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Abstract: For the global ordinary users, the broadcast ephemeris plays important roles in positioning,
navigation and timing (PNT) services. With the construction of a new generation of the BeiDou
navigation satellite system (BDS), the development of BDS has entered the era of globalization.
It is meaningful for global users to analyze and assess the BDS-2 and BDS-3 broadcast ephemeris.
Therefore, the satellite orbits and clock offsets calculated by broadcast ephemeris are compared with
the precise orbit and clock offset products provided by three analysis centers (i.e., Helmholtz Centre
Potsdam German Research Center for Geosciences (GFZ), Wuhan University (WHU) and Shanghai
Astronomical Observatory (SHA)), and the corresponding signal-in-space range error (SISRE) and
the orbit-only SISRE are analyzed to assess the accuracy of BDS broadcast ephemeris. Due to the
upgrade of BDS-3 satellite hardware technology and inter-satellite links payload and the development
of satellite orbit determination algorithm, the accuracy of broadcast orbit and clock offsets has been
greatly improved. The root mean square (RMS) of BDS-3 broadcast orbit errors is improved by 86.30%,
89.47% and 76.86%, and the standard deviation (STD) is improved by 79.41%, 77.00% and 76.78%
compared with BDS-2 in the radial, along-track and cross-track directions. The corresponding RMS
and STD of all BDS-3 satellite clock offsets are improved by 40.34% and 52.49% than that of BDS-2,
respectively. Meanwhile, the mean RMS and STD are 1.78 m and 0.40 m for BDS-2 SISRE, 1.72 m and
0.34 m for BDS-2 orbit-only SISRE, 0.50 m and 0.14 m for BDS-3 SISRE, and 0.17 m and 0.04 m for
BDS-3 orbit-only SISRE. It is noteworthy that the average broadcast-minus-precise (BMP) clock values
of BDS-2 and BDS-3 are inconsistent, which can indirectly prove that the datum of broadcast clock
offsets for BDS-2 and BDS-3 are inconsistent. The inconsistency of the datum of satellite clock offsets
and receiver hardware delay bias between BDS-2 and BDS-3 will result in the inter-system bias (ISB) on
the receiver segment. For JAVAD TRE_3 receivers, the ISB is relatively small and thus can be ignored.
However, for the TRIMBLE ALLOY, SEPT POLARX5, CETC-54-GMR-4016, CETC-54-GMR-4011,
GNSS-GGR and UB4B0-13478 receivers, estimating ISB can improve the positioning accuracy of single
point positioning (SPP) by 20.15%, 19.81% and 12.76% in north, east and up directions, respectively.

Keywords: BDS-3; the datum of broadcast clocks; inter-system bias (ISB); signal-in-space ranging
error (SISRE); single point positioning (SPP)
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1. Introduction

The BeiDou navigation satellite system (BDS) independently developed by China follows three
construction phases, including the demonstration system (BDS-1) consisting of three Geostationary
Earth Orbit (GEO) satellites, the regional system (BDS-2) composed of five GEO satellites, seven Inclined
Geosynchronous Satellite Orbit (IGSO) satellites and three Medium Earth Orbit (MEO) satellites,
and the global system (BDS-3) containing three GEO, three IGSO and 24 MEO satellites [1-4]. With the
centralized launch of BDS-3 satellites, all BDS-3 MEO satellites were launched on or before December
16, 2019, and the core constellation deployment of the BDS-3 global system has been completed.
The performance of global positioning, navigation and timing (PNT) services will be further improved.

With the gradual deployment of the BDS-3 constellation, the BDS constellation will include the
satellite systems of BDS-2 and BDS-3. So, the observations of BDS-2 and BDS-3 need to be fully used to
take full advantage of the BDS potential. Therefore, it is meaningful for global BDS users to assess the
accuracy of BDS-2 and BDS-3 broadcast ephemeris and compare their differences. About the analysis
and assessment of BDS broadcast ephemeris, Montenbruck and Steigenberger assessed the GPS, BDS-2,
GLONASS, Galileo and QZSS in terms of broadcast orbit errors, clock offsets errors and signal-in-space
range error (SISRE), indicating that the SISRE values of BDS-2 are 1.5 m with a monthly scatter of 0.1 m,
which is better than GLONASS and the (nonoperational) Galileo IOV system [5]. The initial assessment
of BDS-3 broadcast ephemeris in terms of BDS-3 orbit, clock offsets, SISRE and orbit-only SISRE is
presented by Lv and Geng, concluding that the 3D orbit errors are better than 0.6 m, and the root
mean square (RMS) of SISRE and orbit-only SISRE are 0.5 m and 0.1 m, respectively [6]. Zhang and
Kubo used the precise product provided by the GNSS Research Center of Wuhan University (WHU) to
evaluate the BDS-2 and BDS-3, which shows that the BDS-3 SISRE is superior to that of BDS-2, and the
corresponding values are 0.71 m and 0.97 m, respectively [7].

For the assessment of BDS signal-in-space accuracy, especially for BDS-3, most researchers only
use the precise orbit and clock offsets provided by WHU to assess the accuracy of BDS-3 broadcast
ephemeris. The RMS of orbit errors and the accuracy of clock offsets and SISRE (including the orbit-only
SISRE) used to evaluate the accuracy of BDS broadcast ephemeris will inevitably be affected by the
accuracy and the datum of precise product. The conclusions drawn by using the precise satellite product
obtained from one analysis center (AC) lack slight reliability. Hence, the precise products provided by
the Helmholtz Centre Potsdam German Research Center for Geosciences (GFZ), Wuhan University
(WHU) and the International GNSS Monitoring and Assessment System (iGMAS) ACs of Shanghai
Astronomical Observatory (SHA) are used to assess the BDS signal-in-space accuracy to draw more
scientific and reliable conclusions.

