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Abstract

Based on one year of data, a comprehensive assessment of broadcast group
delays and differential code biases (DCBs) from network solutions is pre-
sented for all open BeiDou signals. Daily DCB estimates exhibit a precision of
0.1 ns, which also places a limit on long-term variations of the satellite group
delays. On the other hand, the estimated DCBs show a notable dependence on
the employed receivers, which causes inconsistencies at the few-nanosecond
level between BeiDou-2 and BeiDou-3 satellites. Systematic satellite-specific
offsets can likewise be identified in broadcast group delay values and clock
offsets. These constitute the dominant contribution of the signal-in-space range
error (SISRE) budget and are a limiting factor for single point positioning and
timing. Use of the modernized B1C/B2a signals is therefore recommended
instead of B1I/B3I. This offers a SISRE reduction from about 0.6 m to 0.45 m
and also improves the consistency of precise clock and bias products derived
from heterogeneous receiver networks.
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1 | INTRODUCTION

Following GPS, GLONASS, and Galileo, the Chinese BeiDou-3 system (BDS-3)
started to provide navigation services for worldwide users in late 2019. Other than
the second-generation BeiDou-2 system (BDS-2), which is mainly composed of sat-
ellites in geostationary Earth orbits (GEOs) and inclined geosynchronous orbits
(IGSOs), BDS-3 is also comprised of 24 medium Earth orbit (MEO) satellites in
three orbital planes that provide a global coverage. As the youngest global navi-
gation satellite system (GNSS), BDS-3 makes use of highly advanced signal mod-
ulations and offers open service signals on five different frequencies. Along with a
favorable signal-in-space range error (Montenbruck et al., 2020), which matches or
even exceeds that of GPS, BDS-3 recommends itself as a highly competitive naviga-
tion system for worldwide users.

Other than GPS and Galileo, which refer the satellite clock offset information
in their broadcast navigation data to an ionosphere-free dual-frequency signal
combination, BDS-2 and BDS-3 provide satellite clock offsets for the B3 frequency.
Except for the uncommon case of a B3 single-frequency user, satellite group delays
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will always need to be considered in both single-frequency and dual-frequency
positioning using BDS-2 and BDS-3 code observations to relate the satellite clock
offsets to the specific signals chosen by the BeiDou user. For this purpose, the nav-
igation messages transmitted by the BeiDou satellites include both timing group
delays (TGDs), which provide differential code biases (DCBs) of selected signals in
the B1 and B2 bands relative to the B3 clock reference signal, as well as inter-signal
corrections (ISCs) providing DCBs between specific pairs of signals in the same
frequency bands.

Evidently, the quality of code-based positioning thus depends not only on the
quality of satellite orbit and clock information, but also on the quality of the group
delay data. This is particularly detrimental for timing applications, since access
to BeiDou system time (BDT) through ionosphere-free dual-frequency observa-
tions depends directly on the availability and quality of the respective group delay
parameters. Proper knowledge of group delays is also important for precise point
positioning techniques to reduce convergence times and facilitate carrier-phase
ambiguity fixing.

While numerous publications have already discussed the quality of broad-
cast TGDs and DCBs observed with public receiver networks for the BDS-2
constellation (Guo et al., 2015; Montenbruck et al., 2014; Wang et al., 2016;
Zhang et al., 2020a), only an incomplete characterization is presently avail-
able for the third-generation system. This is partly related to limitations in the
supported signal set and the range of pseudorandom noise (PRN) numbers
supported by early BDS-3 receivers, but also the lacking support for broadcast
ephemeris of the modernized civil navigation (CNAV) messages of BDS-3 in
public data archives. Within the network of the International GNSS Service
(IGS; Johnston et al., 2017), tracking the new BDS-3 signals has only been
achieved as of early 2021, and CNAV-1/2/3 navigation messages with associ-
ated group delay parameters are only supported in the most recent version 4.0
of the Receiver Independent Exchange format (RINEX; Romero, 2021) released
in late 2021.

Early DCB estimates for the BDS-3S in-orbit validation satellites were pre-
sented in Li et al. (2019) based on observations of the IGS network and the inter-
national GNSS Monitoring and Assessment System (iGMAS; Cai et al., 2016).
However, these satellites do not form part of the operational BDS-3 system
and differ from the final constellation in various aspects of their signal struc-
ture. Initial results on BeiDou-3 are reported in Wang et al. (2020) who ana-
lyzed differential code biases for the legacy B1 and B3 signals of BDS-2 and
BDS-3 satellites derived from a global receiver network using one month of data
from early 2019. They point out a receiver-type dependency for the mean offset
between the satellite DCBs of the second-generation and third-generation sat-
ellites. Likewise, Zhang et al. (2020c) discussed TGDs for the legacy BDS-2 and
BDS-3 signals on the B1 frequency relative to B3 for 6 months of data in 2019.
The authors demonstrated that DCBs derived from observations of the IGS net-
work provide better positioning performance than the broadcast TGD, values.
However, given only partial constellation deployment and limited receiver capa-
bilities in the study periods, only BDS-3 satellites with PRNs C19 to C37 were
covered in both analyses.

The latter constraint applies as well for Zhu et al. (2020), who discussed the deter-
mination of differential code biases of the BDS-3 B1C, B2a, and B2b signals relative
to the B3 signal from observations of iGMAS sensor stations. Using the BeiDou
Global Ionospheric Delay Correction Model (BDGIM) broadcast ionosphere model
for the correction of ionospheric path delays, a 1 to 2 ns accuracy was obtained for
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weekly averages. While of interest from a methodological point of view, no routine
bias product was provided as part of that work. Also, it remains unclear how the
resulting biases compare with biases that have previously been determined as part
of the BDGIM generation process within the BeiDou control segment as well as the
TGDs transmitted in the BDS-3 navigation message.

Li et al. (2020) analyzed code and phase biases for the modernized BDS-3 signals
on the B1 and B2a/B2b frequencies. The analysis was based on observations of
the first eight BDS-3 satellites obtained from iGMAS sensor stations and shows
almost identical data-pilot DCBs for B2a and B2b signals, as well as small (few ns)
biases between signals in the adjacent frequency bands. For the data-pilot DCBs
of the modernized B1 signal, a 1-ns scatter across the available set of satellites was
observed. Given a focus on bias determination and characterization for precise
point positioning applications, no comparison with broadcast group delays was
performed by the authors of that work. BDS-3 DCBs of legacy and modernized sig-
nals were also discussed in Gu et al. (2020). However, the study was mostly concep-
tual in nature and compared the quality of DCBs determined from triple-frequency
observations in an undifferenced (UD) processing with those derived from a tradi-
tional approach using pseudorange differences and global ionosphere maps (GIMs).
However, a slightly better repeatability of daily DCB estimates was obtained with
GIMs due to limitations in the BDS-3 orbit and clock product quality that affected
the UD processing scheme.

Wang et al. (2019) compared broadcast TGDs of BDS-2, BDS-3S, and the first
18 BDS-3 satellites with DCB products derived from the Chinese Academy of
Sciences (CAS) and the German Aerospace Center (DLR) from observations of the
IGS multi-GNSS network. Their analysis revealed an inconsistency of roughly 4 ns
between BDS-2 and BDS-3 satellites in the mean difference of the TGD, broad-
cast group delay and the network solutions of the B1-B3 DCBs. This offset was
further investigated in Zhang et al. (2020b), who revealed a notable dependence
on receiver type. Considering the three different receiver models used in the IGS
network at the time of their study, the authors obtained mean differences (TGD,—
DCBgy p3)pps.s — (TGD;—DCBygy_p3)pps-2 Of 1.7 1s, 3.3 ns, and 5.3 ns, respectively.
Similar to Wang et al. (2019), the analysis was limited to a subset of the full BDS-3
constellation.

