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Abstract We present the joint estimation model for
Global Positioning System/BeiDou Navigation Satellite
System (GPS/BDS) real-time clocks and present the initial
satellite clock solutions determined from 106 stations of
the international GNSS service multi-GNSS experiment
and the BeiDou experimental tracking stations networks
for 1 month in December, 2012. The model is shown to be
efficient enough to have no practical computational limit
for producing 1-Hz clock updates for real-time applica-
tions. The estimated clocks were assessed through the
comparison with final clock products and the analysis of
post-fit residuals. Using the estimated clocks and corre-
sponding orbit products (GPS ultra-rapid-predicted and
BDS final orbits), the root-mean-square (RMS) values of
coordinate differences from ground truth values are around
1 and 2-3 cm for GPS-only and BDS-only daily mean
static precise point positioning (PPP) solutions, respec-
tively. Accuracy of GPS/BDS combined static PPP solu-
tions falls in between that of GPS-only and BDS-only PPP
results, with RMS values approximately 1-2 cm in all three
components. For static sites, processed in the kinematic
PPP mode, the daily RMS values are normally within 4 and
6 cm after convergence for GPS-only and BDS-only
results, respectively. In contrast, the combined GPS/BDS
kinematic PPP solutions show higher accuracy and shorter
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convergence time. Additionally, the BDS-only kine-
matic PPP solutions using clock products derived from
the proposed joint estimation model were superior com-
pared to those computed using the single-system estimation
model.
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Introduction

Precise satellite orbit and clock products are the two key
elements for enabling precise point positioning (PPP) to
obtain high-precision positioning solutions (Zumberge
et al. 1997). Although the predicted part of the ultra-rapid
products released by the international GNSS service (IGS)
has sufficiently high accuracy (~5 cm) to be used in real-
time applications, the predicted clock accuracy of ~3 ns
and the large sample interval of 15 min limit their use. To
overcome these limitations, the real-time high-rate satellite
clocks must be estimated using a network of reference
stations and disseminated to PPP users (Bar-Sever et al.
2001; Collins 2008; Hauschild and Montenbruck 2009; Ge
et al. 2012a).

Since 2007, the IGS has issued a call for participation in
a real-time pilot project where the generation and dis-
semination of real-time satellite clocks is one of the key
objectives (Weber et al. 2007; Colombo 2008). In April
2013, the IGS officially launched the real-time service
(RTS) to provide precise orbit and clock correction service
via Radio Technical Commission for Maritime Services
(RTCM) protocol for Global Positioning System (GPS) and
GLONASS. However, support for other constellations is
currently not available.
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The BeiDou Navigation Satellite System (BDS) devel-
oped by China is currently providing operational services
in the Asia—Pacific region and will be extended to a global
system by 2020. Declared operational in December 2012,
the regional constellation consists of five geostationary
earth orbit (GEO) satellites, five inclined geosynchronous
satellite orbit (IGSO) satellites and four medium earth orbit
(MEO) satellites. This unique constellation design allows
8-9 visible BDS satellites on average in China and nearby
regions. When combined with the existing GNSS systems,
users will benefit from more simultaneously visible satel-
lites and better observation geometry, providing a distinct
advantage, especially under unfavorable observation con-
ditions with restricted horizon visibility.

The performance of precise orbit determination and
positioning with BDS has been studied in recent years. By
evaluating the middle overlapping day of 3-day arc solu-
tions, the three dimensional (3-D) root-mean-square (RMS)
of difference in the orbits is approximately 1-2 m for GEO
satellites and approximately 0.2-0.3 m for IGSO and MEO
satellites in post-processed mode. The RMS in the radial
component is <0.1 m for all BDS satellites. Positioning
solutions based on these BDS products can achieve com-
parable results to GPS (Ge et al. 2012b; Shi et al. 2012;
Montenbruck et al. 2013; Zhao et al. 2013; Lou et al.
2014a). All BDS satellites are equipped with rubidium
clocks from manufacturers in Switzerland and China (Han
et al. 2011). Studies revealed that all BDS clocks show
similar performance, but have a slightly lower stability in
comparison with Galileo and the latest generation of GPS
satellites (Gong et al. 2012; Steigenberger et al. 2013).
Most of these investigations of the BDS are based on post-
processed solutions, while only a few focus on RTS. In
addition, the strategies for dealing with inter-system, inter-
frequency and inter-code biases in joint multi-GNSS pro-
cessing remain a significant challenge for the GNSS
community.