In fact, the broadcast ephemeris of BDS-2 and BDS-3 are calculated separately. Although the
corrections of unifying the datum of BDS-2 and BDS-3 satellite clock offsets are considered in the BDS
information processing, an obvious systematic bias between BDS-2 and BDS-3 is found by comparing
the broadcast ephemeris and precise products in terms of satellite orbit and clock offsets. The previous
research indicated that there is a pseudorange bias (hardware delay bias) between BDS-2 and BDS-3 in
some receivers [8]. The pseudorange bias of the receiver will still produce the inconsistency of the datum
of clock offsets for BDS-2 and BDS-3 during the processing of broadcast clock offsets. Most references
ignore the inconsistency of the datum of satellite clock offsets in evaluating the accuracy of BDS
broadcast ephemeris and positioning [7,9]. Only Wang and Li found a datum deviation of 3.8 ns
between BDS-2 and BDS-3 by comparing the differential code bias (DCB) and time group delay (TGD) of
BDS-3 satellites [10]. Zhang and Wang further attributed this inconsistency to satellite-dependent TGD
bias of the BDS broadcast ephemeris, and corrected this inconsistency by calculating TGD bias [11,12].
Although the corrections of TGD bias can weaken the impact of the inconsistency of the datum of
satellite clock offsets on the assessment of BDS-2 and BDS-3 signal-in-space accuracy, the inter-system
bias (ISB) between BDS-2 and BDS-3 is affected by both the datum of satellite clock offsets and receiver
pseudorange bias [13-16]. The receiver pseudorange bias and residuals of these corrections affected
by the number of tracking stations and the accuracy of satellite orbits and ionospheric products



Remote Sens. 2020, 12, 2081 3of24

will continue to affect the assessment of BDS-2 and BDS-3 signal-in-space accuracy and single point
positioning (SPP).

With this background, we give the evaluation methods of broadcast clock offsets and SISRE and
the new BDS-2 and BDS-3 combined SPP model in Section 2. The datasets needed for the assessment
of BDS broadcast ephemeris and the SPP processing strategy are presented in Section 3. In Section 4,
we first analyze the accuracy of broadcast orbit and clock offsets, SISRE and orbit-only SISRE, and
prove that the datum of broadcast clock offsets for BDS-2 and BDS-3 are inconsistent by comparing
average broadcast-minus-precise (BMP) clock values of BDS-2 and BDS-3 during the assessment of
broadcast clock offsets. Then, we investigate the impact of the inconsistent datum of broadcast clock
offsets on BDS-2 and BDS-3 combined SPP. Finally, some conclusions and recommendations are drawn.

2. Methods

To analyze and assess the BDS-2 and BDS-3 broadcast ephemeris, we begin with the evaluation
and calculation methods of broadcast ephemeris and the SISRE. For BDS broadcast orbits, BDS interface
control document (ICD) gives the calculation methods, which will not be discussed in this
contribution [17-19]. As for the evaluation and calculation methods of satellite clock offsets, a deep
analysis in detail is offered in this section. Finally, the traditional BDS SPP and new BDS-2 and BDS-3
combined SPP models considering ISB are developed in this section.

2.1. BDS Satellite Clock Offsets

The precise satellite clocks products are generated by the ionospheric-free (IF) observation model,
the precise clock offsets will absorb the satellite IF uncalibrated code delays (UCDs) [20,21]. It is
noteworthy that the BDS broadcast clock offsets are determined by Two-way Satellite Time Frequency
Transfer (TWSTFT) [22,23], and the equipment group delay of BDS B3I (1268.520 MHz) is treated as the
reference equipment group delay. Whether BDS-2 or BDS-3, the equipment group delay of B3I will be
absorbed by the satellite broadcast clock offsets. The broadcast clock offsets and precise clock offsets
can be expressed as [22,24]:

{ 61%roadcast = ot° + Bgsi + dDgroadcast (1)
6TIS’recise = 8T° + IFucps + dDprecise
where 6tgroa deast and STIS,reCise represent broadcast and precise clock offsets calculated by the

recommendation model of BDS ICD and International GNSS Service (IGS) product descriptions [17-19,25];
Bggr is the equipment group delay of B31. IFycps is the satellite IF UCDs. dDgyoadcast and dDprecise denote
the receiver-independent bias introduced through broadcast and precise satellite clock estimation.
As mentioned above, the BDS original broadcast clock offsets are determined by TWSTFT, not IF
observation model [22,23]. Therefore, dDgoadcast Will absorb the datum of TGD when TGD correction
is performed to convert the original clock offsets to the clock offsets with a certain equipment group
delay. Previous studies have shown that the TGD of BDS-2 and BDS-3 are also calculated by two
information processing centers [12] and the inconsistency of the TGD datum for BDS-2 and BDS-3
resulted from different solution conditions will cause the inconsistency of the datum of satellite clock
offsets between BDS-2 and BDS-3.

After TGD correction, the broadcast clock offsets absorbed the equipment group delay of B3I can
be restored to the clock offsets absorbed the equipment group delay of IF combination between B1I
(1561.098 MHz) and B3I (1268.520 MHz):

2
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where 6tISF, Broadcast 1S the broadcast clock offsets absorbing the IF equipment group delay IFp,; fg1; and
fpay are the frequencies on the B1I and B3I signals, respectively; TGD; is the differential equipment
group delay between the B1I and B3I.

In order to get the accuracy of broadcast clock offsets, we make a difference between broadcast
clock offsets and precise clock offsets, which can be expressed as:

At = 6t5

1F, Broadcast 6T%’recise = ((‘Sts + IFBp) - (BTS + IFUCDS)) + dDBroadcast - derecise (3)

where At is the BMP clock value.

As shown in Equation (3), the datum of the satellite clock offsets cannot be eliminated by the
first-order difference, so we need the double difference to eliminate the datum. The error of the
broadcast clock offset VAt can be computed by subtracting the average of all satellite in a constellation
from BMP clock values of each satellite at each epoch [5]:

VAt = At - AveCLK (4)

Eau (o0 +m,) (67 + )

Avecrx = - n n + dDgroadcast — derecise ()

where Avecyk is the average BMP clock values of satellites in a constellation.

2.2. Signal-in-Space Range Error

The SISRE was developed in detail to assess the accuracy of the broadcast ephemeris, and the
solution method is shown in Figure 1.