The issue of receiver-dependent effects in the determination of satellite group
delays has earlier been addressed by the control segment for the BeiDou-2 system
and resulted in a major update of BDS-2 broadcast TGD values in mid-2017. While
TGDs prior to July 21, 2017, were based on measurements with narrow correlator
reference receivers, they were replaced by TGDs measured with a wide-correlator
receiver in this epoch. As discussed in Zhang et al. (2020a), TGD changes for indi-
vidual satellites amounted in up to 4 ns or roughly 1.2 m and were found to pro-
vide better consistency with group delays inferred from geodetic receivers in the
IGS monitoring network. Furthermore, single point positioning errors were clearly
reduced when using the new TGD values.

An initial discussion of group delays for the complete BDS-3 constellation is pro-
vided in Li and Yuan (2021) based on 6 months of data from the IGS and iGMAS
networks in 2020. However, a notably degraded consistency of different DCB prod-
ucts may still be noted for PRNs above C37 as compared to the lower PRN range due
to the reduced number of supporting stations. Beyond the legacy signals, selected
bias determination results were also presented for the modernized BDS-3 signals,
but interpretation of the results is partly hampered by the use of non-standard sig-
nal designations and the incorporation of non-public signal components that are
not accessible to common geodetic receivers.
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With this background in mind, the present study provides a comprehensive char-
acterization of broadcast group delays as well as publicly available differential code
bias products derived from global receiver networks covering the entire year of
2021. The work makes use of broadcast group delays in legacy (D1/D2) and mod-
ernized (CNAV-1/2/3) navigation messages extracted from raw navigation data of
roughly 35 globally distributed receivers and made available in the BRD4 merged
RINEX 4 navigation files (Montenbruck & Steigenberger, 2022). DCBs derived
from the analysis of IGS monitoring stations are presently made available by CAS
(Wang et al., 2016) and DLR (Montenbruck et al., 2014) through IGS data centers.
The stability and consistency of individual group delays in these products are eval-
uated and the values are compared with the broadcast group delays.

The article starts with an overview of BDS-2 and BDS-3 signals with a focus on
openly accessible signal components fully described in associated interface con-
trol documents (ICDs). Next, the basic observation model for differential code
biases is introduced, which forms the basis for group delay determination with or
without background ionosphere data (Section 3). Along with this, the impact of
frequency-dependent antenna phase center offsets and patterns is discussed as a
prerequisite for a consistent analysis of current and future DCB products. Section 4
addresses basic characteristics of BDS-2 and BDS-3 broadcast group delays received
throughout the year 2021 and discusses the updates performed by the BeiDou con-
trol center in this period. A comparison and stability assessment of CAS and DLR
DCB products is provided in Section 5 and complemented by an analysis of receiver
dependencies of satellite group delay estimates (Section 6). The overall impact of
these effects on the consistency of broadcast group delays and DCBs from monitor-
ing networks is discussed in Section 7, which evaluates the overall signal-in-space
range error for individual single-frequency signals and dual-frequency combina-
tions. A summary and final conclusions are provided in Section 8.

2 | BEIDOU SIGNAL OVERVIEW

The BeiDou constellation (Lu & Yao, 2020) transmits a diverse set of signals on
a total of five distinct frequencies (Figure 1). These include three legacy signals
known as B1I, B2I, and B3I, which were introduced as part of the second-generation
regional BeiDou system (BDS-2). For compatibility reasons, B1I and B3I signals
continue to be transmitted by the satellites of the third-generation global system
(BDS-3; Yang et al., 2019) as well as a small number of intermediate BDS-3S test
satellites. The latter can be tracked by various types of receivers but are not consid-
ered part of the operational BeiDou constellation.

As part of the global BDS-3 system, modernized B1C, B2a, and B2b signals were
introduced that share the center frequency of the GPS/Galileo L1/E1, L5/E5a,
and E5b signals. B1C and B2a include both data and pilot components and offer
improved tracking compared to B1I and B2I due to their advanced modulation
and chipping rates. For B2b, only a data component is presently defined, but a
second quadrature channel is transmitted on BDS-3 MEO and IGSO satellites that
has already been tracked successfully by selected geodetic receivers despite the
lack of a formal signal specification. Finally, it is mentioned that the B2a and B2b
signals result from a common asymmetric constant envelope binary offset carrier
(ACE-BOC) modulation covering the combined B2ab band (Lu et al., 2019; Yao
et al., 2016). Similar to the Galileo E5ab AltBOC (alternative binary offset carrier)
signal, various geodetic receivers already support a combined tracking of B2a and
B2b as a single wideband signal with very low noise and multipath.
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FIGURE 1 Schematic representation of BeiDou-2 and BDS-3 signal spectra in the lower
and upper L-band; blue and red colors indicate open service and restricted signals, respectively.
In-phase (I) and quadrature-phase (Q) components are shown on orthogonal planes. Next to
its name, the modulation scheme is indicated for each signal (BPSK: binary phase shift keying;
BOC: binary offset carrier; QMBOC: quadrature multiplexed binary offset carrier; ACE-BOC
asymmetric constant envelope binary offset carrier). Numbers in brackets denote the chipping
rates of the ranging codes and sub-carriers in multiples of 1.023 MHz.

TABLE 1
BeiDou Open Service Signals

Signal Band fo [MHZz] RINEX Nav. Msg. Satellites
B1C(d+p) Bl 1575.420 C1D/P/X CNAV-1 BDS-3
B1I B1-2 1561.098 (&)1 D1/D2 BDS-2/3S/3
B3I B3 1268.520 cel D1/D2 BDS-2/3S/3
B2I B2b 1207.140 C7I D1/D2 BDS-2
B2b-1/[Q] B2b 1207.140 C7D/P/Z CNAV-3 BDS-3
B2a(d+p) B2a 1176.450 C5D/P/X CNAV-2 BDS-3
[B2ab] B2ab 1191.795 C8D/P/X - BDS-3

Note: Square brackets denote selected signals that are transmitted and can be tracked by various
receivers but are not formally described as part of an official signal specification. Next to the
center frequency f,, the corresponding RINEX observation codes and the navigation messages
transmitted on the respective signals are provided.

An overview of the various openly accessible signals broadcast by BeiDou satel-
lites today is provided in Table 1. Details of the signal structure, modulation, and
data content of each of these signals are provided in the respective ICDs (CSNO,
2016, 2017a, 2017b, 2018, 2019, 2020) as well as Betz (2016) and Lu et al. (2019).

Similar to modernized signals of other constellations, current geodetic receivers
employ different strategies for the handling of data and pilot signal components
in the new BDS-3 signals. With very limited exceptions, two categories of receiv-
ers may presently be distinguished. A first group of receivers, including models
of Septentrio and Leica, makes exclusive use of the pilot component for the gen-
eration of pseudorange and phase measurements, while others (including Javad
and Trimble) make joint use of the data and pilot component in the B1C and B2a
signals. The respective observations are distinguished by a P (pilot-only) and X or
Z attribute (data+pilot) in the corresponding RINEX identifiers. With the excep-
tion of the B2b signal, for which only a data component is officially defined, no
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receivers offering data-only observations were available in the IGS network as of
late 2021, thus limiting the analysis of differential code biases to pilot-only or com-
bined pilot-data tracking.