We present the model and processing strategy for the
joint estimation of GPS and BDS satellite clocks and
inter-system biases (ISB) that can be applied for real-
time use. We first present the joint estimation model of
GPS/BDS real-time clocks based on the mixed-differ-
enced method. The data collection and detailed pro-
cessing strategies are then described. We then present
the results of receiver-specific ISB between GPS and
BDS. The estimation models are validated through clock
comparisons with IGS final products, the post-fit resid-
uals and comparisons of PPP solutions for tracking sta-
tion coordinates. The new joint estimation model will be
compared with the system-by-system model in the last
section.
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Methodology

Real-time satellite clock corrections are usually estimated
using the undifferenced method, the epoch-differenced
method or the mixed-differenced method. Ge et al. (2012a)
compared these three methods and determined that the
mixed-differenced method can reduce the computation
time significantly over the undifferenced method due to the
removal of ambiguities, and the initial clock biases can be
more precisely estimated compared to the epoch-differ-
enced method. Because of these advantages, the mixed-
differenced method is used to derive the joint estimation
model of GPS/BDS clocks.

Epoch-differenced phase measurement model

Assuming that station coordinates and satellite orbits are
held fixed in the clock estimation, the linearized observa-
tion equations of the ionospheric-free code and phase
combinations can be expressed as

v;,r(i) = 0t,(i) — ot° (i) + b (i) — b*(i)
+my (i) - 0T, (i) + Ip (i)
vSLJ(i) = 0t,(i) — ot*(i) + B:(i) — B*(i) + m;(i) - 0T:(i)
+ ANy 41 ()
(1)

where i is the epoch time, v, vi ; and Ip, [}  are the post-
fit and pre-fit residuals of the ionospheric-free code and
phase combinations, o, and 67° denote the clock correc-
tions of the receiver and satellite, respectively, m; is the
mapping function, 07, represents the zenith total delay
(ZTD) parameter, and A, denotes the wavelength of the
GPS L1 or BDS B1 carrier. b,, b°, B, and B® are the
receiver- and satellite-specific hardware biases of the
ionospheric-free code and phase combinations, respec-
tively, and N;; denotes the ambiguity of the ionospheric-
free phase combination. The transmitted signals of both
GPS and BDS satellites adopt the code division multiple
access (CDMA) technique, which keeps the receiver
hardware biases the same for all satellites from one system
if code types and the tracking modes are the same. How-
ever, hardware biases are generally different for satellites
from different GNSS systems.

Since satellite phase biases are quite stable over a period
of several hours (Coco et al. 1991; Ge et al. 2008; Mon-
tenbruck et al. 2014a), differencing between consecutive
epochs can eliminate the phase biases if there are no cycle
slips. The GPS/BDS epoch-differenced phase observations
in (1) can be expressed as
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AVE (i) = Adte (i) — Ad19 (i) + ABE (i)
+AmSS (i) - 0T, (i) + AIS S (i)
AV (i) = Adt(i) — At (i) + ABE (i)
+AmPS (i) - 0T, (i) + ALY (i)

1

(2)

where A denotes the epoch-differenced operator. There is
no epoch-differenced operator before 67,(i) since it will be
taken as piecewise constant over a period of time (2 h is
used) in latter sections. The superscripts G and B represent
the GPS and BDS satellite systems, respectively. Because
of the rank deficiency among the Adr(i), ABY(i) and
ABE(i), we can define Adf(i)=Adt(i)+ABC(i) which
means the receiver clocks determined by the GPS are
taken as the datum. Thus, Eq. (2) can then be reformulated
as

AVER(i) = Aot (i) — AS19S (i) + AmC* (i) - 5T (i)
+ AITS (i) 5)
AVER (i) = Ad (i) — AStPS (i) + AISB.(i)

+ AmPS(i) - 0T, (i) + AzL;;(i)

where AISB, = AB? — ABY = A(B? — BS) denotes the
epoch-differenced phase ISB between GPS and BDS. As
shown later, the ISB; is quite stable over a day and AISB,
can be neglected in (3), giving