Precise Broadcast / Precise
orbits Ephemeris / clocks
v v
PCO/PCV TGD
correction correction
v

Unified time node

v v
The accuracy of broadcast Unified the datum of
orbit based on ECEF(Earth satellite clocks between
Centered Earth Fixed) broadcast clocks and
coordinate system precise clocks
Coordinate N
transformation v v

The accuracy of
broadcast orbit based
on RAC (radial, along-

track, cross-track)
reference system

+ A 4

SISRE

The accuracy of
broadcast clocks

SISREors

Y

Figure 1. The flow chart for assessment of Broadcast orbit and clock accuracy and calculation of
signal-in-space range error (SISRE).
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According to Montenbruck and Steigenberger [5,26], the orbit-only SISRE can be expressed as:

SISREoRp = w2 -R2 + w2 (A2 +C?) ©)

where SISREQRp is the orbit-only SISRE; Wr and Wi,c are the weight factor of orbit errors for radial as
well as along-track and cross-track. Wr and Wi,c are 0.98 and 1/54 for BDS MEO satellites, 0.99 and
1/126 for BDS GEO and IGSO satellites [5].

Simultaneously, considering the contribution of the accuracy of clock offsets to SISRE, the equation
can be expressed as:

SISRE — \/(WR-R—C~VAt)2 +w? .- (A2+ Q) @)
The only difference from Equation (6) is that the accuracy of clock offsets VAt is considered.

2.3. BDS lonospheric-Free SPP Model

The IF pseudorange observation model can be expressed as [9,27]:
P e = uf X + - (8t — 8t) + Tyrop + ¢+ (IFp, — IF, ) + €5 ®)

where PiIF denotes the IF pseudorange observation; uf’ is the unit vector form receiver r to satellite s;
x refers to the vector of the receiver position increments in three-dimensional (3D) directions; 6t; and
5t5 are receiver and satellite clock offsets, respectively. Tiop denotes tropospheric delay; IF,, and IFg,
denote the receiver and satellite IF UCDs, respectively. ailF is the IF pseudorange observation noises
containing multipath and higher-order ionospheric delay.

Combing Equations (1), (2) and (8), the BDS IF SPP model can be expressed as:

P8 b= uF X + ¢ (8te + [Py, +dD) — ¢ 8t + Tirop + €5 )

Now turn to BDS-2 and BDS-3 combined SPP model, the receiver clock offsets of BDS-2 and BDS-3
absorb the receiver IF UCDs and the datum of satellite clock offsets of each system.

1 IF r,IF (10)

PBDS—3 — uPDS—fi ‘X4 c- (5tr + IFEI]?S_B + dDBDS—3) —c- ét}SFDS—B + Ttrop + £BDS—3

{ PERS2 — uPDS 2. x 4 ¢ (8t + TFED" 2 4+ dDPPS2) — - SEEP52 4 Tipop + 2052
r,IF

r,IF

If no differences exist between BDS-2 and BDS-3 for the receiver IF UCDs and the datum of
satellite clock offsets, the BDS-2 and BDS-3 combined IF SPP model can be expressed as:

r,IF r,IF (11)

PPDS™3 = uBDS3 . x 4 ¢+ (8t; + IFp, + dD) — ¢ - SHP5™3 4 Tygopp + 2053

{ PPDS2 = uBPS2. x4 ¢ (8t + IFy,, + dD) — ¢ SEPS 2 + Typgp + 5052
r,IF

r,IF

The estimated vector E1 in the IF SPP model includes receiver 3D position increments and the
receiver clock offsets can be expressed as:

El=[x ot (12)

where tj, = 8ty + IFy,, + dD.

If the differences exist between BDS-2 and BDS-3 in the receiver IF UCDs and the datum of satellite
clock offsets, the BDS-2 and BDS-3 receiver clock offsets are inconsistent. The receiver clock offsets
absorbed the BDS-2 receiver IF UCDs and the datum of BDS-2 satellite clock offsets are considered as
the datum of the receiver’s clock estimation. The BDS-2 and BDS-3 combined IF SPP model can be
expressed as:
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PE]I%S_z = uPDS_Z “X+c- <6tr + IFEES_Z + dDBDS_Z) —c-5tBPS2 4 Throp + ErB,]IDFS_Z
pPDSe = P53 x4 ¢ (8t + IFPS 2 4 dDPPS2) (13)
Loc. (IFEI?S—s _ IFEI];')S—Z | dDBDS-3 _ dDBDS—Z) . 5tBDS3 4 Tirop + E1313;5—3

In addition to the estimation parameters of E1, the estimated vector E2 also includes the ISB
between BDS-2 and BDS-3, which can be expressed as:

_ ,BDS-2
E2 =[x st ISB | (14)

where ISB = IFEI?S_3 - IFEES_Z + dDBPS=3 — dDBPS-2, The ISB contains the receiver pseudorange bias
and the inconsistency datum of satellite clock offsets between BDS-2 and BDS-3.

3. Datasets and Processing Strategies

To analyze and assess the BDS-2 and BDS-3 broadcast ephemeris in terms of the accuracy
of broadcast orbit and clock offsets, the difference of the broadcast clock datum between BDS-2
and BDS-3 and its impact on BDS-2 and BDS-3 combined SPP, the BDS broadcast ephemeris (ftp:
//ftp.pecny.cz/LDC/orbits_brd/gop3/) and precise orbit and clock offsets provided by the GFZ (ftp:
//ftp.gfz-potsdam.de/GNSS/products/mgex/), WHU (ftp://igs.ign.fr/pub/igs/products/mgex/) and SHA
(http://112.65.161.230/download/index.php) are used to calculate the accuracy of broadcast orbit and
clock offsets, orbit-only SISRE and SISRE. Information on the precise products is listed in Table 1.

Table 1. The properties of BeiDou navigation satellite system (BDS) precise satellite orbit and clock

offset products.
Sampling Interval Sampling Interval . .
Agency of Orbit of Clock Offsets Time System  Coordinate Frame
GFZ 5 min 30s GPST 1GS14
WHU 15 min 30s GPST 1GS14
SHA 15 min 300s GPST 1GS14

Due to the different solution strategies adopted by different ACs in terms of the precise attitude
model, the solar radiation pressure model and the strategy of selecting the reference station during
the estimation of precise clock offsets [28-32], the release of BDS-3 satellite precise products is also
different. Figure 2 shows the missing of precise products obtained from GFZ, WHU and SHA.

