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Abstract: With the modernization of global navigation satellite systems (GNSS), especially the rapid
development of the BeiDou Navigation Satellite System (BDS), more observations of satellites and
signals have become available. Using data of the globally distributed MGEX stations, a systematic and
comprehensive evaluation of signal characteristics for BDS-3, BDS-2, GPS, and Galileo is conducted
in terms of carrier-to-noise ratio (C/NO), code noise, and multipath in the contribution. First, a
comprehensive signal quality assessment method for BDS/Galileo/GPS satellites and signals is
proposed, including C/N0 modeling and MP modeling. For BDS, the BDS-3 satellites apparently have
higher signal power than the BDS-2 satellites at the same frequency such as B1I and B3I, and the
signal B2a of BDS-3 is superior to other signals in regard to signal power, which is comparable with
the superior Galileo E5 signals and GPS L5. Among all the signals, the observation accuracy of E5
is the highest regardless of receiver types, and next highest are BDS-3 B2a and GPS L5. Due to not
being affected by the systematic code errors of BDS-2, the observations of BDS-3 satellites contain
smaller multipath errors than that of BDS-2 satellites. As for the multipath suppression performance,
the BDS-3 signal B2a, GPS L5, and Galileo E5 and E5b perform better than the other signals, which
may be related to their wide signal bandwidths.

Keywords: BDS-3; signal quality assessment

1. Introduction

As of May 2024, the data of 30 BDS-3 satellites in orbit are available, including 3 GEO
satellites, 3 IGSO satellites, and 24 MEO satellites [14], and currently, BDS constellation
is composed of BDS-2 and BDS-3 [5,6]. Furthermore, four BDS-3 experimental satellites
(BDS-3s) are available, including two IGSO and two MEO satellites [7,8]. BDS-3 added two
new signals, B1C and B2a, on the basis of compatibility with BDS-2 B1I and B3I signals [9-13].
Table 1 shows the characteristics of the current BDS-3 public signals. Apparently, the two
new signals, B1C and B2a, have higher ranging accuracy, wider bandwidth, and better
interoperability. In the signal design, to provide better compatibility and interoperability, the
B1C frequency is selected as 1575.42MHz, which is used for frequency multiplexing with
Galileo E1 and GPS L1, and B2a is selected as 1176.45 MHz, which is compatible with Galileo
E5a and GPS L5.

With the continuous improvement of the GNSS navigation and positioning theory,
the research on signal quality evaluation of GPS, Galileo, BDS-2, and other systems has
been relatively mature. The contents of the signal quality evaluation include the observed
signal-to-noise ratio [14-16], pseudorange multipath and noise [17-20], and pseudorange
and carrier observation accuracy [21-23]. For the new signal E5 of the Galileo, the research
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of Zaminpardaz et al. on the four IOV and nine FOC satellites showed that the E5 signal
modulated with AItBOC has significantly better signal power and lower noise and multi-
path biases among the five Galileo signals. The instantaneous ambiguity fixation on the E5
signal can be achieved by correcting the multipath [19]. Similarly, the research by Tian et al.
and Simsky et al. indicated that apart from outperforming others in signal powers, the E5
signal has a high level of short delay multipath suppression, which may be related to its
advanced signal modulation method [22,23]. As for BDS, the characteristics of the signals
B1C, B2a, and B2b were first analyzed by Zhang et al., utilizing the five BDS-3 satellites,
and it was found that the elevation-dependent pseudorange biases that appeared in the
BDS-2 satellite observations no longer exist in the new-generation BDS-3 satellites [24].

Table 1. BDS-3 open service signal system.

