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Abstract: With the modernization of GLONASS, four M+ and two K satellites are able to broadcast
code-division multiple-access signals at a G3 frequency. The evaluation of the G3 frequency is
necessary, among which the satellite-induced code pseudorange variation is one of the most important
indicators. Using the code-minus-carrier (CMC) combination, it was found that the magnitude of
the code pseudorange variations at the G3 frequency is about 1 m, which is primarily caused by
the fact that G3 is transmitted from a different antenna, the same as G1 and G2. However, different
from BDS-2 medium Earth orbit and inclined geo-synchronous orbit satellites, the code pseudorange
variations at the GLONASS G3 frequency have a very weak relationship with the elevation angle,
while a strong correlation exists with the time series, by using wavelet transformation and correlation
analysis. Validation is carried out using a single-site model and a continuous multi-site model over
24 h, and the correction performance of these two models is comparable. The systematic deviation
of the CMC and Melbourne-Wiibbena combinations are significantly corrected, so only random
errors remain. With a more concentrated distribution of the pseudorange residuals of single point
positioning, the standard deviation of the pseudorange residuals is reduced.

Keywords: GLONASS; code-minus-carrier combination; satellite-induced code pseudorange variations;
time-dependent model; periodical correction model

1. Introduction

With the continuous development of satellite navigation applications, GPS, GLONASS,
Galileo, the BeiDou Navigation Satellite System (BDS), and other satellite navigation
systems have successively advanced modernization construction, and the new genera-
tion of navigation satellites is one of the most important aspects [1,2]. Since the original
GLONASS-M satellites gradually reached the end of their service lives, Russia actively
promoted the upgrading and modernization of GLONASS, and new satellites were supple-
mented. From 2001 to 2011, a total of four new GLONASS-M+ satellites were launched,
and they were structurally optimized to achieve a longer design life. Then, in February
2011, the first K satellite was launched, and, in December 2014, the second K satellite was
launched; these two GLONASS-K satellites adopted the latest pressure-free design. In
addition to transmitting traditional frequency-division multiple-access (FDMA) signals,
four GLONASS-M+ series satellites and two GLONASS-K satellites have also transmit-
ted code-division multiple-access (CDMA) signals at the G3 frequency of 1202.025 Hz,
since 2011 [3].

As shown in Table 1, as of November 2022, the GLONASS constellation consists of
24 satellites, including 18 GLONASS-M series satellites, 4 GLONASS-M+ series satellites,
and 2 GLONASS-K series satellites, of which R26 is still undergoing testing. Many scholars
have carried out signal-performance evaluations of the G3 frequency. Using the R21-R26
satellite pair, Zaminpardaz et al. [4] found a lower noise at the GLONASS G3 frequency than

Remote Sens. 2023, 15, 431. https:/ /doi.org/10.3390/rs15020431

https://www.mdpi.com/journal /remotesensing


https://doi.org/10.3390/rs15020431
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com
https://orcid.org/0000-0003-1056-6406
https://orcid.org/0000-0003-0576-3181
https://doi.org/10.3390/rs15020431
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com/article/10.3390/rs15020431?type=check_update&version=1

Remote Sens. 2023, 15, 431

20f16

that of GPS, and the double-difference ambiguity resolution and positioning performance
were evaluated. Zaminpardaz et al. [5] also assessed the standalone GLONASS real-time
kinematic (RTK) short-baseline positioning performance using both the FDMA and CDMA
signals, and the positioning precision and ambiguity resolution success rate were improved
by adding G3 signals. Zhang et al. [6] found that the signal-to-noise ratio (SNR) on the
GLONASS G3 frequency is larger than that of the G1 and G2 frequencies. Additionally,
they also found that GLONASS-M+ satellites have a significant inter-frequency clock
bias (IFCB), and code pseudorange variations may exist at the G3 frequency. The code
observables are affected by signal- and frequency-dependent delays, and delays caused by
the nonsimultaneous transmission and/or reception of signals result in interfrequency and
intersignal biases [7,8]; hence, the understanding and handling of the short-term variation
of code biases is the prerequisite of high-accuracy positioning [9-11]. The satellite-induced
code pseudorange variations are related to the satellite constellation configuration and
satellite structure. In particular, the difference in the design of the antenna may lead to
the reflection of the signal in the satellite body or influence internal hardware delay. All
four GLONASS-M+ satellites and K satellite R26 transmit new L3 signals using a separate
navigation antenna, while K satellite R09 is equipped with an improved phased-array
navigation antenna covering all three frequencies [3].