Despite a common center frequency and modulation scheme, pilot and data
channels of multiplexed signals are usually affected by different group delays.
In a combined pilot+data tracking, an average group delay will be observed that
depends on the weighting of pilot and data signals in the respective tracking loops.
For the specific test receiver examined in Sleewaegen and Clemente (2018), biases
for pilot+data tracking of the Galileo E1 signal were found to equal the arithmetic
average of pilot-only and data-only tracking. Other than current GPS, Galileo, and
QZSS signals, which employ equal power sharing for the data and pilot channels,
a 1:3 power ratio is used in the BDS-3 B1C signal (CSNO, 2017a). As such, group
delays for X observations are likely dominated by the pilot signal and can reason-
ably well be compared with the respective biases derived from pilot-only receivers.
For the B2a signal, in contrast, equal power sharing is used which hampers a com-
parison of C5X and C5P code biases.

3 | PSEUDORANGE AND DCB OBSERVATION MODEL

Following Hauschild (2017), pseudorange observations in precise positioning
and timing applications can be described by the generic model:

P:”rSat “Fev

t t
+edt®™ —cdt  +T+I1+b% +b_,

” +e’ r;éi(t) —e’ rpco,rcv + (Ssat - ércv

(€3]

where %t and r,,, denote the antenna reference point positions of the satellite
and receiver, e is the line-of-sight unit vector from the receiver to the satellite, Fpco
denotes the respective code phase center offsets (PCOs), and & represents any
additional direction-dependent group delay variations (GDVs). Furthermore, cdt*
and cdt,, are the satellite and receiver clock offsets, and T and I denote the tro-
pospheric and ionospheric path delays. Finally, signal-specific pseudorange biases
are described by the additional terms b%*' and b,

Here, it is assumed for practical reasons that the total group delay can be fully
separated into distinct satellite and receiver contributions that add up in the pseu-
dorange model. It should be noted, however, that satellite-specific chip shape dis-
tortions will result in ranging biases that depend on the correlator architecture and
spacing. These may cause inconsistencies of up to several nanoseconds between
satellite DCBs derived with different receivers (Hauschild & Montenbruck, 2016;
He et al., 2020) and inhibit a fully consistent partitioning of the total group delay
into satellite and receiver contributions.

Based on the above model, the differential code biases DCB(s,,s,) = bsl—bS2 for
two signals s, and s, can be related to the difference of the respective pseudorange
observations after accounting for the difference in ionospheric path delays and, if
needed, correcting for signal-specific differences in phase center offsets and group
delay patterns:

DCB(s,,8,)* +DCB(S;,S, ),y
- (Psl B Psz)_ (IS1 a Isz)

_pT (ssat  _ gesat T _
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Depending on a trade-off of timeliness, processing effort, and dependence
on external data products, ionospheric path delays may either be taken from
pre-computed global ionosphere maps (Montenbruck et al., 2014; Zhu et al.,
2020) or determined together with differential code biases in a combined anal-
ysis (Wang et al., 2016). To reduce the impact of pseudorange measurement
noise and multipath, observations are typically averaged over daily observation
intervals, unless known switches in the transmitter configuration require a cor-
responding choice of tailored data arcs (Esenbuga et al., 2020). Furthermore,
the raw pseudorange observations may be substituted by carrier-smoothed pseu-
doranges (Hwang et al., 1999) or code-aligned phase observations (Wilson &
Mannucci, 1994).

The need for consideration of signal-specific PCOs in the estimation of DCB
products is driven by the observation model used for positioning and may differ
among applications. In the case of broadcast ephemerides, a common transmit
antenna phase center is implied for all signals and frequencies of a given satellite,
and the broadcast orbit parameters directly provide the position of this phase cen-
ter in space. Likewise, all broadcast group delays apply for a common-phase-center
observation model without consideration of direction-dependent group delay
variations.

For precise point positioning (PPP) applications, in contrast, phase center off-
sets are commonly taken from the IGS antenna model (Rebischung & Schmid,
2016). This has traditionally been based on observed phase centers for the
ionosphere-free combination of dual-frequency observations and jointly uti-
lizes those phase centers for the modeling of individual frequencies. In contrast,
frequency-specific PCOs for BDS-2 and BDS-3 satellites have been published by
the Chinese Satellite Navigation Office (CSNO) after the build-up of the global
constellation (CSNO-TARC, 2022).

Based on these data, block-specific and frequency-specific phase center offsets
for BDS-2 and BDS-3 satellites were included in the IGS antenna model starting
with igs14_2069.atx. Direction-dependent group delay variations have been identi-
fied in various studies for the BDS-2 satellites (Lou et al., 2017; Wanninger & Beer,
2015), whereas BDS-3 satellites were shown to be essentially free of such varia-
tions (Beer et al., 2021; Hong et al., 2020). However, no common standard for the
application of satellite GDVs exists and their consideration is presently left to the
discretion of individual analysis centers and users.

Despite the availability of frequency-specific PCO information, all IGS DCB
products so far are based on a common-phase-center model and transition to
PCO-dependent DCB modeling is only foreseen for mid-2022 along with the intro-
duction of a new IGS antenna model (Banville, 2021). As such, broadcast group
delays can directly be compared with IGS DCB products in the present study, but
the use of IGS (and broadcast) DCB inhibits the direct use of this data in PPP
models. In the absence of GDV contributions, satellite DCBs compatible with the
full observation model (marked by an asterisk) can be obtained from DCBs of a
common-phase-center model by accounting for the approximate difference of the
PCO z-coordinates for the two signals in the spacecraft body frame:

DCB* (S1 , Sz )sat — DCB(SI, S2 )sat _ (Zsat _ Zsat ) (3)

pco,s, PCo,s,

This approximation is based on the averaging of Equation (2) over all the boresight
angles of the nadir-oriented transmit antenna is generally good to better than a few
centimeters.



MONTENBRUCK ET AL.
E€BION
4 | BEIDOU BROADCAST GROUP DELAYS

As part of the D1/D2 legacy navigation messages, all BDS satellites transmit a
TGD, timing group delay, which reflects the bias of the B1I signal relative to the
B3I reference (i.e., the C2I-C6I DCB [Table 2]). For BDS-2 satellites, an additional
TGD, parameter corresponding to the C7I-C6I DCB is also provided in these mes-
sages. In D1/D2 messages of BDS-3 satellites, the TGD, field is populated with a
copy of the TGD, value but has no practical meaning since no B2I signal is trans-
mitted by those satellites.

Group delay parameters for the pilot component of the new B1C and B2a sig-
nals relative to B3I are jointly provided in the CNAV-1 and CNAV-2 messages.
Furthermore, these messages also provide an inter-signal correction (ISC) that
describes the differential code bias between the data and pilot channel of the
respective signal. Finally, the CNAV-3 message provides a complementary group
delay parameter for users of the B2b in-phase signal.