AVER (i) = ASE (i) — AStP* (i) + AmE* (i) - ST, (i) + Al (i)
AVER (i) = AST (i) — ASEES (i) + AmP (i) - ST, (i) + AL 3 (i)
(4)
where Ad%, (i), Adt9S(i), Adt®*(i) and ST,(i) are parameters
to be estimated. Compared to the GPS-only processing,
only the epoch-differenced clock parameters for BDS
satellites are added in the joint epoch-differenced clock
estimation equation. This will not significantly increase the

computational burden, which is one of the -crucial
requirements of the high-rate real-time clock estimation.

The initial clock bias estimation

Satellite clock corrections at epoch i can be decomposed
into

5198 (i) = 5195 (0) + zl: AS195 (i)

! (5)
St°5(i) = 0rP5(0) + > Ast"2(i)

j=1

where 6:9°(0) and 9/%°(0) denote the initial clock biases
for GPS and BDS satellites, respectively. Taking (5) into
consideration and introducing the ZTD parameters and

epoch-differenced satellite clock parameters estimated
from (4) to the code observation in (1), we can obtain

VER(0) = dt(i) + BE() — 319%(0) — bS(0) + 30)

Vs (i) = 0tr(i) + bf (i) — 61"(0) — b7 (i) + I3 (i) )
where 5 (i) and lﬁr( /) now contain the corrections of the
epoch-differenced satellite clocks and ZTD parameters.
The satellite code biases, i.e., b)) and b®5(i), are also
quite stable over the time scale of a month (Schonemann
et al. 2011; Li et al. 2012; Montenbruck et al. 2014a).
Therefore, they can be assimilated into the initial clock

_Gs
biases 6:°°(0) and 67%%(0), namely 57 (0) = 6:9°(0) +

_Bs G
b and &t (0) = 5tP5(0) + bPS. The by(i) can be
merged into the receiver clock parameter d7.(i), namely
5t.(i) = ot (i) + bP (i), similar to the strategy for the phase
Eq. (3). Hence, Eq. (6) can be reformulated as
G,s

) = 01,(0) = o1 (O) + T30 -
VBN (i) = 0t,(i) +1SB, (i) — 31 (0) +

153 (i)

where ISB,(i) = b2(i) — b (i) represents the receiver code
ISB between GPS and BDS. We use lower case letters for
ISB, to distinguish it from phase ISB, namely ISB,. ISB,
can be estimated as a constant over the time period of
1 day, as will be shown later based on the selected tracking
network data. We can form single differences between
satellites by choosing one GPS satellite as a reference in
(7), namely

oG (i) = o1 (0) — o7 (0) + VITH(7)
_Bs (8)
TR (i) = o1 (0) = 0

(0) + ISB, +v1§3’§“()

where V is single-difference operator and superscript
R denotes the reference satellite. The receiver clock
parameters have been removed. Based on (8), the initial
clock biases for each satellite can be solved and the
satellite clock corrections at any epoch can then be derived
using (5).

As can be seen from (8), only the initial BDS satellite
clock errors and the constant ISB, for each receiver are
added in the joint estimation model compared to the GPS-
only clock estimation, which will not significantly increase
the computational burden either.

The reference satellite in (8) can always be chosen to be
the one with the highest elevation angle at each epoch
when forming single-differences between satellites. It is
not necessarily the same one as the datum satellite which is
chosen to avoid a rank deficiency in (8). Generally, we
constrain the initial clock bias of the datum satellite to the
clock bias from the broadcast ephemeris. Once the datum
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satellite is chosen, it will not be changed in order to keep
the datum consistent during the time period unless this
satellite cannot be tracked by any of the receivers. In this
case, we need to choose another datum satellite, and all the
satellite clocks will experience a jump. This clock jump
will have no impact on the positioning users but may affect
time transfer. How to eliminate the satellite clock jump
completely requires further investigation. However, for a
global tracking network, it is rare that a GPS satellite
cannot at all times be tracked by at least one ground station.

For one specific satellite, if a receiver tracking this
satellite has a cycle slip, the epoch-differenced phase
observations for measurements between the satellite—re-
ceiver pair at this epoch will not be formed until a quality
control algorithm determines no further cycle slips are
occurring. If all the receivers tracking this satellite have
cycle slips, then the initial clock bias of this satellite will be
re-computed as soon as one of these receivers recovers
from the cycle slips.

