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Abstract

Multi-GNSS combination can alleviate problems associated with GNSS-based geostationary earth orbit (GEO) satellite
navigation and orbit determination (OD), such as GNSS availability and observation geometry deterioration. However, only
GPS has been widely applied and investigated in GEO missions, whereas GEO OD with BDS requires further exploration.
The Chinese GEO satellite TJS-5, equipped with a GPS and BDS-compatible receiver, is the first GEO mission that tracks
both BDS 2nd and 3rd generation satellites since BDS global deployment. With the TJS-5 real onboard data, we evaluate
BDS side-lobe signal performance and the BDS contribution to GEO OD. Due to transmit antenna gain deficiencies in the
side lobes, BDS shows a worse tracking performance than GPS with an average satellite number of 4.3 versus 7.8. Both
GPS and BDS reveal inconsistency between carrier-phase and code observations, which reaches several meters and signifi-
cantly degrades post-dynamic OD calculation. We estimate the consistency as a random walk process in the carrier-phase
observation model to reduce its impact. With inconsistency estimated, the post-fit carrier-phase residuals decrease from
0.21 to 0.09 m for both GPS and BDS. The OD precision is significantly improved, from 1.95 to 1.42 m with only GPS and
from 3.14 to 2.71 m with only BDS; the GPS and BDS combined OD exhibits the largest improvement from 1.74 to 0.82 m,
demonstrating that adding BDS improves the OD precision by 43.3%. The above results indicate that the proposed carrier-
phase inconsistency estimation approach is effective for both GPS and BDS and can achieve an orbit precision within 1.0 m
using multi-GNSS measurements.

Keywords BDS - Geostationary earth orbit - Side-lobe signal - Observation quality - Carrier-code inconsistency - Orbit
determination - Orbit precision

Introduction or post-processed orbital precision ranging from several

kilometers to even submeter levels (Huang et al. 2009;

High and geostationary earth orbit (HEO/GEO) satellites
are widely used for earth observation, weather forecast-
ing, global communication, etc., which require onboard
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Nicol4s-Alvarez et al. 2019; Ramsey et al. 2019; Winternitz
et al. 2017). In recent years, a growing number of HEO/
GEO satellites have been equipped with space-borne global
navigation satellite system (GNSS) receivers for onboard
navigation (Ashman et al. 2018; Enderle et al. 2018). For
HEO/GEO missions, only the GNSS signals from the Earth’s
opposite side can be tracked, which are primarily side-lobe
signals. This results in lower received signal power, larger
observational error, fewer visible satellites, and poorer
observation geometry than ground applications (Bauer et al.
2017; Lin et al. 2020). To better support HEO/GEO navi-
gation, dedicated efforts have been undertaken on satellite
signal characterization and modernization as well as high-
sensitivity receiver development (Marquis and Reigh 2015;
Ramsey et al. 2019; Wang et al. 2022).
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The conception of space service volume (SSV) is
established to describe GNSS service performances for
space applications that extend from 3000 to 36,000 km
above the earth’s surface (the geostationary orbit altitude)
(Bauer et al. 2006). Considering multi-GNSS develop-
ment in recent decades, the initiative of developing an
interoperable multi-GNSS SSV among each GNSS
provider has been promoted (Bauer et al. 2017; United
Nations Office for Outer Space Affairs 2018). Never-
theless, official SSV specifications consider only main-
lobe signals and neglect the extensive side-lobe signals,
severely underestimating GNSS signal availability for
HEO/GEO navigation (Lin et al. 2020; Parker et al. 2016).
To assess GPS side-lobe signal quality and facilitate GPS
for GEO/HEO applications, Lockheed Martin released the
detailed GPS antenna gain patterns obtained from fac-
tory tests (Marquis and Reigh 2015). The GPS antenna
characterization experiment (ACE), a research collabora-
tion between Aerospace Corporation and NASA Goddard
Space Flight Center (GSFC), comprehensively charac-
terized on-orbit GPS transmit antennas using numerous
GEO onboard observations (Donaldson et al. 2020). The
ACE results reveal new knowledge of side-lobe signal
patterns and indicate that the quality of side-lobe signals
can meet the requirement for HEO/GEO navigation.

The benefits of side-lobe signals in HEO/GEO navi-
gation have already been demonstrated in various space
applications, such as the geostationary operational envi-
ronmental satellite-R program (GOES R) (Chapel et al.
2017; Ramsey et al. 2019; Winkler et al. 2017). Differ-
ent from main-lobe signals, the side-lobe signals present
biases reaching up to several meters based on the real
onboard data. The ACE datasets indicate that side-lobe
observation biases remain consistent at different signal
levels (Donaldson et al. 2020). In GOES R-17 OD cal-
culations, these biases are represented as highly variable
elevation-dependent variations in the post-fit pseudorange
residuals, which are thought to be caused by variations
of the L1 frequency signal group delay between the side
lobe and the edge of the main lobe (Winkler et al. 2017).
The post-fit carrier-phase residuals from dynamic OD of
Chang’e-5T and TJS-2 satellites also indicate large lin-
ear trends and are presumably attributed to ionospheric
refractions (Jiang et al. 2018; Su et al. 2017). Though the
definitive cause of such biases is still unknown, different
approaches are proposed to handle them. Winkler et al.
(2017) estimated one bias for each GPS observation arc,
which reduced the GOES R-17 code residuals from 2.06 to
0.23 m. Considering that TJS-2 post-fit residuals exhibited
a daily repetitive pattern due to satellite geometry, Jiang
et al. (2018) built a sidereal filter to correct such errors,
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which reduced TJS-2 orbit overlap differences (OODs)
from 2.14 to 0.99 m.