An overview of broadcast group delays transmitted by the various BeiDou satel-
lites is given in Figure 2, which provides the annual means of the transmitted TGD/
ISC values for each satellite. Colors from blue to red refer to individual spacecraft
in the order of ascending space vehicle number [SVN]. The five columns within
each sub-figure refer to BDS-2 satellites, BeiDou-3S in-orbit-validation satellites,
BDS-3 GEOs+IGSOs, as well as BDS-3 MEO satellites built by CAST and SECM,
respectively. Mean group delays over all satellites are indicated by horizontal lines.
Complementary to the actual broadcast group delays, the figure also shows the
differential code bias between the adjacent frequencies of the B1I and B1C sig-
nals as computed from the difference of the TGDy;,¢, and TGD, values. Despite
the close proximity and the joint generation of these signals in a common wide-
band modulation scheme (Lu et al., 2019), the respective biases show a scatter of
roughly +4 ns across the various satellites of the BDS-3 constellation. For compari-
son, TGDg,,-TGDg,,, group delay differences between the B2a and B2b sidebands
of the B2ab ACE-BOC signal show a two-times smaller scatter despite a two-times
larger frequency separation.

Overall, the group delays are most pronounced between signals in the upper (B1)
and lower (B3, B2) L-Band, where values in the range of £40 ns are encountered.
Interestingly, a much larger scatter of TGD, and TGDyg;,, values can be observed
for BDS-3 satellites built by the China Academy of Space Technology (CAST) com-
pared to those built by the Shanghai Engineering Center for Microsatellites (SECM)
of the China Academy of Science (CAS). Inter-frequency biases between signals of
the B3 and B2 band are typically confined to a range of about —10+10 ns, except for

TABLE 2
BeiDou Broadcast Group Delays

Navigation Message Signal Group Delay Parameter =~ RINEX Equivalent
D1/D2 B1I, B2I, B3I TGD, C2I-Cel
TGD, C71-Cel
CNAV-1 B1C ey C1P-Cél
TGDpy,p C5P-C6I
ISCpyeq C1D-C1P
CNAV-2 B2a TGDpycp C1P-C6l
TGDpy,p C5P-C6I
ISCpoug C5D-C5P

CNAV-3 B2b-1 TGDy,p1 C7D-Cé6l
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FIGURE 2 Mean values of broadcast DCBs provided in the BeiDou navigation messages
over the year 2021

a single satellite (SVN C214 / PRN C33) which exhibits TGDp,,q and TGDp,,; values
of about 30 ns. Intra-frequency biases between pilot and data components of the
B1C and B2a signal, in contrast, show a very small scatter of well below 1 ns across
the BDS-3 constellation.

Non-negligible mean values may be observed for various broadcast group delays,
particularly for the TGDg,,,, the TGDg,y;, and the ISCy,, 4. Obviously, the broadcast
group delay parameters of the BeiDou satellites determined by the control seg-
ment are not constrained by zero-constellation-mean conditions as used for IGS
DCB products and the broadcast group delays of Galileo. On the other hand, the
BeiDou signal specifications provide no information, on whether TGDs and ISCs
are aligned to a calibrated golden receiver as done in GPS (Wilson & Mannucci,
1994; Yinger et al.,, 1999) or a reference satellite with pre-calibrated biases.
However, the latter option is strongly suggested by the fact that TGD, and TGD,
values transmitted by the first BDS-2 GEO satellite (SVN C003, PRN C01) until the
end of March 2020 match the set of values identified as factory calibration data in
Xing (2011). Following March 2020, SVN C018 (PRN C03) was apparently selected
as a new pivot satellite by the BDS control segment, since it was the only BDS-2
satellite that transmitted constant TGD, and TGD, values thereafter, except for a
temporary reconfiguration with TGD,/TGD, switches of most BDS-2 satellites on
September 2/3, 2021.

Concerning the modernized signals transmitted by the third-generation BeiDou
satellites, it may be noted that constant values of all broadcast group delays are
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FIGURE 3 Temporal evolution of TGD, values transmitted in 2021 by BDS-2 and BDS-3
satellites (colors from blue to red refer to individual spacecraft in the order of ascending SVN)

transmitted in the CNAV-1/2/3 message of SVN C201 (PRN C19), while changes on
individual TGDs or ISCs may be noted for all other satellites. This suggests that fac-
tory calibrations for the first BDS-3 MEO satellite are actually used as a reference
for the broadcast group delays of the new B1C, B2a, and B2b signals.

Updates of the BDS-2 group delay parameters with changes at the sub-ns level
were performed by the ground segment at intervals down to one month, but
did not follow a strict schedule. In addition, two cases of anomalous broadcast
group delays may be noted from January 28 to February 21 and September 2 to
September 3. Here, TGD,/TGD, changes at the level of 10 to 15 ns with respect
to the normal values were encountered for multiple BDS-2 satellites (Figure 3).
Since similar variations are obvious in IGS DCB products, reconfigurations of the
satellite transmitter or navigation payload chains appear to be the most plausible
explanation for the observed changes.

On BDS-3 satellites, only occasional changes of the broadcast TGDs could be
noted on selected satellites. These were, likewise, reflected in IGS DCB estimates
and can thus be attributed to spacecraft configuration changes. On September 18,
2021, a group delay change on Satellite C218 (C36) was observed in IGS moni-
toring. However, this change was only considered by a broadcast TGD update on
October 28.

5 | IGS DCBPRODUCTS

Within the IGS, multi-GNSS differential code bias products are presently gen-
erated by two analysis centers and publicly made available through IGS data
centers!. While CAS DCBs are estimated jointly with station-wise ionosphere

! https://cddis.nasa.gov/archive/gnss/products/bias/ and ftp://igs.ign.fr/pub/igs/products/mgex/dcb/
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TABLE 3
Number of Stations Contributing to CAS
and DLR DCB Products Near the Beginning

and Ending of 2021
Signal CAS DLR
Begin End Begin End
C2I 190 205 110 120
C6l 140 180 95 110
C71 190 205 110 120
C1P 40 90 30 50
C1X 25 50 25 35
C5P 40 90 30 50
C5X 30 90 30 35
C7D 10 60
C7Z 20 35 20 20
C8X 20 35 15 15

parameters and provided on a daily basis (Wang et al., 2016) as a rapid product
with a 2-3 day latency, the DCB solutions of DLR are based on external GIMs
(Montenbruck et al., 2014) and made available in 3-month batches at the end of
each quarter.

Both products are based on observations of the IGS multi-GNSS network but
differ in the total number and distribution of stations. As shown in Table 3, the
number of stations contributing BeiDou observations has continuously increased
over the 1-year data period and includes about 140 to 200 stations tracking legacy
B1I, B2I, and B3I signals. For the DLR product, a maximum of 120 stations was
considered. Concerning the modernized B1C and B2a signals of BDS-3 satellites,
two groups of receivers tracking either the combined data+pilot signal (X or Z) or
the pilot-only component (P) may be distinguished.

In the case of the B2b signal, the publicly defined data component (C7D) is
tracked by most stations, while combined pilot+data tracking (C7Z) was limited
to just a single receiver type. Altogether, observations for the B1C and B2a signals
were provided by about 70 to 180 receivers over the course of 2021. On the other
hand, a notably lower number of stations support tracking the B2b signal or the
combined B2ab ACE-BOC signal, which obviously limits the quality of the respec-
tive biases.

The stability of individual biases in the CAS and DLR DCB products is illustrated
in Figure 4, which shows the distribution of standard deviations of individual DCBs
across the BDS-2 and BDS-3 satellites. It is based on long-term statistics covering
the full year of 2021 except for two periods from January 28 to February 21 and
from September 1 through September 4. These periods included bias changes on
multiple satellites that were attributed to ground or space system reconfigurations
and have therefore been excluded from the stability analysis. For consistency, all
DCBs were formed with respect to the B3I (RINEX C6I) signal, which is transmit-
ted by all BDS-2 and BDS-3 satellites and also serves as reference for the broadcast
group delays.