Data and processing strategy

The validation of the joint clock estimation model will be
made on the basis of data collected from the IGS multi-
GNSS experiment (MGEX) network (Montenbruck et al.
2014b) and BeiDou experimental tracking stations (BETS)
network. MGEX is organized by the IGS to track, collect
and analyze all available GNSS signals including those
from the Galileo, BDS and QZSS systems, as well as from
modernized GPS and GLONASS satellites and any space-
based augmentation system (SBAS) of interest. BETS is a
continuous tracking network organized by the GNSS
Research Center of Wuhan University and was established
worldwide for scientific and engineering applications with
cooperating partners, operational since March 2011. Cur-
rently BETS is comprised of 15 stations that track signals
from BDS and GPS satellites. One month of data from
December 1 (DOY 335) to December 30, 2013 (DOY 364)
are used. The network contains 106 stations with data
available during the period, as shown in Fig. 1. Red circles
and blue circles denote stations from MGEX and BETS,
respectively. All the receivers in the network can track
GPS signals, and those shown in black dots can also track
BDS signals. Station CENT (114.36°E, 30.52°N), denoted
as the red star, will be used for PPP validation and is
excluded from the clock estimation. The receiver types and
corresponding number of stations are listed in Table 1.
All the data here are processed in simulated real-time
mode. The data are read from Receiver Independent
Exchange Format (RINEX) files instead of the real-time
stream, and all time delays existing in real situations are
neglected. In order to evaluate the clock estimation model
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independently of orbit errors (Lou et al. 2014b), the final
GPS orbit products from IGS (Dow et al. 2009) and the
final BDS orbit products generated by the Position and
Navigation Data Analyst (PANDA) software (Shi et al.
2008; Zhao et al. 2013; Lou et al. 2014a) at Wuhan
University are used instead of the ultra-rapid-predicted
products. However, in the PPP section, the IGS ultra-rapid-
predicted products are used in order to illustrate the per-
formance of PPP in real-time situations, neglecting errors
in BDS-predicted orbits since the BDS-predicted orbits are
not currently available. Because we still have no receiver
phase center offset (PCO) and phase center variation (PCV)
corrections for BDS signals at this time, we simply use
GPS corrections for BDS signals, which is consistent with
the orbit products because the BDS orbit products gener-
ated at Wuhan University also use this strategy. C/A code
measurements of GPS are corrected with CODE differen-
tial code biases (DCB) products (Schaer and Steigenberger
2006) to be consistent with IGS clock products, and only
in-phase code measurements are used in the initial clock
bias estimation for BDS. The detailed satellite clock esti-
mation strategies are summarized in Table 2.

Inter-system bias estimation

The ISB parameters should be handled carefully in the
multi-GNSS data processing. These biases are mainly
caused by differences in the time system and by different
system hardware delays introduced by the receivers. In this
section, the estimated phase and code ISB between GPS
and BDS are studied based on the selected tracking net-
work data.

Inter-system bias on the phase measurements

The 30 days of observation are processed based on (3).
However, the AISB, are not neglected but estimated as
epoch-wise parameters without any constraint along with
satellite clock, receiver clock and ZTD parameters (only in
this section, they are not neglected for the purpose of
studying the characteristics of AISB,). The statistical
results for each day for the four receiver types that track
BDS and GPS are presented in Fig. 2. The black squares
and vertical bars denote the daily mean and standard
deviations (STD) of AISB,, respectively, averaged over all
of the receivers of that type. For all receivers tracking
signals from both systems, the mean values of AISB, are
very close to zero and the STD values are all below 1.5 cm.
Shi et al. (2013) showed that the noise level of BDS
undifferenced carrier phase measurements is about
2—4 mm on both B1 and B2. Therefore, the STD values are
consistent with the noise level of epoch-differenced
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Table 1 Summary of the receiver types used in the selected stations

Receiver type Number Network
TRIMBLE NETR9 33 MGEX
TRIMBLE NETRS 1 MGEX
JAVAD TRE_G3TH DELTA 24 MGEX
JAVAD TRE_G2T DELTA 3 MGEX
SEPT POLARXA4/S 12 MGEX
SEPT ASTERX3 1 MGEX
LEICA GR10 6 MGEX
LEICA GRX1200 5 MGEX
LEICA GR25 4 MGEX
JPS E_GGD 1 MGEX
NOV OEM6 1 MGEX
UNICORE UR240 15 BETS
Total 106

Receivers tracking both GPS and BDS 53

ionospheric-free phase combinations of about 4.2 times of
original phase measurement noise. The ISB on the phase
measurements are can be reasonably eliminated between
consecutive epochs.