Combining multiple GNSSs can significantly improve
observation geometry for GEO/HEO satellites. However,
new emerging GNSS systems, such as BDS, still lack inves-
tigations. The two Chinese GEO satellites, i.e., No.2 and
No.5 telecommunication technology test satellites (TJS-2
and TJS-5), are equipped with multi-GNSS receivers that
can simultaneously track GPS, BDS, and GLONASS. For
TJS-2, the navigation precision with only GPS is about
41.4 m; it is improved to 40.0 m and 16.9 m when GLO-
NASS and BDS satellites are added, respectively, though
their average satellite numbers are only 4.6 and 0.8 (Wang
et al. 2021a). The receiver on TJS-5 is BDS 2nd (BDS-2)
and 3rd generation (BDS-3) compatible, allowing investi-
gations on the BDS performances using the complete BDS
constellation. Wang et al. (2022) evaluated the in-orbit sig-
nal quality of BDS-3 satellites and reconstructed the BDS
transmit antenna gain patterns with the TJS-5 measurements,
indicating a degraded performance of BDS-3 side-lobe sig-
nals. When BDS is incorporated, the TJS-5 navigation preci-
sion improves significantly from 32.1 m to 16.5 m, which is
consistent with TJS-2 results (Wang et al. 2021b). However,
the above studies are limited to the GEO navigation perfor-
mance evaluation with BDS involved, not considering the
post OD.

This study focuses on the performance of TJS-5 naviga-
tion and post OD with BDS as well as GPS and BDS combi-
nation. TJS-5 onboard GPS and BDS side-lobe signal quality
is firstly assessed, which reveals significant inconsistency
between code and carrier-phase. An adjusted carrier-phase
model is thus established to estimate such inconsistencies
during OD. With the adjusted model, post-OD for TJS-5
is conducted with different GNSSs and the corresponding
OD precision is compared. The following is the structure of
this paper: In Sect. 2, the TJS-5 satellite and the data used
in this study are described; in Sect. 3, the TJS-5 onboard
GPS and BDS data quality analysis are presented in terms of
satellite visibility, carrier-to-noise ratio (CNR) variations as
well as observation errors; the post OD performance using
GPS and BDS is evaluated in Sect. 4; at last, Sect. 5 gives
the conclusions.

TJS-5 satellite description and data
collection

The TJS-5 satellite, launched on January 7, 2020, is
located at a geostationary orbit around 178.5° E. As a
follow-on mission of TJS-2, TJS-5 also carries a set of
GNSS receivers and a high-gain antenna for onboard
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Fig. 1 Schematic diagram

of TJS-5 receiving side-lobe
signals for navigation. The gray
and red shades indicate the
main-lobe and side-lobe signal
ranges, respectively. The signal
lobes of BDS GEO/IGSO and
GPS satellites are zoomed out
for a clear view

navigation. To track both main- and side-lobe signals
transmitted by GPS and BDS satellites on the opposite
side, the TJS-5 onboard antenna is installed to point
toward the center of earth, as illustrated in Fig. 1. The
receiver is upgraded based on the one equipped by TJS-2
with several improvements. Firstly, the channel number
and channel allocation strategy are changed. There are
two modules in TJS-2’s receiver, each with 16-channel
hardware correlators. One module allocates 8 channels
for GPS satellites and 8 for BDS, while the other 8 for
GPS and 8 for GLONASS; however, they could not work
simultaneously (Wang et al. 2021a). The receiver onboard
TJS-5 has 24 channels equally allocated for tracking the
BDS, GPS, and GLONASS signals, respectively. Such an
update is reasonable as more satellites could be tracked
simultaneously. Secondly, the newly launched BDS-3
satellites could also be tracked by TJS-5 in addition to
legacy BDS-2 satellites, which provides a valuable source
for evaluating the BDS-3 performance.

The onboard receiver can track three frequency signals,
explicitly the GPS L1C, BDS B11, and GLONASS L1; how-
ever, only the BDS and GPS measurements are streamed
back to the ground for post-analysis. The BDS and GPS data
from May 19 to 24, 2020, are provided by Space Star Tech-
nology Co., Ltd (TJS-2/5 satellite and onboard receiver man-
ufacturer). These data are in an interval of 2 s and include
observations of pseudorange, carrier-phase, and CNR. The
final multi-GNSS precise orbit and clock (in an interval of
30 s) products generated at Wuhan University are collected
to perform TJS-5 OD analysis (Zhao et al. 2022). The final
orbit and clock products reach precisions at a few cm, far
exceeding the OD precision that could be expected for a
GEO-based receiver.