Table 1. Constellation of GLONASS (as of November 2022). There are 18 M satellites, 4 M+ satellites,
and 2 K satellites.

Satellite Type Satellite PRN
RO1, R02, RO3, R06, R0O7, R08, R10, R11, R13, R14, R15, R16, R17, R18, R19, R20,
M
R23, R24
M+ R04, RO5, R12, R21
K R09, R26

Previous research found that GPS SVN49 [12] and BDS-2 satellites present exception-
ally large satellite-induced code pseudorange variations. For BDS-2 medium Earth orbit
(MEO) and inclined geo-synchronous orbit (IGSO) satellites, Wanninger and Beer [13]
established an elevation-dependent piecewise linear fitting method for an elevation range
from 0° to 90°, and no receiver dependence and no station-location dependence were
detected. Nadarajah et al. [14] studied the mixed-receiver BeiDou inter-satellite-type bias
and its impact on RTK positioning. Using a low-frequency wavelet filter, Ma and Shen [15]
determined the satellite-induced code pseudorange variation period of geostationary earth
orbit (GEO), MEO, and IGSO satellites as 86,160 s, 86,158 s, and 46,391 s, respectively,
which coincide with those of the corresponding satellite orbits. Additionally, using Fourier
transform, correlation, and wavelet transform, the characteristics of the code pseudorange
variations for BDS-2 GEO satellites over long periods were analyzed, and the precision of
BDS-2 SPP was improved by correcting the observables with low-frequency variations on
the previous day [16]. Ning et al. [17] further found that the code pseudorange variations of
BDS-2 GEO C01, C02, and C04 had a great correlation with time series instead of elevation,
while the C03 and CO05 satellites were less affected by the code pseudorange variations.
Beer et al. [18] explored the absolute GLONASS satellite antenna group delay variations
(GDV) of triple observations, and inhomogeneous GDV curves were obtained due to a
smaller number of satellites transmitting signals at G3. Additionally, due to changes in
the structure of GLONASS-M+ and K satellites, it is necessary to further confirm whether
satellite-induced code pseudorange variations exist, by conducting an analysis, modeling,
and evaluation.

In this paper, our aim is to provide an insight into the GLONASS satellite-induced
code pseudorange variations, wherein an analysis, modeling, and validation are the focus.
This paper is divided into three main sections. Firstly, we introduce the methodology of the
observable code-minus-carrier (CMC) combination. Secondly, the analysis and modeling
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of the code pseudorange variations are presented. Finally, the effects are validated using
the corrected model, and summaries and conclusions are provided.

2. Methodology

The code pseudorange variations are contained in the CMC combination and can be
obtained using a combination of code measurement P at frequency i and carrier phase
observables ¢ at frequencies i and j, which is also called multipath (MP) combination [19]:

f24 2 2f2
CMC; = P, — ——LAipi + ——2—Ajgp; — B; 1)
1 1 flz_sz 11 flz_sz iIAd] 1

where A is the wavelength of carrier phase with its frequency f. For convenience and
following methods of Wanninger and Beer [16] and Li et al. [20], we set the frequency pairs
obeying following principles: when case i is G2 and G3, we set j as G1; when i is G1, we set
j as G2. The bias term B; is expressed as