The 10 IGS multi-GNSS experiment (MGEX) tracking stations [24] and 10 iGMAS tracking stations
are selected to assess the BDS SPP performance and research the impact of the inconsistency datum of
broadcast clock offsets and the receiver pseudorange bias on BDS-2 and BDS-3 combined SPP. Figure 3
shows the distribution of the selected stations. In order to descript the BDS service performances in
these tracking stations, the corresponding mean position dilution of precision (PDOP) is marked in
the geographical distribution. Incidentally, the global PDOP grid interval is 2.5° X 5°, and the cutoff
elevation is set to 7.5°, which is consistent with SPP. All selected tracking stations can receive BDS-2
and BDS-3 observations, and the time interval is 30 s. As with previous studies, the receiver type
and the environmental factors (temperature and humidity, etc.) play important roles in the hardware
delay [8,33-35]. Table 2 shows the properties of the selected stations.

These selected IGS MGEX and iGMAS tracking stations are used to perform SPP. The least-square
method is applied in SPP, the antenna phase center offset (PCO) and phase center variations (PCVs)
are corrected by using IGS ANTEX files [36,37]. About the tropospheric delay, the modified Hopfield
model based on the Global Pressure and Temperature 3 (GPT3) model is used to correct the dry and
wet tropospheric delay, and the mapping functions of both dry and wet parts are obtained by Vienna
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mapping functions 3 (VME3) according to the elevation angle of each satellite [38]. The ISB processing
strategies of not estimating ISB and estimating ISB are performed. Table 3 summarizes the processing

strategies for BDS SPP.

GFZ
QQARTANRORE AQATAARTAVNRRY 2AAAARRNRORR

WHU

SHA

AR ARG CIEIE =S RIRINI NINIGI GIGIC

= FONOND NONDG) LICIC

O=LANNONHBNDONED O =LA ~ON HODONHE D

O =N ~ON HDRONH D

Normal Missing _

e

o

Q1 NINININI NICICI LI

OOOOOOOOOOQQQO OOOOOOOOOOQQQO OOOOOOOOOOQQQO
G AIRRRIRIGIL LI 0
ONBDROWNNO-WANO ONBENROWUNNO-WNO  ONHEDDOW IO -WAN©

N PRI NICICD LI

Figure 2. The missing of BDS-3 precise products obtained from the Helmholtz Centre Potsdam
German Research Center for Geosciences (GFZ), Wuhan University (WHU) and Shanghai Astronomical
Observatory (SHA) from DOY 089 to 123, 2020.
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Latitude
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e
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IGS MGEX Tracking station

Longitude

11.5

Figure 3. The geographical distribution of the selected stations and the mean position dilution of
precision (PDOP) distributions of the corresponding area.
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Table 2. The properties of the selected stations included agency of tracking station, receiver type,

manufacturer and antenna type.

Station Agency Receiver Manufacturer Antenna
POTS IGS MGEX JAVAD TRE_3 JAVAD JAVRINGANT_G5T
SGOC IGS MGEX JAVAD TRE_3 JAVAD JAVRINGANT_G5T
ULAB IGS MGEX JAVAD TRE_3 JAVAD JAVRINGANT_G5T

URUM IGS MGEX JAVAD TRE_3 JAVAD JAVRINGANT_G5T

WUH2 IGS MGEX JAVAD TRE_3 JAVAD JAVRINGANT_G5T
KRGG IGS MGEX TRIMBLE ALLOY TRIMBLE LEIAR25.R4
MCHL IGS MGEX TRIMBLE ALLOY TRIMBLE TRM59800.00
KITG IGS MGEX SEPT POLARX5 SEPTENTRO JAVRINGANT_DM

DJIG IGS MGEX SEPT POLARX5 SEPTENTRO TRM59800.00
PTGG IGS MGEX SEPT POLARX5 SEPTENTRO TRM59800.00
BJF1 iGMAS CETC-54-GMR-4016 CETC 54 LEIAR25.R4

BRCH iGMAS CETC-54-GMR-4016 CETC 54 NOV750.R4
ICUK iGMAS CETC-54-GMR-4016 CETC 54 NovAtel-750
KNDY iGMAS CETC-54-GMR-4016 CETC 54 GNSS-750
CANB iGMAS CETC-54-GMR-4011 CETC 54 GNSS-750
DWIN iGMAS CETC-54-GMR-4011 CETC 54 GNSS-750
KRCH iGMAS UNICORE UB4B0I UNICORE NOV750.R4
CNYR iGMAS UNICORE UB4B0I UNICORE NOV750.R4
KUN1 iGMAS UB4B0-13478 UNICORE NOV750.R4
SHA1 iGMAS UB4B0-13478 UNICORE NOV750.R4

Table 3. Single point positioning (SPP) processing strategies.
Items Strategies
Observations Pseudorange observations

Frequency point
Elevation cutoff

Observation weighting

Satellite orbit
Satellite clock offset
Tropospheric delay
Ionospheric delay
Receiver antenna
Relativistic effect
Earth rotation

Tide effect

Receiver coordinate
Receiver clock offset

ISB
Satellite TGD

BDS-2: B11/B3IL; BDS-3: B11/B3I
7.5° [39,40]

Elevation weight [sin(elevation)]
Fixed by broadcast ephemeris
Fixed by broadcast ephemeris

Modified Hopfield for dry and wet parts [41]

IF linear combination
IGS values

Corrected [42]

Fixed

Solid Earth, Pole and Ocean tide [42]

Estimated

Estimated

Strategy 1: No operation
Strategy 2: Estimated
Corrected [17-19]