In the absence of calibrated reference receivers or satellites, the generation of
daily DCBs by CAS and DLR makes use of a zero-mean condition across all contrib-
uting satellites to separate the total group delay into distinct satellite and receiver
biases. Compared to broadcast TGDs, a systematic offset in these DCB products
shows up that is common to all satellites in the constellation and will finally reflect
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FIGURE 4 Box-whisker plots showing the median (colored lines), inter-quartile range (IQR;
shaded boxes), and 1.5-IQR whiskers of standard deviations of individual satellite DCBs in the
CAS and DLR products for the BDS-2 and BDS-3 constellation; outliers exceeding the 1.5-IQR
limits are marked by open circles.

itself in a corresponding offset of the receiver clock estimate when using the differ-
ent group delay values for navigation.

While positioning users may potentially benefit from a better compatibility of
IGS DCBs with their receivers when using these DCBs instead of broadcast TGDs
(Zhang et al., 2020a), the zero-mean alignment of IGS DCBs must be carefully con-
sidered in timing applications and hampers direct access to BeiDou system time.
As illustrated in Figure 2, mean values of broadcast group delays across the con-
stellation range from near zero values for the B1C data+pilot difference to values
of about —10 ns for the TGDs of B2a and B2b group delays with respect to the B3I
signal. Depending on the specific signal choice, notable inconsistencies may thus
arise when switching between broadcast TGDs and IGS DCBs in the calibration of
timing receivers (Li et al., 2021a).

Overall, both IGS DCB products achieved a median standard deviation of 0.08
to 0.15 ns, or, equivalently, 3 to 5 cm. These values provide an aggregate measure
of the repeatability of daily bias estimates in the two products and the actual vari-
ability of the various satellite group delays. Individual outliers in the box-whisker
plots can be attributed to occasional step changes with ns-level amplitudes in the
biases of a small set of satellites. Except for such changes, which are likely related
to onboard equipment changes or reconfigurations, the DCBs exhibit a favorable
stability, which also justifies the strategy of rare broadcast ephemeris updates by
the BeiDou control center.

DCB:s in the two products exhibit a fairly similar stability. Furthermore, the sta-
bility of individual DCBs shows no obvious relation to the frequency separation of
the contributing signals. This confirms that DCB estimation with pre-computed
GIMs and code-only processing (as used in the DLR product) is, indeed, a viable
and competitive approach for satellite group delay determination from a global
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FIGURE 5 Standard deviation of DCB differences between DLR and CAS products, as well
as broadcast TGDs and CAS DCBs

station network. Considering DCBs for individual signal pairs, the range of stan-
dard deviations (as shown by the size of the IQR boxes in Figure 4) is generally
smaller for biases involving the modernized signals as compared to the C2I-C6I
DCB for the legacy BDS-2 and BDS-3 signals. Within the DLR product, a larger
spread of DCB standard deviations for data+pilot tracking of the B1C and B2a
signal may be noted compared to DCBs for pilot-only tracking. This is mostly
attributed to the smaller number of respective receivers in the network used for
the DLR product.

While both the CAS and DLR DCB estimates exhibit a very favorable stability at
the 0.1-ns level for each individual satellite, obvious satellite-specific offsets may be
noted when differencing DCBs from the two products. Except for DCBs of legacy
signals, which are tracked by the majority of receivers in the employed networks,
DCB differences with a standard deviation of about 0.4 ns show up in the DLR-CAS
comparison (Figure 5). Even though differences in the handling of ionospheric
path delays in the DLR and CAS products will likely cause inconsistencies between
the two products, the magnitude of these inconsistencies shows no relation to the
frequency separation of signals in the individual DCBs.

Furthermore, differences in ionospheric path delay modeling would mostly cause
random DCB differences, but are not expected to induce systematic satellite-specific
effects in a global constellation. Therefore, the DCB differences can best be under-
stood as the result of correlator-dependent offsets in the pseudorange observations
of the contributing stations (Hauschild & Montenbruck, 2016). These show up most
prominently when comparing DCBs from small networks with different shares of
specific receiver types and thus affect DCBs for modernized signals more promi-
nently than those of legacy signals in the current network configuration.

Similar issues are also evident when comparing broadcast group delays
with DCBs from geodetic monitoring networks. As shown in Figure 5, TGDs
for both legacy and modernized signals exhibited differences with a standard
deviation of 0.4 ns to 0.9 ns relative to the CAS DCB products. These values
notably exceed the internal precision of TGDs and DCBs and clearly reflect
satellite-specific offsets between both types of bias products. By way of exam-
ple, this is illustrated in Figure 6 for the TGD, (i.e., C2I-C6I group delay), which
shows the most prominent offsets among all signals transmitted by the global
BDS-3 system. A temporary step for Satellite C218 (C36; gold) in October 2021
reflects an onboard change that was immediately sensed by the CAS monitor-
ing but only reflected in a TGD update with a one-month delay.
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FIGURE 6 Differences of broadcast TGD, and CAS C2I-C6I DCBs for BDS-3 MEO satellites;
colors from blue to red denote individual satellites in ascending SVN order.

6 | RECEIVER DEPENDENCY OF SATELLITE
GROUP DELAYS

To further assess the satellite-specific inconsistencies in BeiDou TGDs and DCB
products as well as their dependence on the employed receivers, we considered
four selected subsets of the IGS network. Each of these supported the tracking of
legacy and modernized BeiDou signals and is composed of stations with receiv-
ers of a single manufacturer based on a common architecture (Table 4). For each
of the four networks, dedicated satellite DCBs were derived for a 16-day period
(December 16 through December 31, 2021) using the same GIM-based approach
as for the DLROMGXFIN product (Montenbruck et al., 2014). Despite a reduced
number of stations, individual DCB estimates obtained in these test cases exhibited
a similar precision of about 0.1 to 0.2 ns (median standard deviation) as in the full
network due to the shorter data arc.

For the comparison of type-specific receiver networks, we focused on the analy-
sis of the C21-C6I (TGD, ), C1P-C6I (TGDy, ), and C1P-C5P (TGDy, ., ~TGDy,, )

TABLE 4
Receiver-Type-Specific Subsets of IGS Network for BeiDou DCB
Analysis
Set Receivers Number

1 Javad TRE_3 30

2 Leica GR10/25/30/50 15

3 Septentrio AsterRx-4, PolaRx-4TR/-5/-5TR 30

4  Trimble NetR9, Alloy 20-45

Note: The number of contributing stations may differ for legacy
and modernized signals.
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biases. Out of these, the first two DCBs directly represented the timing group delays
of the legacy and modernized B1 signals relative to the B3I reference. Comparison
of receiver-specific solutions for these DCBs and the associated TGD-DCB differ-
ences (Figures 7 and 8) showed that group delays for the legacy B1I signal exhibit
the most significant impact of different receiver architectures, which seriously lim-
its the applicability of TGD and DCB products in positioning with legacy BeiDou
signals. A notably reduced receiver-dependence was observed for the B1C group
delays relative to B3I and the B1C group delay relative to the B2a signal, which
showed up in a smaller scatter of TGD-DCB values with a better consistency of the
receiver-specific solutions.