i+ f 2f}
Bi = 5—LA;N; + 21— A;N; + D, )
i flz_sz i4Vi flz_sz 7ty

where N is the ambiguity, and D, represents the biases between the observables caused
by hardware- and software-induced delays. Using the CMC combination, the satellite and
receiver clock offsets, tropospheric delay, ionospheric delay, distance between the satellite
and receiver, and other non-dispersive contributions can be eliminated. If no cycle slip
occurs, B; is assumed to be a constant and is determined as average over raw CMC values
for each continuous ambiguity block. Additionally, since the satellite antenna phase center
difference between G1/2 and G3 frequencies reaches several decimeters, CMC variations
have also absorbed this inconsistency. Therefore, CMC variations, which mainly reflect the
code pseudorange variations and the inconsistency of the satellite antenna phase center,
are obtained using Equation (1).

Theoretically, the maximum variation of carrier phase caused by multipath error is only
one-quarter of the wavelength, which does not exceed 6.5 cm for GLONASS. Therefore, with
respect to the decimeter-level or meter-level magnitude of code pseudorange variations,
the variations of the carrier phase can be neglected. For this reason, long-term changes in
the pseudorange observations can be found in the CMC time series, which are the code
pseudorange variations of interest.

3. Experimental Results and Discussions

To analyze and model the GLONASS code pseudorange variations, GLONASS triple-
frequency observations recorded from DOY 325 to 329, 2020, at 145 globally distributed sta-
tions (Figure 1) of the international GNSS service (IGS)’s Multi-GNSS Experiment (MGEX)
network [21] were utilized. All these stations can receive the GLONASS triple frequency,
and the data sampling rate is 30 s.
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Figure 1. The distribution of 145 MGEX stations with GLONASS triple-frequency observations used
in the experiment. The globally-distributed red points and brown squares represent stations that
were used to model the code pseudorange variations and validate the established correction model.
Ground tracks of R05, R09, R21, and R26 are given, and different color line denotes the ground track
of different satellite.

3.1. Characteristic of the Code Pseudorange Variations

Since R04 rarely transmits the G3 signal, the code pseudorange variations of the
remaining 3 M+ and 2 K satellites were studied. Moreover, since R26 is still currently
undergoing tests, both the broadcast and precise ephemerides of R26 are missing; therefore,
the elevation angle for R26 is not provided. Figures 2 and 3 show the relationship between
the time series of the code pseudorange variations and elevation angle on DOY 325, 2020, at
the BRUX and NNOR stations, respectively. Since the CMC combination only contains code
pseudorange variations and observation noise, the observation noise fluctuates randomly
around 0. If there is a systematic deviation in the CMC combination, code pseudorange
variations occur. It can be seen from the figure that with the decrease in the elevation
angle, the fluctuation range of the code pseudorange variations significantly increases. For
these two GLONASS-K satellites, R09 and R26, no clear code pseudorange variations exist
at the G1 and G2 frequencies. At the G3 frequency, the systematic deviation of the code
pseudorange variations for R09 are very small, almost negligible, which is consistent with
the study by Zhang et al. [6]. However, another K satellite, R26, differs from R09 at the
G3 frequency, the code pseudorange variations of R26 vary with the elevation angle at
NNOR station, and a constant upward tendency is observed at the BRUX station. The
possible cause of this is that the first GLONASS-K satellite, R26, is equipped with a distinct
G3 antenna, while the second GLONASS-K satellite, R09, uses an improved G1/G2/G3
phased-array navigation antenna [3].