Signal Frequency Bandwidth Code Rate Modulation Broadcast Compatible
Component (MHz) (MHz) (Mcps) Satellite Frequency
B1I 1561.09 4.092 2.046 BPSK (2) All
B3I 1268.52 20.46 10.23 BPSK (10) All
B1C_data BOC (1,1)
; 1575.42 32.736 1.023 IGSO MEO L1, El
B1C_pilot QMBOC (6,1,4/33)
B2a_data
X 1176.45 20.46 10.23 BPSK (10) IGSO MEO L5, E5a
B2a_pilot
B2b_I
1207.14 — 10.23 QPSK (10) IGSO MEO E5b
B2b_Q

The availability of more BDS-3 satellite observation data has made the evaluation of
BDS-3 performance a research hotspot. Fu Zheng et al. studied the receiver pseudorange
deviation between BDS-2 and BDS-3 and found that the receiver pseudorange deviation
between BDS-3 and BDS-2 varies greatly and is related to the receiver type [25]. By
investigating the intrinsic characteristics of receiver-related biases in the combination of
BDS-3 and BDS-2, Mi et al. concluded that there exist noticeable differences in the epoch-
wise DCB estimates of the same type between BDS-3 and BDS-2 [26]. As for the atomic clock,
the drift rate and frequency stability of the clock on the BDS-3 satellite are significantly better
than those on BDS-2 [27,28]. Furthermore, when studying the combination positioning
of BDS-3 and other systems, the increase in BDS-3 new signals can significantly improve
the positioning performance of BDS/GPS/Galileo [29,30]. However, it was found that the
inter-system bias (ISB) between BDS-3 and other GNSS systems cannot be ignored. Even
ISB exists between BDS-3 and BDS-2 [31,32].

The excellent characteristics of BDS-3 interest us in further evaluating its perfor-
mance compared to other GNSS systems. In addition, with the completion of BDS-3,
the multi-system fusion positioning service with BDS as the core has preliminary condi-
tions. The combination of BDS-3 with other GNSS systems can provide sufficient obser-
vations and huge potential for improving the accuracy, reliability, and availability of PNT
services [33-35], yet the differences in data quality and random characteristics between
observations of different types of satellites and signals make it impossible to achieve ideal
results in multi-system fusion positioning. In addition, there are currently many brands of
receivers for BDS-3 data processing, which also makes the quality and characteristics of the
observation data inconsistent. Therefore, conducting a comprehensive evaluation of BDS-3
is of great significance, as compared to other GNSS systems.

Utilizing data from globally distributed MGEX stations that can receive BDS-3 satellite
signals, this paper first provides a brief description of the BDS-3 signal regime, then
provides a systematic and comprehensive assessment of its data quality, analyzing and
comparing it with other GNSS systems.
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2. Data and Methods

In order to study the performances of signals and satellites of BDS-3, quality evalu-
ations on C/NO, code noise, and multipath were conducted using data from the MGEX
stations that can process the BDS-3 signals.

2.1. Data

Table 2 shows the classification of the MGEX stations that can process BDS-3 signals
from 14 May to 20 May 2019 (DOYs 2019, 134-140). The earlier use of data here is because
BDS-3 data are just available at this time, and BDS-2 data are also relatively complete,
laying a solid foundation for the subsequent BDS performance analysis. In the experi-
ment, as the stations equipped with the same type of receiver showed high consistency,
the observations of the representative stations were used for experimental analysis to
compare the characteristics of C/NO, code noise, and the multipath between BDS-3 and
the other GNSS systems in different types of receivers. All the selected stations were
installed in an open sky environment, and data can be found at the IGS official website
(http:/ /www.igs.org/mgex/data-products/#data, accessed on 2 April 2024).

Table 2. Classifications of different receiver types in MGEX stations (G: GPS; E: Galileo; C: BDS).

Receiver Type Firmware Version Observation Signal Selection of Stations
G:L1,1L2,1L5 POTS, SGOC, SUTM,
TRE_33.7.6 E: E1, E5a, E5b, E5 ULAB, URUM, WIND,
C: B1I, B2I, B3I, B2a WUH2
JAVAD
G:L1 L2, L5 9 measuring stations
Others E(]:E 1]%5156]15”2]?55,3}55 such as BSHM, KOKV
G:L1, L2, L5 25 measuring stations
LEICA GR10, GR25, GR30, GR50 E: E1, E5a, E5b, E5 & ’
C: BIL B2I such as ALIC, EBRE
G:L1, L2, L5 48 measuring station
TRIMBLE NETR9 E: E1, E5a, E5b, E5 Sucheaz 5 OI%S CUOTOS,
C: B1I, B2I, B3I, !
G: L1, L2, 15 40 measuring stations
SEPT POLARX5 E: E1, E5a, E5b, E5, E6 & ’

2.2. Carrier-to-Noise Density Ratio Evaluation Model

The carrier-to-noise density ratio (C/NO) values are usually used to indicate the signal
quality of GNSS observed data. In the experiment, the C/N0 values of all epochs correspond-
ing to a certain satellite s at the frequency j were first extracted, and then the corresponding
satellite elevation EL on each epoch was calculated.