BDS
GEO/IGSO

TJS-5 onboard GPS/BDS data quality
analysis

In addition to GPS, TJS-5 provides an opportunity for inves-
tigating the real side-lobe BDS signals. The GPS and BDS
data quality are evaluated in terms of satellite visibility, CNR
variation, observational noise, and inconsistency errors.

Satellite visibility

Reception of the weak side-lobe GNSS signal is one of the
main challenges for GNSS-based GEO navigation, thus
making satellite visibility a critical indicator of data qual-
ity. Figure 2 illustrates the GPS and BDS satellite footprints
in the local orbital frame. The azimuth is measured from
the TJS-5 satellite flight direction pointing toward the geo-
graphical east direction, while the off-boresight from the
radial. Two subplots are generated for the BDS satellites;
one includes BDS-2 GEOs and IGSOs of higher orbit alti-
tudes, while the other consists of the BDS-2 and BDS-3
medium earth orbit satellites (MEQOs).

The GPS and BDS satellites are symmetrically distrib-
uted along the velocity direction. The off-boresight angles
of GPS and BDS MEOs are mainly confined between 13°
and 40°. BDS-2 MEOs are tracked with a wider azimuthal
range than GPS and BDS-3 MEOs when the off-boresight
is around 40°, mainly attributed to the back-lobe signals
that are transmitted from the satellite back-side with a nadir
exceeding 90° (Wang et al. 2022). BDS-2 GEOs and IGSOs
are tracked within the aft hemisphere as they are geographi-
cally on the west side of TJS-5. The off-boresight angles
of BDS-2 GEOs and IGSOs are approximately around 80°
and 60°, respectively, which are both far beyond the TJS-5
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Fig.2 Sky view of GPS and BDS satellites in TJS-5 antenna refer- »

ence fame. Top panel: GPS satellites; middle panel: BDS-2 and
BDS-3 MEO satellites; bottom panel: BDS-2 GEO and BDS-2 IGSO
satellites

antenna beam range. Such exceptions are made by receiver
gain designs to improve the observation geometry.

Figure 3 illustrates the frequency count of the GPS and
BDS visible satellite number per epoch as observed by TJS-
5. The visible GPS satellite number is mostly over 6; it stays
at 8 for about 86% epochs up to its full channel limitation.
However, such performance is uncompetitive compared to
other GEO missions, e.g., GOES R-16 and R-17 satellites
can track 12 GPS satellites for most epochs (Chapel et al.
2017; Ramsey et al. 2019). TJS-5 onboard receiver tracks
BDS satellites with a PRN number below C37 in its cur-
rent firmware state. Though the channel number allocated
for BDS satellites is the same as GPS, the actual observed
BDS satellite number is much fewer. There are about 32%
epochs with less than 4 BDS satellites, which undermines
the onboard navigation continuity with independent BDS
system. Considering the whole 5-day observation arc, the
average GPS satellite number is about 7.8 while BDS is 4.3,
resulting in a sum of about 12.1.

CNR variations

The highly dynamic CNR fluctuations from a GEO-based
receiver reveal unique GNSS transmit antenna patterns
which are associated with satellite block types (Chapel
et al. 2015; Donaldson et al. 2020). Thus, CNR variations
are assessed with different satellite types in Fig. 4, explicitly
the GPS Block IIR-A, IIR-B, IIR-M, IIF, IIIA, as well as
BDS-2 IGSO, BDS-2 MEO, and BDS-3 MEO. Their aver-
aged CNR values are calculated in 1° nadir bins and depicted
in Fig. 5; the BDS-2 GEOs are not shown as they are in a
static geometry relative to TJS-5. The BDS-3 MEO satel-
lites are divided into two groups according to their manu-
facturers: CAST (China Academy of Space Technology) and
SECM (Shanghai Engineering Center for Microsatellites).

The GPS side-lobe signals could be tracked to nadirs
around 80° and for Block IIR-A even to 100°. According to
the averaged CNR series, the Block IIR-A satellites reveal
a narrower main beam width but a higher CNR level than
other GPS Block types, which is because the Block IIR-A
satellites are of higher transmit power and do not suppress
the side-lobe signal powers as the other Blocks do (Marquis
and Reigh 2015; Parker et al. 2016). Both Block IIF and
IITA satellites indicate null zones in low gain regions around
nadirs of 43° and 60°, respectively. The averaged CNR series
of Block IITA show similar variations with respect to Block
IIR-B and IIR-M.
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Fig.3 Frequency count of GPS and BDS satellite number per each
epoch. The average satellite number for GPS and BDS is 7.8 and 4.3,
respectively. The fewer BDS number is due to degraded BDS side-
lobe signal gains

The CNR variations of BDS satellites exhibit very
distinct patterns from one satellite type to another. BDS
IGSOs signals are only available from side lobes with a