For all the M+ satellites with a peak value of less than 1 m, code pseudorange variations
are found at the G3 frequency, which is the same as the K satellites, and no obvious code
pseudorange variations at the G1 and G2 frequencies are observed. Moreover, compared
with the systematic “V-shape” trend of the code pseudorange variations of all the BDS-2
MEQO satellites [22], the “V-shape” variation does not always apply to GLONASS MEO
satellites; the code pseudorange variations of R05 are shown in Figures 2 and 3, of R26 are
shown in Figure 2, demonstrating a constant upward or downward trend.
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Figure 2. The relationship between the code pseudorange variations and elevation angle on DOY

325, 2020, at BRUX station. The red, blue, and yellow lines represent the code pseudorange variations

on the G1, G2, and G3 frequencies, respectively. The purple line represents the elevation angle.
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Figure 3. The relationship between the code pseudorange variations and elevation angle on DOY 325,

2020, at NNOR station. The red, blue, and yellow lines represent the code pseudorange variations on

the G1, G2, and G3 frequencies, respectively. The purple line represents the elevation angle.

Moreover, for the R12 and R21 satellites, it is worth noting that there is an opposite
relationship between the code pseudorange variations and the elevation angle estimated
by the NNOR station and BRUX station. The BRUX station, which is located in the
Southern Hemisphere, shows a negative correlation, while the NNOR station, which is
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located in the Northern Hemisphere, shows a positive correlation. However, the correlation
between the satellite-induced code pseudorange variations and the elevation angle of the
BDS-2 MEO and IGSO satellites is always consistent and is unrelated to station distribution.
This consistency makes modeling the code pseudorange variations of the BDS-2 MEO
satellites relatively simple, but it will undoubtedly increase the difficulty of modeling the
code pseudorange variations of the GLONASS-M+ and K satellites. However, a similar
phenomenon has been observed in the BDS-2 GEO satellites, with a correlation between
the code pseudorange variations and elevation angle that is also opposing, and a diurnal
periodicity is found [17].

To further analyze the magnitude of the code pseudorange variations at the G3 fre-
quency, the observation data from 145 MGEX stations on DOY 325, 2020, as shown in
Figure 1, were utilized; the distribution of code pseudorange variations for all the M+
and K satellites is shown in Figure 4, wherein more than 400,000 code pseudorange errors
were counted. It can be seen that the distribution of the code pseudorange variations is
symmetric. The statistical results show that 99% of the code pseudorange variations are
within +2 m and more than 95% are within =1 m. In addition, more than 12% of the
pseudorange variations are around 0.

12f
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1O N B OO ®
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Multipath (m)

Figure 4. The distribution of the code pseudorange variations at the G3 frequency of all the M+ and
K satellites. The observation data of 145 MGEX stations on DOY 325, 2020, as shown in Figure 1, were
utilized, and more than 400,000 code pseudorange errors were counted.

3.2. Correlation Analysis of the Code Pseudorange Variations

For the investigation of the correlation of the code pseudorange variations, the Pearson
correlation coefficient is utilized. The Pearson correlation coefficient is a statistic used
to assess the monotonic correlation between two independent variables. Since a linear
relationship between the variables is not required, the Pearson correlation is especially
suitable when the relationship between the code pseudorange variations and the elevation
angle or the time series is uncertain. In addition, Pearson correlation analysis is insensitive
to extreme data, so the gross errors in the code pseudorange variations can be ignored [17].
Usually, the correlation degree of variables is judged according to the Pearson correlation
coefficient. If the coefficient falls between 0 and 0.2, there is a very weak correlation or
no correlation; 0.2-0.4 is a weak correlation, 0.4-0.6 is a moderate correlation, 0.6-0.8 is a
strong correlation, and 0.8-1.0 is a very strong correlation.

3.2.1. Elevation-Dependent Modeling

Figure 5 shows the correlation coefficient between the code pseudorange variations
and elevation angle at BRUX station on DOY 325, 2020. Except for GLONASS R21 and
R09, the BDS-2 MEO satellite C14 was selected as a contrast. Figure 5 shows that, at
the G1 and G2 frequencies of R21 and R09, the correlation coefficient between the code
pseudorange variations and the elevation angle is almost 0. At the G3 frequency, the
correlation coefficients of R21 and R09 are less than 0.4, representing a weak correlation.
Additionally, compared with a correlation coefficient of larger than 0.8 for C14 at the B1
and B2 frequencies, which has been confirmed to be elevation-dependent, a coefficient of
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0.4 is not enough to prove the existence of the correlation between the code pseudorange
variations and the elevation angle of a GLONASS satellite.