EL = arcsin (e,) (1)

where ¢, is the transformation coordinate value between the earth-centered fixed coordinate
system and the topocentric coordinate system.

Two models with regard to C/ N0 were established in the contribution so as to evaluate
the power of different signals in different GNSS systems.

The first model was for comparing the signal power between different satellite types
at the same frequency. In the model, the satellite elevations were used as the basis for
grouping the C/ N0 values, and the C/NO values of a certain satellite at a certain frequency
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point were divided into groups every 10 degrees. Afterward, an average value of C/NO
was calculated within each group. The formula is as follows.

. Yiq C/NO (D) k100, (k+1)-10°)
C/Noj,xwe(k) = !

2
; @
where k = 0 ~ 8 denotes the ky, elevation group, and n is the number of epochs within the
elevation group of [k-10°, (k+1)-10°]. C/N 07 a0 . (k) is the average C/NO value of satellite
s at the frequency j within the k;;, elevation interval.

The second model was for comparing the signal power at different signals. Different
from the first model, the C/ N0 values over the same type of satellites at the same frequency
were grouped according to their elevations. Then, C/NO values in each elevation interval

of 10 degrees were averaged, and STDs of C/NO were calculated to estimate uncertainties.

MY C/NO(E) 106 (k1) 100
C/NO;j g (k) = 1 =i=l ;i( ) [k10°,(k-+1)-10°] .

where 1 is the number of satellites that are the same type, and C/N0j ;. (k) is the average

C/NO value over a certain type of satellite at the frequency j within the k;;, elevation
interval. STDs can be expressed as:

ety Xty (C/NO () 100 (k-+1)-109) — €/ NOj a0 (k)
n

C/NOjstp(k) = \/ (4)

2.3. Noise Assessment Model

The BDS, GPS, or Galileo single-system pseudorange and phase-nondifference obser-
vation equations are:

Pli=pr+ (dty —dt®) + TL + B} + (d; +d) + 7 ©)

Dy =p;+ (dty —dt*) + T7 — B} + i+ Aj(N}j + by + b) ©
Py — @) = 2B} + (dpj+d%) — Aj(N7; + br,j + 1) @
AP~ ) = A, ®

where P? j is the pseudorange observation, and @7 j is the carrier phase observation. p; is
the geometry term, and dt, and dt° are the receiver clock error and satellite clock error.
T; is the tropospheric delay, and I;",j is the ionospheric delay. d, ; and dfj are the hardware
delays of the receiver and satellite in pseudorange observations, respectively. b, ; and b,s]-
represent the initial phase deviation and hardware delay of the receiver and satellite in
the carrier phase observation. N} j is the ambiguity term in the carrier phase observation.
ei,]- and ssrl]- represent other unmodeled errors, such as observation noise and multipath
effects in pseudorange and carrier phase observations, respectively.

Using the pseudorange minus the carrier, the geometric term can be eliminated, and
then using the inter-epoch difference, the ambiguity and ionospheric term can be eliminated
without circle slips. Apart from this, the phase noise was small and negligible in comparison

to the pseudorange noise; thus, the code noise can be evaluated by the above equation.

2.4. Code Multipath Analysis

A GNSS receiver theoretically receives a direct wave signal from the GNSS satellite,
but in reality, in addition to the direct wave, there are several indirect waves that reach
the receiver’s signal-receiving antenna, including reflected waves from ground or ground
objects, reflected waves from the satellite, and scattered waves from the atmospheric
propagation medium.
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Generally, the code multipath can be evaluated by constructing a combination of
multipaths using the pseudorange and carrier phase observations, which is expressed as
follows.

S S fz le s 2f S
MPf = Ps — fz 7+ f2<I>
_Pys] (fz fch] fj27f12q)1sf,) f2 f2((ps _Cfo,i)

The penultimate term of the multipath combination corresponds to the ionosphere-free
combination of the carrier phase so as to eliminate the effect of the first-order ionospheric
delay, while the last term is the geometry-free combination so that the effect of the geometry
term in the combination can be effectively eliminated.