4. Result and Analysis

4.1. BDS-2 and BDS-3 Broadcast Clock Offsets

To analyze and evaluate the accuracy of BDS-2 and BDS-3 broadcast clock offsets, we use the
algorithm in Section 2.1 to evaluate the broadcast clock offsets. When calculating the error of the
broadcast clock offsets, the average BMP clock values of satellites of the same constellation is subtracted
to eliminate the datum of the broadcast clock [26]. Selecting the same reference satellite or calculating

average BMP clock values of satellites of the same constellation cannot eliminate the datum of the
broadcast clock under the condition that the datum of precise clock offsets is unified, which can
indirectly prove that the datum of broadcast clock offsets for BDS-2 and BDS-3 are inconsistent.
Unfortunately, the average BMP clock values of BDS-2 and BDS-3 are not equal. Figure 4 shows the
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average BMP clock values of BDS-2 and BDS-3 and its differences. Figure 4, we can see that three ACs
have different trends in the time series of average BMP clock values, which results from the different
reference clocks used by the different ACs. The average BMP clock values of BDS-2 and BDS-3 are not
equal, there are differences between BDS-2 and BDS-3, which can indirectly prove that the datum of
broadcast clock offsets for BDS-2 and BDS-3 are inconsistent. About the difference between BDS-2 and
BDS-3 in time series of average BMP clock values, we can find the multiday stability of GFZ, WHU and
SHA are relatively better. From DOY 089 to 123, the daily average of the differences for GFZ, WHU
and SHA are around 15.4 ns, 18.8 ns and 5.8 ns, respectively. Figure 5 depicts the standard deviations
(STD) of the differences in average BMP clock values between BDS-2 and BDS-3. The STD of GFZ,
WHU and SHA are all better than 1 ns during the whole data test period.

In order to reduce the impact of the inconsistency of the datum of broadcast clock offsets on the
assessment of BDS-2 and BDS-3 signal-in-space accuracy and SPP, Zhang and Wang [12] attribute
this bias to satellite-dependent TGD bias of the BDS broadcast ephemeris, and estimate TGD bias
to weaken this impact. Even if TGD bias is used to correct this inconsistency, its residuals will still
affect signal-in-space accuracy and SPP. To ensure the objectivity and stability of the assessment of
signal-in-space accuracy, we regard BDS-2 and BDS-3 as two systems, and solve separately their
average BMP clock values of all satellites to get the error of the broadcast clock offset.

@ 30 GFZ GFZ %0
= 20 + BDS-2 + BDS-2-BDS-3 20 —
2 10 - BDS-3 m'“*~ii ' e
Q 110 =—
D () geientestia ol persperenon/ s =
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= 280 = 20
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o 140f == ___ == 3 5
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Figure 4. The time series of average broadcast-minus-precise clock values of BDS-2 and BDS-3 and
its differences.

Figure 6 depicts the BDS-2 and BDS-3 clock errors for the broadcast clock offsets, in which the
precise clock offsets provided by GFZ, WHU and SHA are regarded as the reference values, respectively.
From Figure 6, we can get the clock errors of BDS-2 and BDS-3 are better than 10 ns and 5 ns, respectively.
As illustrated in the previous section, the precise products are missing on some days, the corresponding
clock errors obtained are also missing. In order to display the accuracy and stability of the broadcast
clock offsets of each BDS satellite, this contribution gives the time series of STD and root mean square
(RMS) error of BDS clock errors. From the perspective of STD, the STD of BDS clock errors calculated
by GFZ, WHU and SHA performs great consistency. From Figure 7, the 35-day STDs of BDS-2 clock
errors calculated by GFZ, WHU and SHA are all better than 2 ns, except for a few days. With the
upgrade of BDS-3 satellite hardware technology and the development of precise orbit determination
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(POD) algorithms, the 35-day STDs of BDS-3 clock errors are better than 1 ns, except for C45 and C46.
The time of C45 and C46 satellites in orbit is very short because they have just been launched. Some
GNSS tracking stations cannot receive the observation data of C45 and C46, the available observation
data used for POD is limited. Therefore, the accuracy and stability of orbit and clock offsets are slightly
worse than other BDS-3 satellites, and the corresponding STD performs worse.
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Figure 5. The STD of the average broadcast-minus-precise clock values differences between BDS-2
and BDS-3.
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Figure 6. The BDS-2 and BDS-3 clock errors between broadcast clock offsets and the precise clock
offsets obtained from GFZ, WHU and SHA.
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Now turn to the RMS of BDS clock errors, which is shown in Figure 8, the BDS-3 has improvement
in terms of RMS compared with BDS-2. The RMS of BDS-3 clock errors are better than 3 ns, except for
individual satellites. From the perspective of the results obtained by three ACs, the RMS of three ACs
performs some difference in C01, C11, C14, C38 and C39 (WHU has not provided the precise products
after C37, so there are no assessment results after C37). Although the datum of the satellite clock
offsets can be eliminated by double difference, the error of the broadcast clock offset will absorb the
new datum of the reference clock. Because the processing strategies of precise clock offsets adopted by
different ACs are different, there are also differences in the new datum of the reference clock. Therefore,
different ACs have poor RMS consistency but with the great STD consistency. Therefore, it is more
scientific and rigorous to assess broadcast ephemeris with precise products solved by different ACs.
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Figure 7. The STD time series of BDS clock errors between broadcast clock offsets and the precise clock
offsets obtained from GFZ, WHU and SHA.
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Figure 8. The RMS time series of BDS clock errors between broadcast clock offsets and the precise clock
offsets obtained from GFZ, WHU and SHA.

In order to show the accuracy of BDS broadcast clock offsets more intuitively, Table 4 illustrates
the mean STD and RMS statistics of broadcast clock errors for each BDS satellite. The STD of all BDS-2
satellites is better than 2.00 ns for three ACs. With the development of BDS, the STD of BDS-3 satellites
is approximately better than 0.77 ns for three ACs. The mean STD of all BDS-2 satellites for GFZ, WHU
and SHA are 1.22 ns, 1.18 ns and 1.34 ns, and the mean STD of all BDS-3 satellites for three ACs are
0.55 ns, 0.59 ns and 0.47 ns, respectively. The improvement rate of BDS-3 STD of GFZ, WHU and SHA
are 54.65%, 60.18% and 56.14% compared to BDS-2, respectively. The mean STD of all BDS-2 satellites
of three ACs is 1.22 ns, and BDS-3 is 0.58 ns. The improvement rate of BDS-3 mean STD is 52.49%
compared to BDS-2.