0.6
= = Frequency 1 =Frequency 2 mFrequency 3
2 03
[*]
5 ]
g 00— — —
: 1]
2-03
©
[
5-06
(&)

- GLONASS R21 GLONASS R09 BDS-2 C14
PRN

Figure 5. The correlation coefficient between the code pseudorange variations and elevation angle at
BRUX station on DOY 325, 2020. The blue, orange, and red bars represent the correlation coefficients
in the first, second, and third frequencies, respectively.

Furthermore, the observation data of all 145 MGEX stations, as shown in Figure 1, were
utilized; Figure 6 shows the relationship between the code pseudorange variations and the
elevation angle of R21. Figure 6 also shows that the code pseudorange variations are evenly
distributed near the 0 value for each elevation angle, and no systematic deviation from 0
is found. Moreover, the Pearson correlation coefficient is only 0.0758, and, thus, the code
pseudorange variations of R21 cannot be corrected by establishing the elevation-dependent
model; this conclusion is the same for the other GLONASS-M+ and K satellites.

wv

G3 pseudorange variation (m)
o

|
wv

10 20 30 40 50 60 70 80 90
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o

Figure 6. Relationship between the code pseudorange variations and the elevation angle of R21 on
DOY 325, 2020.

3.2.2. Time-Dependent Modeling

The satellite-induced code pseudorange variations of BDS-2 MEO and IGSO satellites
are both modeled and corrected using the elevation-dependent model, but this model is
not suitable for GLONASS MEO satellites. Apart from the elevation-dependent model,
the correlation between the code pseudorange variations and time series is analyzed, by
referring to the periodical model used in the code pseudorange variations modeling of the
BDS-2 GEO satellite [17]. Figure 7 shows the code pseudorange variations of R21 on DOY
325 and 326, 2020, at the BRUX station and FFM]J station, respectively. It can be seen that the
code pseudorange variations for two consecutive days have a strong periodicity. The FFM]J
station is close to the BRUX station, and the receiver and antenna at the FFM] station are
JAVAD TRE_3 DELTA and LEIAR25.R3, respectively, which are different from TRIMBLE
NETR9 and TRM59800.00 at the BRUX station; however, the code pseudorange variations
of R21 at the BRUX station and FFM] station on DOY 325 and 326 essentially show the same
trend. Therefore, as Wanninger et al. [13] pointed out, the code pseudorange variations are
unrelated to the receiver and antenna type or the observation environment. Moreover, from
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10:00 to 14:00 on DOY 325 and 8:20 to 12:20 on DOY 326, the code pseudorange variations
decrease all the time, and a “V-shape” trend is not observed.
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Figure 7. The code pseudorange variations of R21 on DOY 325 and 326, 2020, at BRUX station
and FFM] station. The blue dots denote the code pseudorange variations calculated by the CMC
combination, the purple line denotes the elevation angle, and the vertical red line is the dividing line
between DOY 325 and 326.

Figure 8 further shows the code pseudorange variations of R21 on DOY 325 and
326, 2020, at nine South American stations. (The nine red points with green circles in the
red rectangle of Figure 1). It can be seen from the figure that the G3 code pseudorange
variations of different stations are consistent and time-dependent.
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Figure 8. The code pseudorange variations of R21 on DOY 325 and 326, 2020, at nine South American
stations. The blue dots denote the code pseudorange variations calculated by the CMC combination,

the purple line denotes the elevation angle, and the vertical red line is the dividing line between DOY

325 and 326.
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3.3. Modeling of the Code Pseudorange Variations Using Multi-Site

Since the MEO satellites cannot be tracked by one station all day, the 24 h time series
of the satellite-induced code pseudorange variations cannot be determined using the
observations of a single station. Therefore, to obtain the continuous code pseudorange
variations of MEO satellites, all 145 stations shown in Figure 1 were utilized, and the
code pseudorange variations at an epoch were determined using the elevation-dependent
weighting method among multiple stations. There are both high-frequency components
and low-frequency components in the code pseudorange variations, and the high-frequency
components can be considered noise; therefore, Symlet wavelet transformation was utilized
to extract the low-frequency components of the code pseudorange variations [16].