Substituting the observed value equation into the above equation gives the equation:

fi+f 2f?
MP; = dM; — f2 fzd f2 7
where the subscripts i and j (i # j) denote the frequency, and dM and dm stand for the
code multipath error and the carrier phase multipath error. B includes the ambiguity term,
as well as the hardware delay deviation, which can be expressed as

fF+f7 22 .
i ffz/\ N; — 7 Ji f2 —d;—d (11)
]

Theoretically, the carrier phase multipath error and the systematic errors, such as
phase noise, were small, making them negligible with respect to the code multipath. When
the carrier phase observation does not appear in the cycle slip, the ambiguity parameter can
be treated as a constant. The differential code deviation was also stable in the short term.
Therefore, in the multipath combination, it was possible to smooth the irrelevant items by
taking the average value. Then, the code multipath in a complete arc can be obtained as

dm; — B (10)

B =

MP} ., = MP}— < MP} > (12)
where the operator < - > indicates smoothing in the time domain.

In addition, considering the fact that the code accuracy of some special signals can
reach the centimeter level, it was necessary to try to make the frequency difference between
the two signals as large as possible to minimize the effects of phase multipath and phase
noise when choosing to build the multipath combination. Therefore, the frequency f; and
fi were chosen in the paper, as shown in Table 3.

Table 3. Selection of signals in different multipath combinations.

System Galileo BDS-2 BDS-3 GPS
fj El E5a E5b E5 E6 BI1I B2l B3I B1I B3 B2a L1 L2 L5
fi E5a E1 E1 E1 E1 B2l BlI Bl B3I BiI B1I L2 L1 L1

Similar to the C/NO model, the multipath values on all epochs corresponding to each
satellite at the same frequency were grouped according to the satellite elevations, with
each 10° elevation as a split. Then, the multipath values within the same elevation interval
were averaged.

MP ]szmr( )

k. °, 100
MI)]Save(k) _ - [k-10°,(k+1)-10°] (13)

where MP]S 10e(k) denotes the mean multipath value of satellite s at frequency j in the ky,

set of elevation intervals.
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3. Experiment Results
3.1. Experimental Analysis of Signal Power

Using the model given above, the C/NO values of BDS-3 satellites at different signals
are analyzed. For ease of presentation, BDS-2 is represented as capital II, the BDS-3
experimental system is represented as capital IlIs, and BDS-3 is represented as III in the
following diagrams.

The average C/NO values of all satellites for BDS-2, BDS-3s, and BDS-3 at different
signals as a function of elevation are depicted in Figure 1, derived from the first model of
C/NO. The C/NO values of the same types of satellites are represented by lines of the same
color, indicating that the difference in signal power between satellites of the same type is
very small. In terms of B1I and B3I, the average C/NO values of BDS-3 MEO satellites are
all about 1-2 dB higher than that of BDS-2 MEO satellites and 3-4 dB higher than that of
BDS-2 GEO and IGSO satellites. The lower signal strength of GEO and IGSO satellites is
due to their high satellite orbit altitude, resulting in greater signal attenuation.

60
55| B1l B2
50 =T ,
45 o /
a0 W2~ | n1GEO P '

rod IIGSO
35
30 il MEO
25
60
55 B3l
50
45
40
35
30

25

B2a

C/NO[dB-Hz]

20 40 60 80 20 40 60 80
Elevation [deg]

Figure 1. Average C/NO values against the elevations of all the satellites for BDS B11/B21/B3I/B2a
based on observations collected from MGEX stations during DOY 134-140 in 2019. Only the results
of the representative receiver type JAVAD are plotted. (II: BDS-2; IlIs: BDS-3 experimental system;
III: BDS-3).

Due to the small differences between satellites of the same type, the C/NO values of
satellites of the same type are calculated together according to the second C/NO model to
further analyze and compare the signal performances of different GNSS systems, which are
shown in Figure 2. In the experiment, it was found that the experimental results obtained
by different types of receivers were basically consistent; therefore, only performances of
the receiver type JAVAD TRE_3 3.7.6 are described in the contribution.