CNR of 25-40 dB-Hz and a nadir range of 45° to 65°
due to geometric limits. The BDS-2 MEOs signals can
be tracked to nadirs even beyond 120° and show strong
signal powers in the side and back lobes; the peak CNR
is 45 dB-Hz, nearly 10 dB-Hz higher than other types.
The two BDS-3 MEOs types show coincident CNR dec-
rement as the nadir approaches 40°. The BDS-3 MEO
(CAST) signals exhibit rapid CNR decrement as nadir
increases from 40° to 50° and show unstable tracking for
nadirs over 50°, indicating possible side-lobe signal sup-
pression when the nadir grows over 40°. Comparatively,
the CNR scatters of BDS-3 MEO (SECM) range from 25
to 40 dB-Hz and reveal a much wider side-lobe beam,
with nadirs even reaching 80°. According to the averaged
CNR series, BDS-2 MEOs main-lobe signals present a
beam width about 5° narrower than BDS-3 MEOs. Due
to decreased signal transmission power, the main-lobe
peak CNR of BDS-2 MEOs is 47 dB-Hz, about 3 dB-Hz
lower than BDS-3 MEOs; however, the CNR in side lobes
reaches the maximum of 38 dB-Hz at a nadir around 70°,
about 8 dB-Hz higher. The averaged side-lobe CNR of
BDS-3 MEO (SECM) stays around 30 dB-Hz, while that
of BDS-3 MEO (CAST) exhibit a significant reduction
from 32 dB-Hz to 25 dB-Hz, indicating that the side-lobe
signal performance of BDS-3 MEO (SECM) is much bet-
ter than BDS-3 MEO (CAST).

Fig.4 GPS and BDS satellite 55
CNR against nadir angles. Dif- BLOCKIIR-A BLOCK IIR-M
ferent panels denote different 45
satellite types. The BDS-2
GEO satellites are not shown 35
as their nadirs nearly stay fixed.
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degraded CNR levels compared
to other types, especially the 15
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Fig.5 GPS (top panel) and BDS (bottom panel) averaged CNR varia-
tions against nadir angles in 1° bins. Different colors denote different
satellite types

Code and carrier-phase noise and inconsistency
evaluation

The between-epoch triple differencing approach, which is a
representation of the observation third derivatives by epoch
difference arithmetic, is used to evaluate high-frequency
observation noise (Jiang et al. 2018; Li and Geng 2019),
while the carrier-code geometry-free combination method is
employed to analyze carrier-code inconsistency. It is worth
noting that the raw carrier-code differences derived from the
geometry-free combination mainly indicate the code obser-
vation errors; to represent carrier-code inconsistencies, the
high-frequency code noise presented in the difference series
should be firstly filtered out. The code and carrier-phase tri-
ple differences as well as the carrier-code differences are
displayed in Fig. 6 along with GPS or BDS nadir angles
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and the CNR variations. The carrier-code inconsistencies are
also shown by smoothing the carrier-code differences using
a moving averaging filter. Three satellites are selected for
the illustration, explicitly G20 (Block IIR-A), C12 (BDS-2
MEO), and C33 (BDS-3 MEO). Due to possible corruption
of ionospheric refraction, observations are discarded if their
nadirs are within 17.5° (corresponding to 2000 km above
earth surface) (Li et al. 2019).

The subplots of G20 demonstrate typical GPS side-lobe
signal signatures. The triple differences of both code and
carrier-phase indicate consistent variations to CNR, and
their fluctuation magnitudes are similar compared to the
TJS-2 results (Jiang et al. 2018). Particularly, the carrier-
code inconsistencies indicate systematic changes reaching
several meters, especially at the edges between different side
lobes.

Different features of BDS side-lobe signals are revealed
by C12 and C33. The C12 nadir increases from 54° to 105°
during the selected period, indicating both side- and back-
lobe signals. When its nadir is between 60° and 70°, the
CNR fluctuates dynamically with a variation amplitude of
25 dB-Hz and present multiple interruptions, indicating the
signal powers are unstable within this side-lobe range. When
nadir increases above 70°, C12 can be again tracked continu-
ously with a relatively high CNR level decreasing from 40
to 30 dB-Hz, and the variations of code triple differences
are reduced from=+ 15 m to less than+5 m. The C12 phase
triple differences are mainly between + 0.2 cycles, and the
carrier-code differences exhibit few systematic variations.
The C33 nadir stays between 17.5° and 26.0° and the CNR
varies between 25 and 50 dB-Hz, indicating signals across
the main lobe and the first side lobe. Due to a higher CNR
level, C33 triple differences show much smaller variations
than G20 and C12, varying within+4 m and +0.2 cycles
for code and phase, respectively. The C33 carrier-code dif-
ferences show strong correlations with nadir and CNR and
exhibit significant systematic changes about 3—4 m, indicat-
ing the carrier-code inconsistencies.

According to TJS-5, the carrier-code inconsistencies are
found valid for both GPS and BDS data, and are mainly at
the edges between different lobes. Particularly, the incon-
sistencies at lower nadirs, i.e., between main and side lobes,
present larger variations, which might be mostly due to top-
side ionosphere refractions as shown in Jiang et al. (2018)
and Li et al. (2019); however, for high nadirs, the main cause
might be attributed to the hardware delay variations between
different lobes, which is indicated by the GOES R-17 results
as well (Winkler et al. 2017).