Inter-system bias on the code measurement

The code ISB between GPS and BDS derived in Lou et al.
(2014a) using data from BETS and MGEX networks show
a mean standard deviation of about 1 ns for all stations and
therefore can be taken as a constant over the course of a
day. The time series of the estimated ISB, after removal of
the station-specific mean value on DOY 335 is presented in

Fig. 3 as an example for the purpose of validation. It is
clear that the estimated ISB, are quite stable after the
convergence. Taking the ISB, as a constant will be bene-
ficial to the efficient determination of GPS and BDS
satellite initial clock biases.

Clock validation

The computational efficiency and accuracy of the proposed
joint clock estimation model are assessed in this sec-
tion. The estimated GPS clocks are compared first to the
IGS final 30-s GPS clock products. Due to the absence of
the precise BDS clock products, the post-fit residuals of the
BDS measurements and GPS measurements are taken as
quality indicators. Finally, data from the chosen station
CENT is processed in both static and kinematic PPP mode
using the estimated satellite clocks and the corresponding
orbit products to determine the resulting accuracy of the
positioning.

Computation time for satellite clocks

All of the computations presented here are executed on a
server equipped with two 2.4 GHz Intel® Xeon® proces-
sors and 16 G RAM. Figure 4 shows the average single
epoch computation time for DOY 335 to DOY 364. The
results show that the clock estimate can be updated within
~0.4 s for each epoch based on the proposed model for the
network comprised of 106 stations. Although only about
half of these stations track BDS signals, a larger number of
receivers tracking BDS will not increase the parameters to
be estimated in the most time-consuming epoch-
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Table 2 Joint real-time clock estimation strategies for GPS and BDS

Measurement model
Basic observables
Sample rate
Elevation cutoff angle

Weighting

Attitude model

Station phase center
Satellite phase center
Phase wind up

Troposphere a priori
model

Time system

Station displacement
corrections

DCBs
Relativistic effects
Stochastic model
Adjustment method
Station coordinates
Satellite orbit
Receiver clocks
Satellite clocks

Ionospheric-free combinations of code and phase measurements on L1/L2 for GPS and B1/B2 for BDS
30s

70

A priori precision of 0.03 cycles and 3.0 m for raw phase and code, respectively, for both GPS and BDS
Elevation-dependent, 1 for E > 30° otherwise 2sin(E) (Gendt, et al. 2003)

Nominal attitude (same as GPS BLOCK II/ITA) without yaw maneuver for MEO and IGSO satellites (Kouba
2009); Yaw-fixed attitude mode used for GEO satellites

PCO and PCV for GPS and BDS assumed the same, using igs08.atx (Zhao et al. 2013)
Only nominal PCO applied for BDS; PCO and PCV for GPS using igs08.atx (Schmid et al. 2007)
Corrected (Wu et al. 1993)

Saastamoinen model for wet and dry hydrostatic delay with GMF mapping functions without gradient model
(Boehm et al. 2006)

GPS Time
IERS 2003 conventions (McCarthy and Petit 2004)

Corrected with products provided by CODE for GPS

Corrected

SRIF (Square Root Information Filter)

Fixed from previous weekly solutions by GPS-only PPP using PANDA

Fixed, IGS final orbit or IGS ultra-rapid-predicted orbit for GPS, final orbits from Wuhan University for BDS
White noise with a unit weight variance of 9000 m