The left panel of Figure 2 first shows the comparison of signal powers at various
frequency points of BDS-2 and BDS-3. Consistent with the above analysis results, the signal
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powers of BDS-3 satellites at B1I and B3I show a higher level than BDS-2 satellites. Among
all the signals of BDS, B2a performs the best, varying from 46 to 60 dB-Hz.

65
60
55
50

45

40 | 111-B1 7 111-B2a

35 - y
[I1-B2a té

30 [1-B1 £1
[1-B2

Eda

C/NO [dB-Hz]

20
20 40 60 80 20 40 60 80

Elevation [deg]

Figure 2. Average C/NOs against the elevations of different signals. The left panel is only for the BDS
signals, while the right panel is for all the signals of BDS-3, Galileo, and GPS.

The right panel of Figure 2 shows the C/N0s comparison of various types of signals
for BDS-2, BDS-3, GPS, and Galileo. Among all the signals, the GPS L5, BDS-3 B2a, and
Galileo E5b perform slightly better than the other signals, and L2 of GPS always has the
lowest signal power.

The average C/NO values of BDS-2, BDS-3, GPS, and Galileo on different types of
receivers at each signal are shown in Figure 3. There is little difference in signal power on
different types of receivers. Comparing the C/NO averages on the first seven stations of
JAVAD, which can receive B2a signals, the B2a signal has significantly higher power than
the other signals, regardless of station. Among all the BDS-2 signals, the signal power of
B1l is always smaller than that of B2I and B3I on the same station, while the order of signal
power for GPSis L5 > L1 > L2. For Galileo, the signal power of E5 is the strongest, although
on some stations equipped with LEICA-type receivers, the E5 signal is not the best.

3.2. Experimental Analysis of Pseudorange Noise

Similarly, the experimental data given in Section 2.1 are used to perform the experi-
mental analysis of pseudorange noise according to the Equation (8). CC is represented as
the pseudorange noise.

The time series of CC values of BDS-3 C35 at B2a are given in Figure 4. The gray line
indicates the satellite elevation. There is a certain correlation between the pseudorange
noise and satellite elevation. The higher the satellite elevation, the smaller the noise, and
vice versa. In Figure 5, the time series of CC values of four BDS-3 satellites at different
signals are depicted. The performances of the four satellites are almost the same, and all of
them show elevation-dependent and periodic characteristics. Corresponding to the high
signal power, the B2a signal possesses the lowest noise level among the three signals B1I,
B3I, and B2a.



Remote Sens. 2024, 16, 2277 8of17
55 55 r . . .
50 | EEZGH;% * |g' 82_%83' B2a so|  BOSI [ B1 B2l B3l ||
45 * b % %% § § B ;jg 45t ak*'** FH
40 % 40 ** ¥ W**** W |
N 35 - = 35 L Tk T
T 55 I 55 .
w 45K . ¥ 3 3% ¥ © | ok .
O * + ** ' | 45 X E ‘-’
g @ *1****3;%%*%* 1 S d0f K e W* * ﬁ' 1
g _
¥ L s
2 o GPS 1112 15 Z gg GFs | (U 1215 T |
)
& 33*%**%****%** *  oh a,e??r *W#&*f ;
2 o lkdesk sk g ek kok kK - il
55 .
50 Galileo E1 E5a E6 E5b E5 gg Galileo [E1 ESa E6 ESb Esq
; LR P , LK
40 ' g w0 {
35 i £2 s |
Stations with receiver type of JAVAD Slalions with receiver type of LEICA
(a) (b)
55 T T, I 55 T T L T
50 | BDS- [ B11 B2 B3 || 50|  BDSI [B11 B21 B3I B1CB2al |

Average C/NO values [dB-Hz]

35

45 e Dndss <L Py VE LUV v et
40+ o °§é o3 S ‘g'ﬁa'mwg'ﬁq

55

50 -

BDS-II

'.{'J".-'}ié\l) 03 ‘

.p“~

Stations with receiver type of SEPT

(©)

Average C/NO values [dB-Hz]

Stations with receiver type of TRIMBLE
(d)

Figure 3. Comparison of C/NO values at different signals for different receiver types. The horizontal

axis in subfigure (a) represents 15 stations with the receiver type JAVAD, while that in subfigure (b)

represents 24 stations with the receiver type LEICA, that in subfigure (c) represents 29 stations with the
receiver type SEPT, and that in subfigure (d) represents 40 stations with the receiver type TRIMBLE.
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Figure 4. Time series of CC values of the BDS-3 C35 satellite at the B2a signal during DOY 134-140 in
2019. The satellite elevation over time is indicated by the gray line.
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Figure 5. Time series of CC values of the four selected BDS-3 satellites at B11/B3I/B2a during DOY
134-140 in 2019.