The root mean squares (RMS) values of the triple dif-
ferences and the carrier-code differences are calculated
against CNR in 1 dB-Hz steps, as shown in Fig. 7. Gener-
ally, the carrier-phase noise of BDS and GPS are at similar
levels whereas the BDS code noise is overall superior to
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Fig.6 Observation precision analysis for different satellites includ-
ing G20 (top panel), C12 (middle row), and C33 (bottom panel). First
column: the code triple differences; second column: the carrier-phase
triple differences; third column: carrier-code differences; last column:

GPS; they all exhibit significant decrement as CNR grows.
Regardless of their satellite types, the carrier-phase triple
differences decrease from 0.35 cycles to 0.10 cycles when
CNR increases from 25 to 50 dB-Hz, while the GPS and
BDS code triple differences decrease from 20 to 3 m and
from 15 to 3 m, respectively. The GPS and BDS carrier-
code differences mainly represent code observation errors,
revealing similar decremental trends as the code triple dif-
ferences but with a smaller magnitude from about 4 m to
1 m, due to that the noise derived from triple differencing
is magnified by \/E (Li and Geng 2019). For GPS and
BDS, the overall average RMS values of carrier-phase
triple differences are 0.14 cycles and 0.11 cycles, respec-
tively, while code triple differences are 10.0 m and 5.3 m,
as well as carrier-code differences 1.65 m and 1.74 m,
respectively.
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nadir angles. The CNR series are plotted in red lines in each panel for
evaluating the correlations. The gray lines in the third column panels
represent the smoothed carrier-code differences by a moving averag-
ing filter

TJS-5 dynamic orbit determination analysis

TJS-5 dynamic OD is conducted in this section utilizing both
code and carrier-phase observations. A new carrier-phase
observation model is proposed to account for the carrier-
code inconsistency. The OD performance is then investi-
gated with different GNSS system observations.

Orbit determination strategy

The arc length for TIS-5 OD is set to 30 h, starting at 21:00
the previous day and ending at 03:00 the next. Thus, 6-h
overlap orbit differences (OODs) between adjacent arcs
could be calculated for OD precision analysis. Table 1 lists
the detailed OD strategy, including satellite dynamic mod-
els and observation models. Gravitational perturbations are
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Fig.7 Statistics of observation precisions of different BDS and »

GPS satellite types. The RMS values are calculated in 1 dB-Hz bins
against CNR. Blue lines and dots represent BDS while red GPS. Top
panel: RMS of code triple differences; middle panel: RMS of carrier-
phase triple differences; bottom panel: RMS of carrier-code differ-
ences

calculated using empirical models with sufficient accuracy,
i.e., EIGEN-06C (Foerste et al. 2011) for static earth gravity
and FES 2004 (Lyard et al. 2006) for ocean tide perturba-
tions. However, non-gravitational perturbations for TJS-5
remain large uncertainties, among which the solar radiation
pressure (SRP) is regarded as the main problem. Employed
extensively in GNSS satellite OD, the ECOM (extended
CODE orbit model) SRP model can be flexibly adjusted
for satellites of different orbit types and attitude regimes
(Arnold et al. 2015) and is thus incorporated for TJS-5 OD.
For observation models, the multi-GNSS precise ephemeris
and clock offset products released by Wuhan University are
utilized. Observations of nadirs within 17.5° are discarded
due to probable ionospheric refractions.

Estimation of carrier-code inconsistencies

The carrier-code inconsistency errors represented as sys-
tematic trends in post-fit carrier-phase residuals are hard
to eliminate. Jiang et al. (2018) proposed the sidereal filter
method to correct such errors considering the daily repeat-
able pattern. However, since there are frequent interruptions
during tracking BDS satellites, it is difficult to construct a
sidereal filter that can provide proper corrections to all the
BDS observations.

To correct these inconsistency errors, we adjust the clas-
sic carrier-phase model by estimating them. For each GNSS
satellite, the carrier-phase observation equation is inserted
with an inconsistency parameter which is parameterized as a
random walk process noise. This yields the proposed carrier-
phase along with the code observation models as expressed
below:

Lig=R+c(t,g—1)+ AN+ X+ Ay + £

Pig=Ri+c(t,g—1')+Ap; +€p; M
where i denotes for a specific GNSS satellite and S for its
system; P, L and R are the pseudorange, carrier-phase obser-
vations and the geometric distance, respectively; ¢, 3 and t
refer to the receiver and the GNSS satellite clock offsets,
respectively; note that different receiver offsets are estimated
for different systems epoch-wisely; 4; and N, are the wave-
length and ambiguity, respectively; X; refers to the carrier-
code inconsistency parameter modeled as random walk
process noise; Ap; and A, ; denote all other errors associ-
ated with code and carrier-phase observations, respectively,
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Table 1 TJS-5 orbit

determination strategy Orbit models

Reference frame
Earth orientation

Gravity model

Solid earth tide and pole tide
Ocean tide

N-body perturbation
Relativity

SRP

Observation models
Observations

Arc length and sampling interval
Observation mask

GPS and BDS orbit and clock

GPS and BDS antenna PCO and PCV

TJS-5 antenna phase center
Relativistic effects
Atmospheric refractions
Estimated parameters
TIJS-5 initial state
Dynamic parameters
Receiver clock offsets
Ambiguities

International celestial reference frame

IERS earth orientation parameters 14 C04 solution (Biz-
ouard et al. 2019)