About the RMS statistics of broadcast clock errors, as mentioned earlier in this paper, the broadcast
clock error will absorb the new datum of the reference clock. Hence, the inconsistencies of the broadcast
clock errors exist for the same satellite in different ACs. The mean RMS of all BDS-2 satellites for GFZ,
WHU and SHA are 2.92 ns, 3.32 ns and 2.45 ns, and that of BDS-3 for three ACs are 1.90 ns, 1.46 ns and
1.84 ns, respectively. RMS of BDS-3 broadcast clock errors for the GFZ, WHU and SHA can improve
34.66%, 55.84% and 24.51% compared to that of BDS-2, respectively. The mean RMS of all BDS-2 and
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BDS-3 satellites of three ACs are 2.90 ns and 1.73 ns, respectively, and that of BDS-3 can improve
40.34% compared to BDS-2. From the perspective of comprehensive statistical results, there is a small
difference between GFZ, WHU and SHA in STD statistical results and improvement rate. However,
the RMS statistical results and improvement rate for GFZ, WHU and SHA are slightly different in some
BDS satellites. These findings and conclusions are consistent with Figures 7 and 8.

Table 4. Statistics of the mean STD and RMS of broadcast clock errors for BDS satellites from DOY 089
to 123, 2020.

GFZ WHU SHA Mean
STD RMS STD RMS STD RMS STD RMS

PRN

Improvement rate  54.65%  34.66%  60.18%  55.84%  56.14%  24.51% 52.49%  40.34%
Satellites in blue background are part of BDS-2, satellites in green background are part of BDS-3.
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4.2. BDS-2 and BDS-3 Broadcast Orbit

Since the reference point of the broadcast orbits is the antenna phase center (APC), and the
reference point of the precise orbits is the center of mass (CoM), the orbit errors of precise and broadcast
ephemerides can be compared directly after the PCO and PCV corrections [5]. Figure 9 illustrates
the orbit errors of BDS-2 and BDS-3 broadcast orbits in radial, along-track and cross-track directions.
Since the orbit accuracy of GEO satellites performs poorly, the along-orbit errors of GEO satellites are
worse than 10 m in some time periods. Figure 10 shows the RMS and STD of orbit error of each satellite.
Similarly, the orbit accuracy of GEO is obviously worse than that of MEO and IGSO in the along-track
direction. Ignoring GEO, the orbit errors of along-track direction are roughly better than 2.8 m for
MEO and IGSO. As BDS second generational satellite navigation systems, ground tracking stations
used to calculate broadcast ephemeris are unevenly distributed and the orbit determination strategy is
immature, which leads to lower accuracy of the BDS-2 broadcast ephemeris. It is worth noting that the
accuracy and stability of BDS-3 orbit have a significant improvement over BDS-2. With the upgrade of
BDS-3 satellite hardware technology, especially for inter-satellite links payload and the development of
satellite orbit determination algorithm, the orbit accuracy of BDS-3 broadcast orbit has made great
progress. As shown in Figures 9 and 10, the orbit errors of BDS-3 is significantly lower than that
of BDS-2, and the RMS and STD of three ACs of BDS-3 satellite are better than 0.3 m and 0.2 m for
radial direction, 0.5 m and 0.3 m for the along-track direction, and 0.3 m and 0.3 m for the cross-track
direction, respectively.

In order to explain the improvement of BDS-3 compared to BDS-2 more objectively and reasonably,
Table 5 explains the mean RMS and STD statistical results of BDS-2 and BDS-3 orbit errors and the
improvement rate of BDS-3 compared to BDS-2. The consistency of the orbit accuracy between GFZ,
WHU, and SHA is relatively excellent. In radial, along-track and cross-track directions, the mean RMS
and STD of all BDS-2 satellite are (1.79, 3.28, 1.39) m and (0.32, 0.99, 1.04) m for GFZ, (1.78, 3.28, 1.23)
m and (0.34, 1.03, 0.98) m for WHU, (0.81, 2.56, 1.02) m and (0.37, 0.99, 0.95) m for SHA, and (1.46,
3.04, 1.21) m and (0.34, 1.00, 0.99) m for the average of three ACs, respectively. The broadcast orbit
accuracy of BDS-3 is roughly improved by one order magnitude compared to BDS-2, the mean RMS
and STD of all BDS-3 satellite are (0.20, 0.33, 0.29) m and (0.07, 0.25, 0.24) m for GFZ, (0.16, 0.30, 0.27) m
and (0.05, 0.18, 0.21) m for WHU, (0.23, 0.35, 0.30) m and (0.09, 0.28, 0.25) m for SHA, and (0.20, 0.32,
0.28) m and (0.07, 0.23, 0.23) m for the average of three ACs, respectively. The mean RMS and STD of
BDS-3 broadcast orbit errors are improved by (86.30%, 89.47%, 76.86%) and (79.41%, 77.00%, 76.78%)
compared to BDS-2 in three directions, respectively.

GFZ BDS-2 WHU BDS-2 SHA BDS-2

Radial[m]
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Cross[m]

0
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Figure 9. Cont.
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Figure 9. The orbit errors of BDS-2 and BDS-3 broadcast orbits relative to precise ephemerides provided
by GFZ, WHU and SHA in radjial, along-track and cross-track directions.
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Figure 10. The STD and RMS orbit errors of BDS-2 and BDS-3 broadcast orbits relative to precise
ephemerides provided by GFZ, WHU and SHA in radial, along-track and cross-track directions.



Remote Sens. 2020, 12, 2081 16 of 24

Table 5. The mean RMS and STD statistical results of BDS-2 and BDS-3 orbit errors and the improvement
rate of BDS-3 compared to BDS-2 in terms of RMS and STD (DOY 089-123, 2020).

Agency Items  Track Direction BDS-2 BDS-3  Improvement Rate

Radial 1.79 m 0.20 m 88.83%
RMS Along 328 m 0.33m 89.94%
Cross 1.39 m 0.29 m 79.14%
GFZ
Radial 0.32m 0.07m 78.13%
STD Along 0.99 m 0.25m 74.75%
Cross 1.04 m 0.24m 76.92%
Radial 1.78 m 0.16 m 91.01%
RMS Along 328 m 0.30 m 90.85%
Cross 1.23m 0.27 m 78.05%
WHU
Radial 0.34m 0.05m 85.29%
STD Along 1.03 m 0.18 m 82.52%
Cross 0.98 m 0.21m 78.57%
Radial 0.81m 0.23m 71.60%
RMS Along 2.56 m 0.35m 86.33%
Cross 1.02 m 0.30 m 70.59%
SHA
Radial 0.37 m 0.09 m 75.68%
STD Along 0.99 m 0.28 m 71.72%
Cross 0.95m 0.25m 73.68%
Radial 146 m 0.20 m 86.30%
RMS Along 3.04 m 0.32m 89.47%
Cross 121 m 0.28 m 76.86%
Average
Radial 0.34 m 0.07 m 79.41%
STD Along 1.00 m 0.23 m 77.00%
Cross 0.99 m 0.23m 76.78%