Similarly, the time series of CC values for BDS-2, Galileo, and GPS satellites are given
in Figure 6. For BDS-2, the GEO and IGSO satellites have larger noise levels than MEO
satellites, which can also be related to their higher orbital altitude. Possessing high signal
power, BDS-2 B3I, GPS L5, and Galileo E5b show smaller noise than other signals. It is
worth noting that although GPS L2 has a low signal power, its noise level is not significantly
greater than the other signals, which indicates that the noise level is not only related to the
signal power.
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Figure 6. Time series of CC values for BDS-2 (C5, C6, and C12), Galileo (E12 and E31), and GPS
(G15, G11, and G24) satellites at different signals during DOY 134-140 in 2019. Legends B1I (light
green), B2I (bright green), and B3I (light blue) are for BDS satellites C5, C6, and C12. Legends E1
(light blue), E5a (light green), E6 (bright green), and E5b (light yellow) are for Galileo satellites E12
and E31. Legends L1 (light blue), L2 (light green), L5 (bright green) are for GPS satellites G15, G11
and G24.

Similar to the comparison of C/NO on each station in Figure 3, STDs of CC values at
different signals on each station are depicted in Figure 7, which are used to reflect the code
noise level. Comparisons of different signals on different stations have almost identical
characteristics, indicating that the pseudorange noise levels of different signals have little
relationship with the receiver type. It is worth noting that the Galileo E5 signal exhibits
optimal performance due to its high signal power.

3.3. Experimental Analysis of Multipath

Corresponding to Figures 5 and 6, comparisons of multipath values are presented in
Figures 8 and 9, respectively. The BDS-3 satellites perform better than BDS-2, and their
multipath values no longer tend to vary with the elevation, which may be related to the
better multipath resistance of their new modulated signals. In addition, the on-satellite
multipath errors that appeared on BDS-2 satellites are no longer present on the BDS-3
satellites. The BDS-3 B2a, GPS L5, and Galileo E5b have significantly smaller multipath
errors than other signals.

In order to more clearly compare the magnitude of multipath values at each signal,
the STD values of multipath combinations for each satellite at different signals are shown
in Figure 10. The accuracies of BDS-3 B2a, BDS-2 B3I, GPS L5, and Galileo E5b are superior
to other signals in their respective systems.
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Figure 7. Comparison of average CC STD values in different stations. The horizontal axis in
subfigure (a) represents 15 stations with receiver type JAVAD, while that in subfigure (b) represents
24 stations with receiver type LEICA, that in subfigure (c) represents 29 stations with receiver
type SEPT, and that in subfigure (d) represents 40 stations with receiver type TRIMBLE. In each
subgraph, the 4 panels are for BDS-3 B11/B31/B2a, BDS-2 B11/B2I/B3I, GPS L1/L2/L5, and Galileo
E1/E5a/E6/E5b/E5, respectively.
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Figure 8. Multipath values against satellite elevation for BDS-3 C19, C21, C23, and C35 satellites
during DOY 134-140 in 2019. MPC stands for Multipath Combination.
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E31), and GPS (G15, G11, and G24) satellites during DOY 134-140 in 2019. Legends B1I (light blue),
B2I (light green) and B3I (bright green) are for BDS satellites C5, C6, and C12. Legends E1 (light
blue), E5a (light green), E6 (bright green), and E5b (light yellow) are for Galileo satellites E12 and
E31. Legends L1 (light blue), L2 (light green) and L5 (bright green) are for GPS satellites G15, G11

and G24
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Figure 10. STDs of multipath combinations for different satellites. The four panels from top to bottom
are for BDS-3, BDS-2, GPS, and Galileo satellites, respectively.