With a total of almost 8 ns, the largest spread of TGD, —DCB,, ; differences
across the BeiDou constellation occurred for the network of Septentrio receiv-
ers, which was selected as a reference for the scatter plots in Figure 7. TGD-DCB
differences for other receivers range from roughly one-third to two-thirds of this
value and were smallest for the Javad receiver network. The data also illustrated a
systematic offset in the TGD-DCB difference between BDS-2 and BDS-3 satellites
that was first noted in Wang et al. (2019) and amounted to 5.2 ns, 1.6 ns, 3.0 ns,
and 3.8 ns for receiver groups 1-4. These values were in good accord with previ-
ous results for Javad, Trimble, and Septentrio receivers presented in Zhang et al.
(2020D) for a partial BDS-3 constellation including only satellites up to PRN C37.
The inconsistencies of BDS-2 and BDS-3 biases can best be attributed to system-
atic differences in the chip shapes of the B1I signal. This signal is generated in a
quadrature phase shift key (QPSK) modulation with only two signal components
at the 1561.098-MHz center frequency in BDS-2 satellites, whereas a more sophis-
ticated constant envelope multiplexing via intermodulation construction (CEMIC)
scheme is used in BDS-3 satellites to jointly generate B1I along with the open B1C
signal and the restricted B1A signal at 1575.42 MHz (Yao et al., 2017).

Evidently, this wideband modulation requires different signal generation hard-
ware and resulted in different chip shapes for the B1I component than the nar-
rowband modulation used on BDS-2. Depending on the front-end and correlator
design, different receivers can sense different locations of the chip transition and
thus group delays when tracking the B1I signals of different satellites. It must be
emphasized, though, that these inconsistencies do not reflect specific strengths or
weaknesses of individual receiver types, but are rather an inherent consequence
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FIGURE 7 Scatter plot of TGD; — DCB,;.¢q differences illustrating the receiver type
dependence of B1I-B3I group delays (bold black plus signs indicate the mean value of the
TGD-DCB difference for BDS-2 and BDS-3 satellites after zero-mean alignment of the
constellation-wide differences; s denotes the slope of a trendline relating data for each
receiver pair)
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of the limited consistency of the transmitted satellite signals across the BeiDou
constellation. Likewise, the magnitude of the overall scatter of TGD-DCB differ-
ences in Figure 7 does not constitute a quality criterion per se, but rather represents
the consistency of individual receiver types with the specific instruments for TGD
determination in the BeiDou control segment.

Corresponding plots for the B1C-B3I and B1C-B2a group delays are shown
in Figure 8, where, once again, an obvious correlation of the satellite-specific
TGD-DCB differences among the various receivers may be noted. Different slopes of
the individual trendlines illustrate a varying consistency of DCBs and TGDs across
signals and receivers. Compared to the B1I-B3I group delay, individual slopes in
the scatter plots are generally closer to unity, which suggests a better agreement
of DCB estimates among different receivers. Irrespective of the agreement with
broadcast TGD values, this fact ensures a better consistency of DCB estimates in
heterogeneous networks and would also benefit the consistency of satellite clock
estimates in BDS-3 precise orbit determination and time synchronization (Li et al.,
2021b) from globally distributed monitoring stations.

Overall, the scatter of TGD-DCB differences is confined to typically less than
+1 ns and is thus at least two-times smaller than for the B1I-B3I group delays of
the BDS-3 satellites. TGD-DCB differences for both B1P-B3I and B1P-B5P exhibit
standard deviations of about 0.4 to 0.6 ns for the various receivers, which illus-
trates that both signals exhibit a similar quality in terms of chip shape consistency
among all BDS-3 satellites. Use of these signals is therefore clearly preferable to
B1I, if good positioning and timing accuracy is desired irrespective of the employed
receiver type.

TGDgicp = TGDg2ap ~DCBep_cop
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Even though a careful choice of signals may help to minimize the impact of
receiver-dependenciesin the determination and application of satellite group delays,
it is unable to fully account for the coupling of receiver and satellite biases caused
by GNSS signal distortions. As a remedy, the estimation of receiver-group-specific
satellite group delays was proposed (Hauschild & Montenbruck, 2016) and is
also foreseen in the definition of the bias SINEX exchange format (Schaer, 2016).
Alternatively, a partitioning of the total group delays into a satellite contribution, a
receiver contribution, and a complementary receiver-specific satellite contribution
may be considered as proposed by Gong et al. (2018). However, both approaches
have not yet found widespread attention and are presently not considered in the
generation of IGS bias products. Likewise, they would not be practical for real-time
users relying on broadcast group delays for single point positioning.

7 | POSITIONING AND TIMING

Stochastic and systematic errors in broadcast TGD and ISC values directly
affect the quality of single point positioning (SPP) and timing solutions. To
quantify this impact, we analyzed the signal-in-space ranging errors (SISRE) of
BeiDou broadcast ephemerides considering different sets of user signals. The
SISRE provides a location- and time-independent measure for the statistical
contribution of broadcast orbit, clock, and group delay errors to the modeled
pseudorange (Langley et al., 2017; Montenbruck et al., 2018). This pseudorange
error can then be translated to the position and time domain by multiplication
with the respective dilution-of-precision (DOP) factor for a given distribution of
tracked satellites.

Using precise orbit, clock, and DCB products as a reference, the SISRE con-
tribution of TGD/ISC errors may be assessed for individual sets of single- or
dual-frequency user signals. Other than the direct comparison of broadcast group
delays with network-based DCB solutions, the SISRE analysis also allowed us to
identify correlations between group delay errors and errors in broadcast clocks.
While the exact nature of these correlations cannot be identified without further
insight into the process of broadcast ephemeris generation in the BeiDou control
center, these correlations are important for a proper understanding of the individ-
ual SISRE error budgets and their knowledge enables an optimal signal choice in
navigation and timing applications.

For our analysis, we made use of the GFZOMGXRAP rapid orbit and clock solu-
tions provided by Deutsches GeoForschungsZentrum Potsdam as part of the IGS
multi-GNSS pilot project (Deng et al., 2017; Montenbruck et al., 2017) and com-
plemented these with differential code biases of CAS (Wang et al., 2016). These
reference clocks and DCBs are both based on observations of the IGS multi-GNSS
network and can be considered as representative for an average geodetic-grade
user receiver with multi-frequency tracking capability.

Broadcast and precise ephemerides refer to distinct antenna reference points
and clock reference signals which must be considered in the comparison
(Montenbruck et al., 2018). While broadcast orbit and clocks are referred to the B3
phase center as provided by CSNO (CSNO-TARC, 2022) and the B3I signal (Xue
et al., 2021), the IGS reference products are based on an ionosphere-fee B1I/B31
combination and the corresponding antenna phase centers of the IGS antenna
model (igs14_2188.atx).

While differences in the adopted antenna offsets for broadcast and pre-
cise ephemerides can be taken into account in a straightforward manner by
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consideration of the corresponding PCO z-differences, further considerations
are required for the handling of signal-specific group delays. Depending on the
choice of a specific single- or dual-frequency user signal for the SISRE computa-
tions, different linear combinations of broadcast group delays or network-based
DCB estimates must be applied to translate the respective satellite clock offsets
to the selected signal. These corrections are summarized in Table 5 for the vari-
ous signals of interest.