4.3. SISRE and Orbit-Only SISRE

To comprehensively assess the accuracy of BDS-2 and BDS-3 broadcast ephemeris, the SISRE and
orbit-only SISRE between BDS-2 and BDS-3 from three ACs (GFZ, WHU and SHA) are presented
and analyzed in this section. Figures 11 and 12 present the SISRE and orbit-only SISRE of BDS-2 and
BDS-3 broadcast ephemeris, respectively. In order to show SISRE and orbit-only SISRE more clearly,
the SISRE and orbit-only SISRE values are shifted by the same amount (3 m) to avoid overlapping.
From Figures 11 and 12, the consistency of GFZ, WHU and SHA performs better in SISRE and orbit-only
SISRE and the three ACs’ consistency of BDS-3 is significantly better than that of BDS-2. BDS-2 GEO
satellites perform poorly in SISRE and orbit-only SISRE due to its special orbit and the immaturity of
orbit determination strategy. As mentioned in Figure 2, the precise products of some BDS-3 satellites
are missing for three ACs, the corresponding SISRE and orbit-only SISRE are also missing. Combining
Figures 11 and 12, we can find that the BDS-3 is significantly better than BDS-2 in terms of SISRE and
orbit-only SISRE. As shown in Figure 13, the STD and RMS of SISRE are better than 0.2 m and 1.5 m for
all BDS-3 satellites, respectively. However, the variations between each BDS-2 satellite are relatively
serious compared with BDS-3. The STD of SISRE ranges from 0.2 m to 0.6 m, and RMS ranges from
0.8 m to 3.5 m. In fact, different ACs adopt different POD solution strategies, systematic error will
inevitably be absorbed into SISRE and orbit-only SISRE. Table 6 shows the final statistical results of
each ACs and the average values of three ACs. For BDS-2 signal-in-space accuracy, the mean RMS and
STD of three ACs are (1.78, 0.40) m for SISRE, and (1.72, 0.34) m for orbit-only SISRE, which is consistent
with Montenbruck and Steigenberger [5]. About the hot topic BDS-3, the mean RMS and STD of three
ACs are (0.50, 0.14) m for SISRE, and (0.17, 0.04) m for orbit-only SISRE, respectively. The orbit-only
SISRE accuracy of BDS-3 is roughly improved by one order magnitude compared to BDS-2, which is
the same as the corresponding orbit accuracy, respectively. Because the improvement of BDS-3 clock



Remote Sens. 2020, 12, 2081 17 of 24

accuracy is not as obvious as the orbit, the mean RMS and STD of BDS-3 are improved by (71.91%,
65.00%) for SISRE and (90.12%, 88.24%) for orbit-only SISRE compared to BDS-2, respectively.

.Due to the inconsistency of the datum of broadcast clock offsets between BDS-2 and BDS-3, BDS-2
and BDS-3 cannot solve SISRE together. The SISRE processing strategies of calculating SISRE of BDS-2
and BDS-3 separately achieve or even exceed the SISRE accuracy corrected by TGD bias [12]. Without
additional bias correction, the SISRE processing strategies of calculating SISRE of BDS-2 and BDS-3
separately can more scientifically and accurately reflect the accuracy of the current broadcast ephemeris
of BDS-2 and BDS-3.
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Figure 11. Signal-in-space-range errors of BDS-2 and BDS-3 broadcast ephemeris from DOY 089 to
123, 2020.
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Figure 12. The orbit-only signal-in-space-range errors of BDS-2 and BDS-3 broadcast ephemeris from
DOY 089 to 123, 2020.
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Figure 13. The STD and RMS of SISRE and orbit-only SISRE of broadcast ephemeris relative to precise
ephemeris provided by GFZ, WHU and SHA.

Table 6. The mean RMS and STD statistical results of SISRE and orbit-only SISRE and the improvement
rate of BDS-3 compared to BDS-2 in terms of RMS and STD (DOY 089-123, 2020).

Agency Items BDS-2 BDS-3  Improvement Rate
RMS SISRE 2.06 m 0.47 m 77.18%
GFZ SISREORBIT 1.98 m 0.16 m 91.92%
STD SISRE 0.41 m 0.14m 66.85%
SISREQRBIT 0.36 m 0.03 m 91.67%
RMS SISRE 2.02m 0.52m 74.25%
WHU SISREORBIT 1.97 m 0.16 m 91.88%
STD SISRE 0.44 m 0.14m 68.18%
SISREogrgrr  0.34m  0.04m 88.24%
RMS SISRE 1.26 m 0.52m 58.73%
SHA SISREopgr 123m  0.17m 86.18%
STD SISRE 0.36 m 0.14m 61.11%
SISREORBIT 0.36 m 0.05m 86.11%
RMS SISRE 1.78 m 0.50 m 71.91%
Average SISREoppgr 172m  0.17m 90.12%
STD SISRE 0.40m 0.14m 65.00%
SISREopgr 034m  0.04m 88.24%

4.4. The Performance of BDS-2 and BDS-3 Combined SPP

As mentioned earlier, the datum of broadcast clock offsets for BDS-2 and BDS-3 is inconsistent.
From Equations (13) and (14), the ISB contains the inconsistency of the datum of satellite clock offsets
and receiver pseudorange bias. In order to research the performance of BDS-2 and BDS-3 combined SPP,
the selected observations are divided into seven categories according to the receiver type. According
to Equation (13), the selected data is used to calculate the ISB between BDS-2 and BDS-3. Figure 14
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illustrates the 35-day time series of ISB for seven types of receivers. In the seven types of receivers
described above, the ISBs of JAVAD TRE_3 are smaller than other receivers, and its average and STD
are —0.75 m and 0.79 m, respectively.