Similar to the comparison of C/NO and CC values for each station, the STD values
of the multipath combinations for each type of receiver at different signals are shown in
Figure 11. Similar characteristics can be found, namely that the multipath values have
little relationship with the receiver type. Similarly, the Galileo E5 signal exhibits superior
performance compared to all other signals, regardless of receiver type.
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Figure 11. Comparison of average MPC STD values in different stations. The horizontal axis in
subfigure (a) represents 15 stations with receiver type JAVAD, while that in subfigure (b) represents
24 stations with receiver type LEICA, that in subfigure (c) represents 29 stations with receiver
type SEPT, and that in subfigure (d) represents 40 stations with receiver type TRIMBLE. In each
subgraph, the 4 panels are for BDS-3 B11/B3I/B2a, BDS-2 B11/B2I/B3I, GPS L1/L2/L5, and Galileo
E1/E5a/E6/E5b/ES5, respectively.

4. Discussion

By using data from different types of receivers and constructing models to evaluate
signal power, code noise, and multipath effects, the satellite and signal performance of BDS
and other systems such as GPS, Galileo were analyzed and compared.
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The receiver type has little influence on C/N0 values. For BDS, signal powers of BDS-3
satellites are approximate 2-3 dB-Hz higher than those of BDS-2 satellites at the same
frequency, which may be related to its advance modulation, and B2a of BDS-3, E5 of Galileo,
and L5 of GPS have stronger signal powers.

The pseudorange noise levels of different signals have little relationship with the
receiver type. It is worth noting that the Galileo E5 signal exhibits optimal performance
due to its high signal power. The observation accuracy of E5 can reach 0.2 m, which is the
highest among all the signals, regardless of receiver types, and next highest are BDS-3 B2a
and GPS L5.

Similar characteristics can be found, namely that the multipath values have little
relationship with the receiver type. Not being affected by the systematic code errors of
BDS-2, the observations of BDS-3 satellites contain smaller multipath errors than that of
BDS-2 satellites. As for the multipath suppression performance, the BDS-3 signal B2a, GPS
L5, and Galileo E5b perform better than the other signals, which may be related to their
wide signal bandwidths. The Galileo E5 signal exhibits superior performance compared to
all other signals, regardless of receiver type.

In conclusion, the signals B2a, E5, and L5 exhibit advantages over the other signals,
which may be attributed to the advanced signal modulation method.

5. Conclusions

A comprehensive evaluation of the signal characteristics of BDS, Galileo, and GPS
was conducted using data from four types of receivers of MGEX stations. The following
conclusion can be drawn.

In terms of signal power, the BDS-3 satellites have better manifestation than the BDS-2
satellites, and the signal B2a is better than B1I and B3I, while E5 of Galileo and L5 of GPS
perform better than the other signals of the respective systems. The pseudorange noise
exhibits characteristics of periodicity and variation with satellite elevation. The BDS-3 B2a
signal possesses smaller noise than the other signals of BDS. The signal L5 performs better
than the other signals of GPS, while the Galileo E5 signal performs best among all the
signals of the three systems, regardless of receiver types. The MP error of BDS-3 is on the
same level as that of GPS and Galileo, which is apparently smaller than that of BDS-2, and
the systematic biases which exist in the pseudorange observations of BDS-2 are absent for
BDS-3. Similar to the characteristics of the CC values, the BDS-3 B2a, GPS L5, and Galileo
E5b have significantly smaller multipath errors than other signals. In general, the C/NO,
CC, and multipath values have little relationship with the receiver type, but they affect
each other.

In this paper, although some preliminary conclusions and research results have been
achieved, there are still the following studies that need to be further deepened and ex-
panded, due to system development and personal conditions, etc. The paper mainly
focuses on the data quality between different types of satellites and different frequency
observations of BDS/Galileo/GPS, but it does not conduct a detailed study of the observa-
tion stochastic model based on this. With the availability of BDS-3 and more Galileo FOC
satellite observations, the establishment of a stochastic model that reflects the differences in
the stochastic characteristics of different observations based on the data quality analysis to
achieve high-precision-combined multi-GNSS navigation and positioning will become the
key of the next research.
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