EIGEN-06C, 12X12 degree and order (Foerste et al. 2011)
IERS Conventions 2010 (Petit et al. 2010)

FES 2004 (Lyard et al. 2006)

JPL DE405

IERS Conventions 2010 (Petit et al. 2010)

ECOM model (Arnold et al. 2015; Wang et al. 2019)

GPS: C1C, L1C; BDS: B2I, L21

30hand 30 s

17.5° of GPS/BDS nadir angle

precise orbit products from Wuhan University

IGS ATX model (igs14 file) (Rebischung and Schmid 2016)
PCO from manufacturer; PCV ignored

IERS Conventions 2010 (Petit et al. 2010)

Ignored

Position and velocity at initial epoch

All 9 parameters of ECOM model

One per each epoch as white noise process
One per each continuous satellite pass

i.e., relativistic delay, antenna phase center offsets as well
as phase windup errors; €5 ; and g; ; are the code and carrier-
phase noise, respectively.

Constraints on the carrier-code inconsistency parameters
are crucial during estimation. Since the inconsistency and
the ambiguity parameters are highly correlated, the incon-
sistency parameters degrade the weights of carrier-phase
observations if a loose constraint is assigned; on the other
hand, they may be absorbed into ambiguity estimates if the
constraint is too strong. Thus, a proper process noise should
be determined.

GPS data from DOY 140-144, 2020 are utilized for
analyzing the constraints on carrier-code inconsistencies.
Different process noise is assigned during OD, explicitly
0.0001, 0.0005, 0.001, 0.002, and 0.004 m/\/E, where At
is the processing interval of 30 s. As a typical illustration,
the inconsistency estimates and the carrier-phase residuals of
G20 are displayed in Fig. 8 along with the carrier-code dif-
ferences after low-pass filtering for comparison. With a con-
straint of 0.0001 m/ \/E, the carrier-phase residuals exhibit
similar variations of + 1.0 m compared to the filtered car-
rier-code differences whereas the estimated inconsistencies
are mostly around zero. This indicates that the carrier-code
inconsistencies are the main error source degrading carrier-
phase model. As the process noise increases, the post-fit
residuals decrease dramatically while the inconsistency

noise: 0.0001 noise: 0.0005
noise: 0.001 noise: 0.002
2 _" noise: 0.004 < __carrier-code dif
3 ] T [ T [ T [ T | T [ T ]
24 ]
o
FEolah b ifh
8541 0 ;
o 9 _1 _________________ !‘ __________ ; I
8 - .
-2 — T T T T ‘T T
a 8 ] T I T I T I T I T T T ]
GE 44— /\f fffffffffffff -
D T r .
2% 0—- - - - Ny -
8 e ti 1
cs 44 Vo 1, o _
S VRS
o -8 i s e B

140.0 140.5 141.0 141.5 142.0 142.5 143.0
DOY in 2020 (days)

Fig.8 G20 carrier-phase residuals (top panel) and carrier-code incon-
sistency estimates (bottom panel) during DOY 140-142/2020. Dif-
ferent colors represent different process noise values assigned to the
inconsistency parameter. The filtered carrier-code differences are
shown in the bottom panel
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estimates fluctuate more closely to the carrier-code differ-
ences, indicating that the adjusted carrier-phase model can
effectively represent the carrier-code systematic differences
and improve carrier-phase function model. Specifically,
when the process noise increases to above 0.001 m/+/At,
the residuals reduce to about + 0.2 m and the tendency vari-
ations are significantly mitigated, while inconsistency esti-
mates reveal variations about a few meters and show similar
trends comparing to the carrier-code differences. The incon-
sistency estimates show noticeable offsets between different
blocks reaching several meters, which are mainly attributed
to the strong correlations between the inconsistency and
ambiguity parameters, and can be mostly compensated by
ambiguities during estimation. It is also worth noting that
both the inconsistency estimates and the carrier-code differ-
ences exhibit daily repetitive signatures, which is in accord
with the results in Jiang et al. (2018) and confirms the effec-
tiveness of the proposed carrier-phase model.

All the carrier-phase residuals at different process noise
levels are illustrated against epochs as well as GPS nadirs
in Fig. 9. Systematic trends could be observed, which indi-
cates larger variations with lower nadirs. The residuals reach
about+ 1.0 m at the lowest nadirs of 17.5° and +0.05 m at
around 75°. As the process noise increases, the system-
atic variations are significantly reduced. Especially when
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+ 0.002 + 0.004

0.001

—
o
|

o
o
|

O
()
I

'

-

o
|

Phase residuals (m)
o
o
|

L
o

10 20 30 40 50 60 70
GPS nadir (deg)

[e ]
o

O O A A
o o m

o
()

Phase residuals (m)

N
o1 o

0 600

1200 1800 2400 3000 3600
Epoch

Fig.9 GPS carrier-phase residuals against GPS nadir angles (top
panel) and epoch time (bottom panel). Data on DOY 140/2020 is
adopted for illustration
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the process noise is set to 0.004 m/ \/Kt, the overall phase
residuals fall between+0.2 m.