Figure 9 shows the code pseudorange variations of R21 on DOY 325, 2020, at 145 globally
distributed stations. It can be seen that the G3 code pseudorange variations of different
station are also not elevation-dependent.

B wu @ ~ o 0
o o o o o o
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Figure 9. The code pseudorange variations of R21 on DOY 325, 2020, at 145 globally distributed
stations. The blue dots denote the code pseudorange variations calculated by the CMC combination,
the purple line denotes the elevation angle, and the red line represents the low-frequency components
of the code pseudorange variations using wavelet transformation.

Moreover, Figure 10 shows the low-frequency components of the code pseudorange
variations of R21 from DOY 325 to DOY 329, 2020. The figure shows that the variation trends
for 5 consecutive days are periodic and consistent, and a striking day-to-day repeatability
is observed.
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Figure 10. The low-frequency components of the code pseudorange variations of R21 from DOY 325
to DOY 329, 2020. The blue line represents the low-frequency components of the code pseudorange
variations using wavelet transformation, and the red vertical line represents the dividing line between
two consecutive days.
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Then, a correlation analysis was carried out based on the low-frequency components
of Figure 10, and the period was determined according to the peak value of the Pearson
correlation coefficient. Figure 11 shows the Pearson correlation coefficient of the code
pseudorange variations of R21 from DOY 326 to DOY 329, 2020. The statistical results show
that the peak value of the Pearson correlation coefficient on DOY 326 is around 0.7 6, which
is still larger than 0.5 over the following three days; therefore, a high correlation between
the code pseudorange variations and time series was found.

1
0.8
0.6
0.41
0.2[F

ol

-0.2
-0.4
-0.6
-0.81-

T

Correlation coefficient

T

-1 1 I 1 | 1 1 | 1 L § | 1 L § 1 1 I
0 4 8 121620 0 4 8 1216 20 0 4 8 1216 20 0 4 8 12 16 20 24
GPS Time (h)

Figure 11. The Pearson correlation coefficient of the code pseudorange variations of R21 from DOY
326 to DOY 329, 2020. The blue line denotes the Pearson correlation coefficient, and the red vertical
line is the dividing line between two consecutive days.

Moreover, the peak value of the Pearson correlation coefficient appears twice during
one day, and the even-numbered peak is larger than the odd-numbered peak. Referring
to Zhao et al. [22], a possible reason for this is that the code pseudorange variations of
GLONASS MEO satellites might vary according to their relative geometries with the Sun.
Since the orbit period of a GLONASS satellite is about 40,140 s, two periods are relatively
close to the length of a sidereal day. Therefore, we selected an even-numbered peak as the
period of the code pseudorange variations, with an average period of 80,520 s.

3.4. Validation of the Code Pseudorange Variations Model

Using the extracted low-frequency components of the previous cycle of the code
pseudorange variations, the code pseudorange variations of the current period can be
corrected, and the code pseudorange variations can be significantly decreased. The vali-
dation of the code pseudorange variations model was carried out using both the single-
site periodical model and multi-site periodical model, wherein the CMC combination,
Melbourne-Wiibbena (MW) combination, and residuals of SPP were taken into consideration.