White noise with a unit weight variance of 3000 m

Troposphere Piecewise constant zenith delay for each station every 2 h with a constraint of 2 cm/vVh
Ambiguity Eliminated by epoch difference
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2 8-85: TTTTT [Unicore UR240 Fig. 3 Estimated ISB on the code measurements for all receivers
& 0.00 } * } % { i } } I I } I I 1ila . 11 { 1l I il I tracking signals from both systems on DOY 335, 2013. The station-
% 8~8; ] ITTTITTTTTT I LITT T specific mean value has been removed

) 0 é A é é 1l0 12 1I4 1I6 1I8 20 22 2l4 26 28 30

Day

Fig. 2 Mean and STD values of the epoch-differenced series of ISB
estimates on the phase measurements for the four types of receiver
that track both systems

differenced estimation Eq. (4). Therefore, the model can
meet the requirement for the 1-Hz clock updates even using
~ 100 stations with all tracking GPS and BDS if 1 Hz
reference network data are available. Since our analysis
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was done at 30 s, we do not address here the predictability
of the BDS clocks necessary for real-time use.

Comparison with IGS final clock products

The differences between the estimated 30-s GPS clocks
and the IGS 30-s final clock products are calculated to
evaluate the performance of the joint clock estimation. The
derived time series are aligned relative to a reference
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estimation

satellite in order to remove the system bias, which follows
the standard IGS clock comparison procedure (Ge et al.
2012a). The STD and RMS values of the differenced
clocks for each satellite over the 30-day period are calcu-
lated and shown in Fig. 5. The STD values represent the
accuracy of the clock biases which have significant impacts
on the phase-based positioning solutions. The values of all
satellites are smaller than 0.13 ns (~4 cm) with average
STD over all satellites of ~0.1 ns (~3 cm), which is
about the same size as results in Ge et al. (2012a, b). The
RMS values indicate the consistency of clock biases and
code measurements which affect the code range modeling
and convergence time in PPP. The RMS value over all
satellites is about 0.7 ns, which corresponds to ~20 cm of
error on the code measurements. These errors are equiva-
lent to the expected noise level of GPS code measurements.

Post-fit residuals analysis
As the precise BDS clock products are not currently

available for direct comparison, it is necessary to examine
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Fig. 5 STD and RMS values of the estimated GPS clocks compared
to the IGS final products

the post-fit residuals of the BDS measurements to provide
an indication of the solution accuracy. The post-fit residual
analysis for GPS measurements is also provided for
comparison.

Figure 6 shows the daily RMS values of the post-fit
residuals for each GPS and BDS satellite for 30 days. The
daily RMS values for all satellites are within 1 cm except
for very few cases. The average over 30 days of the daily
post-fit residual RMS for each satellite is presented in
Fig. 7. The RMS values are ~0.8 cm for GPS satellites
and 0.4-0.7, 0.7 and 0.75 cm for BDS GEO, IGSO and
MEO. The BDS MEO and GPS satellites, which are in
similar orbits, show equivalent RMS values. The RMS
values of CO1-C04 are significantly smaller than those of
other BDS satellites. The reason may be that most of the
BDS receivers are located in China and nearby regions
which can always track the GEO signals. Compared to
GPS, BDS MEO and IGSO, and CO05 (located at 84°E)
satellites, the elevation angles for BDS C01-C04 are stable
and relatively higher with smaller multipath variation,
resulting in more stable ambiguities and a better fit to the
observations.  Additionally, the elevation-dependent
weighting strategy is used in our study. Since there are
proportionally more observations from GEO satellites,
which are continuously visible over 24 h for the majority
of BDS receivers in Asia, the unmodeled errors will likely
be transferred into the residuals of other satellites with
lower elevation angles. Similarly, compared to the GPS
and BDS MEO satellites, the IGSO satellites can always be
tracked by more receivers, resulting in slightly smaller
RMS values in the analysis. These results are consistent
with what is reported in Zhao et al. (2013). Further
investigation is still needed when more BDS stations and
final BDS clock solutions become available. It should be
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Fig. 7 30-day average of the daily RMS values of the post-fit
residuals for each BDS and GPS satellite

noted that all the post-fit residuals are based on the epoch-
differenced ionospheric-free phase combinations.