The orbit consistency is evaluated by OODs. The RMS
values of OODs in the along-track, cross-track, and radial
components are displayed in Fig. 10. For comparison, the
baseline OD solution is also performed using the conven-
tional carrier-phase model. All OD solutions show preci-
sions generally at 1-2 m level in the three components.
When the process noise is 0.0001 m/ \/E, the orbit preci-
sion is comparable to the baseline solution, indicating a tight
constraint. When the process noise increases, the errors in
the radial component reveal a pronounced decrement from
around 1.3 m to 0.5 m level. However, the other two compo-
nents present more complicated behaviors; generally, their
RMS values firstly reduce and then increase as the process
noise grows. When the process noise is within 0.0005-0.002
m/ \/E, improvements can be obtained by a few decimeters;
however, the precisions start to degrade if the noise exceeds
0.002 m/ v/ At.

I no estimate [l 0.0001 [ ]0.0005
, g 0.001 I 0.002 [ 0.004
T v T v T v )

Along-track (m

Cross-track (m)
N
1

Radial (m)
N
1

140 141 142 143
DOY in 2020

Fig. 10 RMS of TJS-5 OODs in along-track (top panel), cross-track
(middle panel), and radial (bottom panel) components. Different
colors represent different process noise values assigned to the incon-
sistency parameter. The baseline OD results (labeled as no estimate)
are also illustrated
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The average RMS values of the OODs and the post-fit
residuals are shown in Table 2. The RMS of carrier-phase
residuals indicates impressive decrement from 0.21 m to
0.04 m when the process noise increases, whereas that of
code stays around 3.90 m, revealing marginal reduction.
The precision of the baseline solution is 1.08 m, 0.76 m,
1.35 m, and 1.95 m in the along-track, cross-track, radial,
and 3D components, respectively, comparable to the TJS-2
results (Jiang et al. 2018; Li et al. 2019). Dramatic improve-
ments are found when the process noise is tuned from 0.0005
to 0.002 m/ \/Zt, revealing an average orbit precision of
around 1.5 m; the radial RMS exhibits steady reductions
from 1.23 to 0.53 m. The orbit precision is degraded to
2.02 m when the noise further increases to 0.004 m/ \/Zt, at
a similar level of the baseline solution. Comparing different
test cases, orbit precision is the best when the process noise
is 0.001 m/+/At, achieving 1.42 m. By applying this con-
straint, the RMS values in the along-track, cross-track, and
radial components are 0.77 m, 0.71 m, and 0.93 m, respec-
tively; and their improvements over the baseline solution are
28.6%, 0.06%, and 31.7%, respectively.

Orbit determination with BDS involved

Considering BDS-3 side-lobe signals show an overall poorer
tracking performance than GPS, it is interesting to inves-
tigate what OD precision can be achieved with only the
BDS observations and to what extent BDS could contribute
to GEO OD in the context of GPS and BDS combination.
Hence, the TJS-5 OD is performed with the same strat-
egy presented in Table 1 but with different systems; one is
only BDS while the other is GPS and BDS combined. The
impacts of carrier-code consistencies are also analyzed by
comparing the adjusted and the classic carrier-phase model.
Thus, four different OD cases are conducted. Their OODs
are shown in Fig. 11, while the average RMS values are in
Table 3.

With the classic carrier-phase model, the combined OD
shows an overall precision below 2.0 m in each component.
The radial component shows considerable improvement

4 I N 1 N 1

Ll Lh[
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31 [ ] GPS+BDS: estimate i
] [ BDS: not estimate ]
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® 2-
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Fig. 11 RMS of TIS-5 OODs in along-track (top panel), cross-track
(middle panel), and radial (bottom panel) components. The two blue
bars indicate OD results using combined GPS and BDS systems,
while the two red bars refer to BDS only. The two light bars repre-
sent results with estimating inconsistency parameters (process noise
is 0.001 m/\/_) while the two dark bars indicate the baseline solu-
tions using the classic model

compared to the GPS OD as the observation geometry is
mainly refined along this component; while the other two
components are comparable to the GPS OD solution. The
average orbit precision is 1.07 m, 0.88 m, 0.90 m, and
1.74 m in the along-track, cross-track, radial, and 3D com-
ponents, respectively, indicating an orbit precision about
21.4% higher than GPS OD. By estimating the carrier-code

Table 2 TJS-5 OD results

. . ) Estimate Process Phase Code Along-track (m) Cross-track (m) Radial (m) 3D (m)

W,lth GPS observatlons using inconsist-  noise residual  residual

different carrier-phase models ency (m/ \/E) (m) (m)
X N/A 0.21 3.95 1.08 0.76 1.35 1.95
\/ 0.0001 0.20 3.95 1.07 0.88 1.38 2.02
\/ 0.0005 0.14 3.92 0.85 0.62 1.13 1.57
\/ 0.001 0.09 3.90 0.77 0.71 0.93 1.42
\/ 0.002 0.06 3.88 0.99 0.94 0.53 1.51
\/ 0.004 0.04 3.87 1.65 0.96 0.50 2.02