3.4.1. Correction Effect Using a Single-Site Periodical Model

Since the code pseudorange variations for two consecutive days show strong periodic-
ity at a single station, validation was first carried out using the single-site periodical model.
Observation data on DOY 325 and 326, 2020, at the LEIJ, FFM], BRUX, CEBR, ANMG,
NNOR, MAL2, and MRC1 stations (the eight brown squares in Figure 1), were selected;
Figure 12 shows the correction effects of R21. Figure 12 shows that, after removing the
low-frequency components from the original code pseudorange variations, the systematic
deviation of CMC combination caused by the code pseudorange variations is significantly
corrected, and the distribution of the residual is random.
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R21 on DOY 325 and 326, 2020, at LEI], FFM]J,

BRUX, CEBR, ANMG, NNOR, MAL2, and MRC1 stations. The blue dots denote the original code
pseudorange variations, the purple solid line denotes the low-frequency components of the code

pseudorange variations using wavelet transformation, the red vertical line denotes the dividing line
between DOY 325 and 326, and the red dots denote the corrected CMC combination.

Table 2 further gives the standard deviations (STDs) of the code pseudorange varia-
tions without and with correction at the aforementioned eight globally distributed stations.
The statistical result shows that after using the single-site periodical model, the average
STDs of the code pseudorange variations decrease from more than 21 cm to less than 11 cm,

with a reduction of more than 44%.
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Table 2. The STDs of the code pseudorange variations without and with correction at LEI]J, FFM],
BRUX, CEBR, ANMG, NNOR, MAL2, and MRC1 stations.

DOY 325 DOY 326
Station Withoyt With. Reduction Withoflt With. Reduction
Correction  Correction o Correction  Correction o
(cm) (cm) %) (cm) (cm) %)

LEIJ 20.90 12.02 42.49 19.72 11.08 43.81
FFEM]J 20.13 11.26 44.06 20.16 10.88 45.95
BRUX 21.45 11.14 48.07 21.14 11.04 47.78
CEBR 20.68 12.42 39.94 20.88 12.24 41.38
ANMG 20.28 11.68 42.41 20.46 11.99 41.40
MAL2 19.88 10.98 44.77 20.14 11.36 43.59
MRC1 24.28 11.44 52.88 23.92 11.89 50.29
NNOR 22.28 12.48 43.99 22.87 12.95 43.38

3.4.2. Correction Effect Using a Multi-Site Periodical Model over 24 h

Although excellent correction effects have been achieved using the single-site model,
it relies on the observation data from this station for the previous day or observation data
from a nearby station [22]. A more general correction model is to apply the continuous
low-frequency components determined by multi-site observations. We named this model a
multi-site periodical correction model, as shown in Figure 11. Since this model is continuous
over 24 h, it can be applied to the code pseudorange variations of worldwide receivers.

To verify the multi-site periodical model, Figure 13 shows the corrected CMC combi-
nation using the single-site periodical model and multi-site model on DOY 326, 2020, at the
aforementioned eight globally distributed stations. It can be seen from Figure 13 that, after
removing the low-frequency components of the code pseudorange variations determined
by the 145 stations on DOY 325, the systematic deviation of the CMC combination on DOY
326 is corrected using the multi-site model over 24 h. Additionally, compared with the
single-site model, a comparable performance is achieved using the multi-site model.

To further validate the correction effect of the multi-site periodical model, the MW
combination, which was proposed by Hatch [23], was utilized. Figure 14 shows the time
series of the uncorrected and corrected MW combinations at the aforementioned eight
globally distributed stations on DOY 326, 2020. It can be seen from Figure 14 that the
original MW function values reveal strong systematic variations in time, with amplitudes
of more than half of a widelane cycle, which prevent precise ambiguity estimation and
successful ambiguity fixing, and this is consistent with the BDS-2 MEO satellites [13]. After
the application of the code corrections, these biases significantly decreased.
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Figure 13. The corrected CMC combination of R21 on DOY 326, 2020, at LEI], FFM]J, BRUX CEBR,
ANMG, NNOR, MAL2, and MRC1 stations. The red dots and deep blue dots denote the code
pseudorange variations using the single-site model and multi-site model over 24 h, respectively.