A SGOC-JAVAD TRE 3
S Mean:-0.75m, | . 4 . ..STD:0.79m
E?
© -2 ; cien
_4 3 e « 9% %0 va P 3 (h
KRGG-TRIMBLE AL LOY
_ g Mean'-1.89 m | STD:0.70 m
£
= 0
e

dT[m]

dT[m]

ANONAANONAANONAANONAIOANOBN
T . ; -

011
STD:0.39 m

Mean:-2.08 m

dT[m]

CNYR-GNSS-GGR

Mean:-2.52 m STD:0.76 m

dT[m]

dT[m]

2099 2100 2101 2102 2103
GPS Week

Figure 14. The time series of inter-system bias (ISB) between BDS-2 and BDS-3 for JAVAD TRE_3,
TRIMBLE ALLQOY, SEPT POLARX5, CETC-54-GMR-4016, CETC-54-GMR-4011, GNSS-GGR and
UB4B0-13478 from DOY 089 to 123.

Now turn to the performances of BDS-2 and BDS-3 combined SPP, Figure 15 depicts SPP positioning
errors of the selected stations for two different processing cases. Setting ISB parameters to estimate ISB
will make the positioning accuracy worse for the tracking stations with JAVAD TRE_3 receiver (POTS,
SGOC, ULAB, URUM and WUH2). Combining Figures 14 and 15, we can conclude that when the ISB
is relatively minor, setting the parameter to estimate ISB will reduce the stability of the SPP model and
make the positioning accuracy of the SPP worse. However, the positioning accuracy of the receivers
with relatively large ISB will be improved by setting parameters to estimate ISB. As Table 7 indicates,
setting parameters to estimate ISB can improve the positioning accuracy by 20.15%, 19.81% and 12.76%
compared to ordinary BDS SPP models in north, east and up directions, respectively.
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Figure 15. SPP positioning errors of the selected stations for two different processing cases using
35-day observations.

Table 7. Accuracy improvement of BDS-2 and BDS-3 combined SPP with ISB estimation compared to
the ordinary BDS SPP model.

Station

Receiver

North

East

Up

Blue background represents BDS-2, Green background represents BDS-3.

5. Conclusions

3D

This contribution focused on the analysis and evaluation of BDS-2 and BDS-3 broadcast ephemeris
in terms of the accuracy of the orbit and clock offsets, SISRE, orbit-only SISRE and the SPP performances.
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We prove that the datum of broadcast clock offsets for BDS-2 and BDS-3 are inconsistent and propose
the SISRE processing strategies of calculating SISRE of BDS-2 and BDS-3 separately and the new BDS-2
and BDS-3 combined SPP model.

From the viewpoint of the assessment of broadcast clock offsets, selecting one and the same
average BMP clock values of satellites of the same constellation can eliminate the datum of the satellite
clock offsets, and the average BMP clock values of BDS-2 and BDS-3 are not equal, which can indirectly
prove that the datum of broadcast clock offsets for BDS-2 and BDS-3 are inconsistent.

To eliminate the datum of the satellite clock offsets and avoid the inconsistency between BDS-2
and BDS-3, the average BMP clock values of BDS-2 and BDS-3 satellites are calculated separately,
which can obtain the objective and scientific evaluation results. The mean STD of three ACs for BDS-2
and BDS-3 broadcast clock offsets are 1.22 ns and 0.58 ns, and the improvement rate of BDS-3 mean
STD is 52.49% compared to BDS-2. Meanwhile, the mean RMS for BDS-2 and BDS-3 are 2.90 ns and
1.73 ns, respectively, and that of BDS-3 can be improved by 40.34% compared to BDS-2.

About the broadcast orbits, the mean RMS and STD of all BDS-2 satellites are (1.46, 3.04, 1.21) m
and (0.34, 1.00, 0.99) m, and that of all BDS-3 satellites are (0.20, 0.32, 0.28) m and (0.07, 0.23, 0.23) m for
the average of three ACs in radial, along-track and cross-track directions, respectively. The broadcast
orbit accuracy of BDS-3 is roughly improved by one order magnitude compared to BDS-2. The RMS
and STD of BDS-3 broadcast orbit errors are improved by (86.47%, 89.47%, 76.86%) and (79.41%, 77.00%,
76.78%) compared to BDS-2 in three directions, respectively.

Due to the inconsistency of the datum of clock offsets for BDS-2 and BDS-3, BDS-2 and BDS-3
cannot solve SISRE together. We propose the SISRE processing strategies of calculating SISRE of BDS-2
and BDS-3 separately. Without additional bias correction, the proposed SISRE processing strategies
can more scientifically and accurately reflect the accuracy of the current broadcast ephemeris of BDS-2
and BDS-3. For BDS-2 signal-in-space accuracy, the mean RMS and STD of three ACs are (1.78 and
0.40) m for SISRE, and (1.72 and 0.34) m for orbit-only SISRE. As for BDS-3, the mean RMS and STD of
three ACs are (0.50 and 0.14) m for SISRE, and (0.17 and 0.04) m for orbit-only SISRE, respectively,
and the mean RMS and STD of BDS-3 are improved by (71.91% and 65.00%) for SISRE and (90.12% and
88.24%) for orbit-only SISRE compared to BDS-2, respectively. The BDS-3 signal-in-space accuracy has
reached 0.50 m, and its accuracy will be further improved with the development of BDS.

In BDS-2 and BDS-3 combined SPP, ISB is affected by the inconsistency of the datum of BDS-2 and
BDS-3 broadcast clock offsets and receiver pseudorange bias. Under this background, we analyze the
ISB characteristics and SPP performance of different types of receivers separately. For JAVAD TRE_3
receivers, the ISB is relatively minor, and setting the parameter to estimate ISB will reduce the stability
of the SPP model and degrade the positioning accuracy of the SPP. However, for the TRIMBLE ALLOY,
SEPT POLARXS5, CETC-54-GMR-4016, CETC-54-GMR-4011 and UB4B0-13478 receivers, estimating ISB
can improve the positioning accuracy by 20.15%, 19.81% and 12.76% in three directions, respectively.

Finally, we recommend that BDS-2 and BDS-3 should be treated separately when assessing the
signal-in-space accuracy of BDS-2 and BDS-3. Furthermore, the performances of BDS-2 and BDS-3
combined SPP can be improved by setting parameters to estimate ISB for receivers with relatively
larger ISB values.
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