@ Springer



18 Page120f15

GPS Solutions (2023) 27:18

Table 3 TJS-5 OD results with

- i Systems Estimate Phase Code Along-track (m) Cross-track (m) Radial (m) 3D (m)
GPS +BDS and BDS systems. inconsist-  residual  residual
The BDS results labeled with a ency (m) (m)
star in the last two rows indicate
the statistics without DOY GPS+BDS x 0.22 3.57 1.07 0.88 0.90 1.74
144/2020
GPS +BDS \/ 0.09 3.49 0.34 0.44 0.54 0.82
BDS X 0.21 2.54 1.85 1.59 1.53 3.14
BDS \/ 0.09 2.43 1.85 1.52 1.07 2.71
BDS* X 0.21 2.57 191 1.14 1.28 2.82
BDS* \/ 0.09 2.46 1.18 0.55 0.72 1.54

inconsistencies, the orbit errors in all three components
are significantly reduced to around 0.5 m, among which
the along-track shows the largest improvement. The aver-
age RMS values are 0.34 m, 0.44 m, 0.54 m, and 0.82 m
in the along-track, cross-track, radial, and 3D components,
respectively, revealing improvements compared to the clas-
sic model of 68.2%, 50.0%, 40.0%, and 52.9%, respectively.
While compared to the GPS OD solution with the adjusted
model, the improvements are 60.0%, 38.5%, 41.5%, and
42.2%, respectively, which are attributed to the contribu-
tion of BDS.

The BDS solutions indicate overall degraded orbit pre-
cisions compared to the GPS OD results, mainly because
that the BDS observation number is much fewer, merely
half of GPS. The RMS of BDS code residuals is 2.54 m
on average, about 35.7% smaller than GPS, while the RMS
values of BDS carrier-phase residuals are close to GPS,
around 0.21 m and 0.09 m for the classic and adjusted
models, respectively. The residual statistics are in line
with the observation noise presented in Sect. 3. Attrib-
uted to a large observation gap of about 70 min right
after the commencement epoch of the OD arc on DOY
144/2020, the RMS of the OODs between DOY 143 and
144/2020 reaches 4.1 m and 6.2 m with the classic and
the adjusted model, respectively, which are exceptionally
larger than others. The other arcs demonstrate RMS val-
ues generally below 3.0 m in each component and show
considerable decrements when switching from the clas-
sic carrier-phase model to the adjusted one. Considering
all OD arcs, the BDS OD precision in the along-track,
cross-track, radial, and 3D components is 1.85 m, 1.59 m,
1.53 m, and 3.14 m with the classic carrier-phase model,
respectively, while that is 1.85 m, 1.52 m, 1.07 m, and
2.71 m with the adjusted one, respectively, indicating an
orbit precision improvement of 13.7% mainly attributed
to the radial component. With the OODs between DOY
143 and 144/2020 discarded in statistics, BDS OD preci-
sion with the classic model is 1.91 m, 1.14 m, 1.28 m, and
2.82 m in the along-track, cross-track, radial, and 3D com-
ponents, respectively, while that with the adjusted model
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1.18 m, 0.55 m, 0.72 m and 1.54 m, respectively. The orbit
precision is improved by about 45.4% with the adjusted
model and reaches a similar precision level compared to
GPS OD, indicating that the adjusted model applies effec-
tively to the BDS observations as well.

Conclusions

In this study, we collected 5 days of BDS and GPS observa-
tions from the Chinese GEO satellite TJS-5 and then utilized
them to evaluate the performances of BDS side-lobe signals
as well as the BDS contribution to GEO post-dynamic OD.

Due to deficiencies of transmit gain patterns in the side
lobes, the tracking capacity for BDS is poorer than GPS.
The average GPS satellite number per epoch is 7.8 while
BDS is only 4.3. The RMS values of code triple differ-
ences are 10.0 m and 5.3 m for GPS and BDS, respectively,
while those of carrier-phase are 0.14 cycles and 0.11 cycles,
respectively. Significant carrier-code inconsistencies are
observed in BDS and GPS observations, which might be
due to topside ionospheric refractions or variable hardware
delays in different signal lobes.

Post OD is performed with different GNSS system obser-
vations. The orbit consistency precision inferred by OODs
is 1.95 m with GPS-only observations while that with BDS-
only is much worse reaching 3.14 m; this is within expec-
tation as the BDS tracking performance is uncompetitive
to GPS. When GPS and BDS are combined, the precision
is slightly improved to 1.74 m. Considering the impacts of
carrier-code inconsistencies, the carrier-phase observation
model is adjusted with the inconsistencies estimated as a
random walk process. With this model, the carrier-phase
residuals of both GPS and BDS reveal remarkable decre-
ment from 0.21 m to 0.09 m, while the orbital precision is
also improved to 1.42 m and 2.71 m with only GPS and only
BDS observations, respectively. The GPS and BDS com-
bined OD gain the most impressive orbit precision improve-
ment, achieving 0.82 m.

Our investigations indicate that the BDS side-lobe
signal can effectively contribute to improving GEO OD
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performances, though its signal availability is degraded due
to transmit antenna gains. With the knowledge of BDS trans-
mit gain characters thanks to TJS-5, we would expect TJS-5
and its follow-on missions to further upgrade the tracking
strategy as well as the tracking capacity for BDS side-lobe
signals. Moreover, the real cause of the GPS and BDS side-
lobe carrier-code inconsistencies needs further investigation
if more onboard data are gathered.
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