As used in the study by Wang et al. [16], the multi-site periodical model was further
verified using SPP. Figure 15 shows the original and corrected pseudorange residuals of R21
on DOY 326, 2020, at the BRUX station. Since the G3 signals of R09 and R21 were available
at the BRUX station, the code pseudorange variations of R09 and R21 were corrected using
the multi-site model, and a maximum of seven GLONASS satellites was available at each
epoch. The differential code bias (DCB) was estimated and corrected, as conducted in the
study by Li et al. [24]. It can be seen that the distribution of the corrected pseudorange
residuals of R21 is more concentrated. The statistical results show that after using the multi-
site periodical model, as used to correct the raw pseudorange observation, the STD of the
pseudorange residuals reduced from 0.76 m to 0.36 m. In addition, the average positioning
deviation of SPP has decreased from (1.85, 1.65, and 4.56) m to (1.63, 1.55, and 4.24) m.
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Figure 14. The MW combination time series on DOY 326, 2020, at LEI], FFMJ, BRUX, CEBR, ANMG,
NNOR, MAL2, and MRC1 stations. The blue dots denote the original MW combination, and the red
dots denote the corrected MW combination using the multi-site model.
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Figure 15. The pseudorange residuals of R21 on DOY 326, 2020, at BRUX station. The blue dots
denote the original pseudorange residuals, and the red dots denote the corrected residuals using the

multi-site model over 24 h.

4. Discussion

As part of GLONASS modernization, the Russian satellite system GLONASS has
started sending signals using CDMA, and an evaluation of the satellite-induced code
pseudorange variations at the new G3 frequency is being carried out. Since the antenna
phase center offsets are not provided in the IGS official antenna file, the inconsistency
of the position between the G3 antenna and G1/G2 antenna is not considered, i.e., the
GLONASS-K satellite R26 still transmits CDMA signals on the G3 frequency next to the
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FDMA signals on G1 and G2. As pointed out by Montenbruck et al. [3], the offset of the
navigation antenna phase center between the G3 antenna and G1/G2 antenna can reach
several decimeters, and, thus, the satellite-induced code pseudorange variations estimated
in this paper absorb these phase center offsets. In contrast, by applying the offsets, Beer
et al. [18] estimated the satellite group delay variations, which vary with the nadir angle.
However, to correct the phase center offsets, the satellite body-fixed coordinate system
should first be determined by considering the relative position with respect to the Sun
and Earth, and an additional computational load will be imposed, which is not applicable
for the massive, low-cost, low-power consumption chips for SPP. Hence, the proposed
periodical correction model, which has absorbed the difference of the satellite antenna
phase center offsets, is suitable for those massive SPP users.

5. Conclusions

This paper studies the satellite-induced code pseudorange variations at the GLONASS-
G3 frequency, and it absorbs the inconsistency of the satellite antenna phase center between
G3 and G1/2. The main conclusions are as follows:

1.  Compared with the systematic “V-shape” trend of the code pseudorange variations of
all the BDS-2 MEO satellites, the “V-shape” variation does not always apply to the
GLONASS MEO satellites; in addition, the correlation between the code pseudorange
variations and the elevation angle for GLONASS satellites is both weak and oppos-
ing, which cannot be modeled using the elevation-dependent model applied to the
BDS-2 MEO and IGSO satellites;

2. The code pseudorange variations show strong periodicity, so a periodical correction
model can be established; since a single-site periodical correction requires the obser-
vation data of the last day of this station or from a nearby station, the continuous
multi-site periodical correction model over 24 h is more applicable;

3. The validation of the code pseudorange variations model is carried out by using the
single-site periodical model and multi-site periodical model; after removing the low-
frequency components of the code pseudorange variations, the CMC combination,
the MW combination, and the pseudorange residuals of SPP also cure this deficiency,
so these two models can achieve comparable correction effects.
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