Considering only the global MEO satellites and neglecting correlations between
radial orbit errors and clock offset errors, which play a subordinate role for BDS-3,
the globally averaged signal-in-space range error can be expressed as:

SISRE ~ /R + w?(A? + C2) + T? 4

Here, R, A, and C denote the root-mean square (RMS) orbit differences of broadcast
and precise orbits and w = 0.132 is a weight factor representing the global aver-
age contribution of along-track and cross-track errors on the line-of-sight range
(Montenbruck et al., 2018) at the altitude of the BDS-3 constellation. T represents
the RMS clock offset differences, which are obtained after consideration of the
respective antenna offsets and user-signal-specific group delay corrections, as well
as subtraction of an epoch-wise constellation mean value representing the system
time difference of broadcast and precise clock products. The orbit-only SISRE
considering only R, A, and C is commonly used in SISRE analyses to separately
quantify the contribution of orbit and clock errors. The total SISRE can then be
expressed as the root-sum-square (RSS) of SISRE_,,, and the RMS clock errors T.

TABLE 5
Signal-Dependent Group Delay Corrections of Satellite Clock Offsets in Broadcast Ephemerides (bce) and Precise Reference
Ephemerides (ref) for SISRE Monitoring of Selected Single- and Dual-Frequency Navigation Services

Message User signal(s) Broadcast Reference

T3
D1 B1I d2t —TGD, deat — (_fél.:fég DCBCZI_CM)
sat sat flerZ
B3I dtbce dtref |7 PCBearcar
fBerifBZ&
B1L, B3I deg —(ﬁTGDl) drsat
¢\ S e
18
CNAV-1 ~ B1C dtlS)%Ie_TGDBICp dtrsgft (DCBCIP cel zlzz_lfz DCBCZI—CﬁI)
sat sat fmz
B3I dtbce ref CZI Cel
fBlZ fB3
B1C, B3I drsat —( % _1GD ) drsat (+ Ji __fe_pcp )
’ bee fa-134 B1Cp ref fa-12 ClP Ceél o154 C2I-Cé61
fia
B2a dey - TGDBZap i - (DCBCSP c61 Bz,lflaz} DCBCZI-CGI)
it Jia t i
BIC, B2a degt — (félf}énT oy~ TGDBZap) drsst — ( A DCBeyp.cq
T2 13
- 12 izfﬂzz DCBCSP-C6I 2, o DCBchcm)

Note: f; denotes the frequency for the frequency band b (cf. Table 1).
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TABLE 6
SISRE Values and Contributions for BDS-3 MEO Satellites

Message Signals SISRE,,, T SISRE T, Ty,
D1 B1I 0.12 0.38 0.40 0.25 0.28
B3I 0.12 0.44 0.45 0.25 0.35
B1I, B3I 0.12 0.60 0.62 0.25 0.56
CNAV-1 B1C 0.11 0.42 0.43 0.25 0.33
B3I 0.11 0.44 0.45 0.25 0.35
B1C, B3I 0.11 0.53 0.54 0.25 0.48
B2a 0.11 0.41 0.43 0.25 0.32
B1C, B2a 0.11 0.45 0.46 0.25 0.38
D1+CNAV-2 B1I, B2a 0.11 0.42 0.43 0.25 0.34

Note: All values in m.

Based on the broadcast ephemerides for the legacy (D1; CSNO, 2019) and mod-
ernized (CNAV-1; CSNO, 2017a) navigation messages and the precise GFZ refer-
ence product along with CAS DCBs, SISRE values of the BDS-3 MEO constellation
were evaluated for the various single- and dual-frequency user signals over a 30-day
period in November 2021. The results collated in Table 6 illustrate the dominant
contribution of the combined clock and group delay errors T to the overall SISRE,
which ranges from 0.4 m to 0.6 m depending on the user signal adopted for the
comparison of broadcast and precise products.

Similar to the comparison of broadcast and precise group delays (Figure 6), the
comparison of group-delay corrected clock offsets exhibits the presence of notable
satellite-specific mean values that made up a substantial fraction of the overall
T error. Values of these clock offset biases Acdt] =cdt] .  —cdt]  for individual
satellites i as estimated from the 1-month data arc are shown in Figure 9 for the
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Overall, the satellite-specific systematic clock errors cover a range of roughly
0.6 m, or, equivalently, £2 ns and are highly correlated across the various signals.
Their RMS values T, over all satellites of the BDS-3 constellation are provided in
Table 6 along with the RMS clock offset differences T, that remain after correcting
the satellite-specific clock offset biases. T, represents random errors in the forecast
of satellite clock offsets by the BeiDou ground segment and amounts to 0.25 m irre-
spective of the selected user signal. Considering only these contributions in addi-
tion to the orbit errors, signal-in-space range errors of 0.28 cm might be achieved in
BDS-3. In practice, however, the overall SISRE budget is seriously degraded by the
presence of systematic biases in the group-delay-corrected clock offsets.

From Figure 9, a notable correlation of these satellite-specific biases for differ-

ent user signals may be observed. Differences between individual curves match
the corresponding TGD-DCB differences discussed in the previous section and are
typically smaller than the satellite-specific biases in the B3I clock offsets provided
in the broadcast ephemerides. In particular, a good consistency is observed for the
Acdth |, Acdty, ., and Acdth,, clock offset errors, which reflects the good consis-
tency of the respective broadcast and CAS group delay values.
The Acdt,; clock offset bias exhibits the largest RMS value among the four sig-
nals and shows a partial correlation with the Acdty,; —Acdtl,, difference or equiv-
alently the TGD; — DCB,_¢¢;- This correlation is also evidenced by the fact that the
Ty, error for dual-frequency B11/B3I user signals is smaller (see Table 6) than would
be expected for the propagation of statistically independent B1I and B3I contribu-
tions in the ionosphere-free linear combination.

Overall, the SISRE analysis shows that next to satellite-specific group delay dif-
ferences between broadcast ephemerides and precise IGS products, similar incon-
sistencies apply as well for the broadcast clock offsets. Following Yang et al. (2021),
broadcast clock offsets for BeiDou satellites are derived from observations of dedi-
cated two-way satellite time comparison (TSTC) stations. While it remains unclear
which calibration techniques are used to translate these TSTC observations into
B3I-specific clock offsets for users of the L-band GNSS ranging signals, incompatibil-
ities of the employed calibrations with common user receivers are obvious from the
SISRE analysis. Similar to the update of broadcast group delay estimation processes
performed in 2017 (Zhang et al., 2020a), determination of the B3I clock offsets in the
BeiDou ground segment may therefore need to be revisited to further improve the
consistency of BeiDou broadcast ephemerides with current GNSS user equipment.

