with different modes in different latitudes
is basically consistent with that of the DD network solutions.

4.4.2. Convergence Time

The convergence time performance of GPS, GLONASS, and GPS+GLONASS process-
ing modes was studied. The criterion of convergence is achieving a positioning error of
less than 1 decimeter on N, E, and U components. The mean convergence time for each
station is shown in Figure 14. The mean convergence time for each network is listed in
Table 10. The results clearly show that the convergence time of GLONASS PPP is distinctly
longer than that of GPS, and the increased percentages are 51.90%, 45.28%, and 105.30%
in the high, middle, and low latitude networks, respectively. Compared with GPS PPP,
GPS+GLONASS processing reduces the convergence time, and the shortened percentages
are 6.11%, 16.57%, and 14.60% in the high, middle, and low latitude networks, respec-
tively. The convergence time gets longer as the latitude decreases for GPS, GLONASS, and
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GPS+GLONASS positioning modes, and the convergence time of GLONASS in the low
latitude network is obviously longer, up to 49.83 minutes.
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Figure 14. The convergence time of PPP.

Table 10. The mean convergence time of PPP for each network and their comparison between
different processing modes (The red values indicate the percentage reduction of convergence time
and the green values indicate the percentage increment of convergence time).

‘\\f\\\\\ffff\ G(min) R(min) G+R(min) R/G(%) G +RI/G (%)
Region

High latitude network 14.26 21.66 13.39 51.90 6.11
Middle latitude network 16.81 24.43 14.03 45.28 16.57
Low latitude network 24.27 49.83 20.73 105.30 14.60

4.4.3. Tropospheric Estimates

The differences between the estimated ZTDs with PPP after convergence and the IGS
products were calculated to obtain the time series and the RMSE of ZTDs. Figure 15 shows
the ZTD error series of station SOD3, WTZR, and SPTU. The RMSE of all the stations is
shown in Figure 16. The mean RMSE of ZTDs for each network and their comparison
between different processing modes are shown in Table 11.
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Figure 15. The ZTD error series of station SOD3, WTZR, and SPTU estimated with PPP.
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Figure 16. The RMSE of ZTDs estimated with PPP.

Table 11. The mean RMSE of ZTDs estimated with the PPP of each network and their comparison be-
tween different processing modes (The positive red and negative green values indicate the percentage
increment and reduction of accuracy, respectively).

w G(mm)  R(mm) G+R(mm)  R/G(%)  G+R/G(%)
Region

High latitude network 4.84 5.33 4.59 —10.10 +5.19
Middle latitude network 6.00 6.41 5.58 —6.82 +6.98
Low latitude network 8.23 9.39 7.59 —14.08 +7.79

Figure 15 shows that the ZTD estimates are dispersed as the latitude decreases. From
Figure 16 and Table 11, we can see that the ZTD estimates of GLONASS are less accurate
than that of GPS in all three networks, which are 10.10%, 6.82%, and 14.08% lower in
the high, middle, and low latitude networks, respectively. The addition of GLONASS
will improve the accuracy of tropospheric estimates, and the accuracy improvements are
5.19%, 6.98%, and 7.79% in the high, middle, and low latitude networks, respectively. The
accuracy of estimated ZTDs decreases as the latitude decreases for GPS, GLONASS, and
GPS+GLONASS.

5. Conclusions

It has been more than 10 years since GLONASS restored its full constellation. A solid
understanding of the positioning performance of GLONASS and its contribution to the
multi-GNSS is important in muti-GNSS positioning applications. This paper presents the
performance of GPS, GLONASS, and GPS+GLONASS with both DD network and PPP
processing strategies in different latitude regions. According to the statistical analysis
results of the current study, the following conclusions can be drawn:

1.  The data integrity rate of GLONASS is lower than that of GPS;

2. Both GPS and GLONASS have the mean maximum number of visible satellites in
high latitudes; however, the mean elevation angle of GLONASS is higher than that
of GPS;

3. GLONASS has a comparable or even better positioning accuracy than GPS in high
latitude regions, and the coordinates of GPS+GLONASS show the best accuracy;

4. GPS stand-alone mode gets the best positioning accuracy in middle latitude regions, and the
additional GLONASS observations show no positive impact on GPS+GLONASS processing;

5. GLONASS shows the worst accuracy in low latitude regions, but the adding of
GLONASS can improve the positioning accuracy of GPS+GLONASS processing mode
when compared to GPS-only processing mode;

6.  The addition of GLONASS will reduce the convergence time and improve the accuracy
of ZTDs for PPP processing in high, medium, and low latitude regions.
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Overall, for high-precision positioning users, GLONASS can be used as a stand-
alone solution in high latitude regions. The inclusion of GLONASS as a combined multi-
GNSS component in high and low latitude areas is advised. The addition of GLONASS
observations is always recommended for PPP users of meteorology information.
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