Even though broadcast ephemeris users cannot presently overcome the
problem of satellite-specific clock offset biases in the navigation message in
pseudorange-based positioning and timing applications, Table 6 shows that some
flexibility exists to minimize the combined impact of broadcast clock and group
delay errors. In fact, the partial correlation of the satellite-specific B3I clock offset
biases and the satellite-specific TGD, errors results in a lower SISRE for B1I users
than for B3I users. Likewise, B1C and B2a SISRE values are smaller than those for
the B3I signal. For dual-frequency users, use of the ionosphere-free B1C/B2a com-
bination results in a SISRE of 46 cm, which clearly outperforms the legacy B11/B3I
signal combination with its SISRE of 62 cm. An even smaller SISRE of 43 cm can be
obtained when working with a B1I/B2a dual-frequency combination and making
joint use of the corresponding TGD, and TGDg,,, group delays from the D1 and
CNAV-2 navigation messages. This should not, however, be mistaken as an indica-
tor for a superior quality of the legacy B1I signal compared to the new B1C signal,
but rather reflects the partial compensation of the systematic B3I clock offset biases
by corresponding satellite-specific biases in the TGD, group delays.
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Group delays of BDS-2 and BDS-3 satellites exhibit a high temporal stability
except in limited periods of on-ground or onboard equipment reconfigurations.
Using global monitoring networks, differential code biases can be determined
as part of ionospheric analyses or by using pre-computed ionosphere maps.
Both methods provide a representative precision of 0.1 ns, which describes the
day-to-day repeatability of DCB estimates and includes both estimation uncertain-
ties as well as physical bias changes. However, the high precision contrasts with
a much lower accuracy as evidenced by the comparison of different DCB prod-
ucts. Inconsistencies between different group delay determinations are attributed
to chip shape distortions in BeiDou-2 and BeiDou-3 ranging signals which inhibit
an unambiguous partitioning of the overall biases in the entire signal chain into
distinct satellite and receiver contributions. As a result, an obvious dependence of
satellite group delay estimates on the type and architecture of the employed receiv-
ers could be observed. This affects both the consistency of DCB products based on
public geodetic receiver networks as well as the compatibility of broadcast group
delays with common BDS receivers.

The most pronounced impact can be observed for the legacy B1I signal at the
1561.098-MHz sideband of the L1/E1/B1 frequency. For BeiDou-3 differential
code biases involving this signal, satellite-specific inconsistencies of up to £2 ns
(1 ns RMS) can be observed between broadcast timing group delays and public
DCB products. Comparing TGD, values for the B1I-B3I group delay from broad-
cast navigation messages with DCB,;.q¢; estimates from IGS monitoring stations,
a systematic offset can be identified between satellites of the regional BDS-2 con-
stellation and the new global BDS-3 system. Closer inspection shows a pronounced
dependency of this offset on the employed receiver type.

Considering four brand-specific subsets of the IGS networks, BDS-3 vs. BDS-2
offsets in the TGD; — DCB,;. ¢ difference ranging from 1.5 to 5 ns were identi-
fied. As a consequence, a receiver-specific inter-system bias between BDS-2 and
BDS-3 would need to be considered for mixed processing of the regional and global
BeiDou system. This is particularly relevant for pseudorange-based positioning
and timing applications using broadcast navigation messages, but also applies to
some extent for precise positioning applications (e.g., when aiming at a fully con-
sistent treatment of pseudoranges for ambiguity resolution).

Considering the global constellation of BDS-3 MEO satellites, satellite group
delays for the new B1C and B2a signals exhibit a notably better (0.5 ns) consistency
of broadcast TGDs and IGS DCB products as well as a reduced dependency on the
receiver types compared to the B11I signal. This applies both for B1C and B2a group
delays relative to the B3I signal that serves as reference for BeiDou broadcast clock
offsets, but even more for the differential code delays between B1C and B2a signals.
Here, consistency at the level of about 0.3 to 0.4 ns was achieved among different
DCB solutions and in comparison with broadcast TGDs.

Incompatibilities of broadcast values with common geodetic receivers are not
limited to differential code biases but also apply to satellite clock offset parame-
ters. In contrast to all other navigation systems, BeiDou system time (BDT) refers
to a single-frequency (B3I) signal, which inhibits direct access to BDT using an
ionosphere-free linear combination of dual-frequency pseudorange observations.
Thus, satellite-specific errors in broadcast clock offsets and broadcast group delays
jointly affect the achievable positioning and timing accuracy with standalone
BeiDou receivers. Considering the contribution of clock and bias errors to the
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signal-in-space range error (SISRE), notable differences may be observed for the
variety of signals transmitted by the global BDS-3 constellation.

When comparing broadcast ephemerides with precise orbit, clock, and bias prod-
ucts from the International GNSS Service, RMS SISRE values of about 40 cm to
45 cm were obtained for single-frequency users. The overall SISRE constitutes the
root-sum-square of three contributions, namely orbit-only range errors of 11 cm
to 12 cm RMS, random clock offset errors of about 25 cm RMS, and systematic
satellite-specific clock and bias errors of varying magnitude. The latter depends on
the particular signal choice and exhibits an RMS scatter between 28 cm (for B1I,
B1C, and B2a) and 35 cm for B3I across the constellation. Essentially, these errors
reflect the inconsistent perception of chip shape distortions in the transmitted sig-
nals by common geodetic receivers compared to monitoring systems for broadcast
clock and group delay determination in the BDS control segment.

As may be recognized, these signal- and satellite-specific errors already domi-
nate the overall SISRE budget for single-frequency users but are even more pro-
nounced for dual-frequency navigation. Here, satellite-specific RMS clock offset
biases between about 34 cm for B1I/B2a users and 56 cm for B1I/B3I users are
encountered. Even though the amplification of single-frequency errors is less pro-
nounced than would be expected for the ionosphere-free combination of uncor-
related random errors, it results in a notable increase of the total RMS SISRE to
roughly 43 cm to 62 cm. Systematic satellite- and receiver-dependent clock and
group delay errors thus constitute the dominating contribution to the BDS-3 SISRE
and the overall navigation accuracy.

Obviously, changes to the transmitted chip shapes would be difficult, if not
impossible, to accomplish in the existing BeiDou constellation and can at best be
expected for the next generation of satellites. As an alternative, ground-based solu-
tions are required to better match the broadcast data with actual user equipment.
By way of example, a notable improvement has earlier been achieved for BeiDou-2
legacy signals by changing from narrow to wide correlator spacing in the monitor-
ing receivers for timing group delay determination. However, prospects for further
adaptation of the clock offset and group delay determination in the BeiDou control
segment to improve consistency with the average receiver are probably limited in
view of the wide diversity of current receivers for mass-market and precise appli-
cations. For high precision timing receivers that are most notably affected by the
observed inconsistencies, use of a standardized correlator architecture and spacing
appears to be a feasible solution to facilitate access to BeiDou system time and to
enable consistent time chain calibrations. As a general measure, transition to mod-
ernized BeiDou signals is encouraged. While this excludes joint use of BDS-3 along
with satellites from the regional BDS-2 system, it would pay off in terms of better
single point positioning and timing accuracy for standalone BeiDou users around
the globe.

Aside from benefits in terms of multipath suppression and weak signal track-
ing offered by the advanced signal modulation, use of the B1C/B2a signals instead
of B1I/B3I appears most beneficial. It would greatly improve the compatibility of
broadcast information with current receivers and reduce the overall SISRE bud-
get for pseudorange-based single point dual-frequency navigation by more than
25%. Furthermore, use of these signals would contribute to a better consistency
of satellite group delays and clock offsets estimated from heterogeneous receiver
networks.

Along with this recommendation, a transition of the clock reference signal from
B1I/B3I to B1C/B2a is encouraged for the generation of precise BDS-3 ephemeris
products. With more than 80 receivers supporting the tracking of new signals in
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the IGS network by the end of 2021, transition to B1C and B2a clock products
appears well within reach and could help to further increase the contribution of
BDS-3 for PPP and timing applications. Aside from an improved consistency of
broadcast and precise ephemeris products for BDS-3, use of modernized signals is
also desirable for multi-GNSS processing. In particular, a joint Galileo and BDS-3
processing would benefit from a harmonized signal set with similar signal struc-
tures and common frequency bands, which helps to minimize signal-related biases
between the two constellations.
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