Precise point positioning

The IGS ultra-rapid-predicted orbit products for GPS are
used to re-estimate the clocks for evaluating the accuracy
of PPP positioning. However, the BDS final orbit products
are still used since the predicted BDS products are not
currently available. Unlike the clock estimation strategy,
the undifferenced ionospheric-free GPS and BDS phase
and code observations are used with satellite orbits and
clock solutions held fixed. The coordinate parameters are
taken as constants in the static PPP mode, while estimated
at each epoch without any constraint between epochs in the
kinematic PPP mode. The receiver clocks are estimated at
each epoch as white noise parameters, and the ISB of each
receiver is taken as constant over a day. The ambiguities
are estimated as real constants for the entire satellite pass.
The least squares estimator and SRIF are used in the static
PPP mode and kinematic PPP mode, respectively.

In order to obtain an independent evaluation of the clock
solution, station CENT, selected for PPP processing, is
excluded in the satellite clock estimation. The GPS-only,
BDS-only and GPS/BDS combined PPP solution using the
jointly estimated GPS and BDS clocks are carried out and
presented in this section. Furthermore, the GPS-only PPP
solution using IGS final GPS clock products are also
computed for comparison. The averaged coordinates of
one-week static PPP solutions are taken as the ground truth.

Static PPP results

Table 3 summarizes the coordinate biases of daily static
PPP solutions in three components with respect to the
ground truth for station CENT from DOY 335 to DOY 341.
Four sets of PPP solutions are computed using different
products: “IGS” denotes the GPS-only PPP using IGS final
orbits and clocks; “GPS”, “BDS” and “Mix” denote the
GPS-only, BDS-only and GPS/BDS combined PPP

@ Springer

solutions using the jointly estimated satellite clocks and the
corresponding orbits. As can be seen from Table 3, there
are no significant biases in the “GPS” solution (GPS-only
PPP solutions using the joint estimated GPS clocks). All
the coordinate biases in three components are within
~?2 cm. The weekly RMS values of biases are about 1.0,
0.9 and 0.8 cm in the east, north and up component,
respectively. On the other hand, the coordinate biases in the
east component of BDS-Only PPP solution are relatively
larger (~3.4 cm), especially on DOY 337 and DOY 339
reaching approximately 5 cm. The weekly RMS values of
biases are ~3.4, 1.5 and 1.8 cm in three components for
BDS-Only PPP solutions. These larger biases may occur
because of the biases between these two systems and the
ground truth is determined by GPS-only. The relatively
poorer orbit accuracy of the BDS satellites with an error
level of decimeters may also contribute to the positioning
biases. Another possible explanation for larger biases in the
BDS-only solutions is the higher effective weight of BDS
GEO satellites that are always visible from a nearly con-
stant elevation angle, and provide a weaker geometry. This
could potentially be compensated with a lower observation
weight, but in any case will be mitigated as more of the
MEQO satellites are launched. The accuracy of GPS/BDS
combined PPP solutions falls in between the GPS-only and
BDS-only PPP results where the weekly RMS values are
2.0, 1.1 and 0.9 cm in the three components.

Kinematic PPP results

Data from DOY 335 to DOY 341 for CENT are processed
again in simulated real-time kinematic PPP mode, namely
only forward filtering is allowed. The time series of the
coordinate differences on DOY 335 are shown in Fig. 8 as
an example for 1 day. Four sets of solutions, “IGS”,
“GPS”, “BDS” and “Mix,” are computed as defined in the
previous static PPP analysis. “GPS,” “BDS” and “Mix”
time series have been offset by 0.2, 0.4 and 0.6 m on the Y-
axis for clarity. It can be easily seen that the convergence
time for BDS-only PPP is significantly longer than that for
“GPS” and “IGS.” The “BDS” solution needs ~2 h to
converge to within 10 cm, while “IGS” and “GPS” need
<1 h. This is mainly because of the weaker geometry of
the geostationary GEO satellite observations for the BDS-
only solutions. The coordinate differences for the GPS/
BDS combined PPP solutions are more stable after con-
vergence than those of the PPP solutions with single-sys-
tem observations. The convergence time also appears to be
shorter for the combined PPP solutions.

Figure 9 illustrates the daily mean and STD values of
coordinate differences in the three components as well as
the 3-D RMS with respect to the ground truth. Only results
after convergence are used in the statistics. As can be seen
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Fig. 9 Daily mean (squares) and STD (vertical bars) values of
coordinate differences of kinematic PPP solutions in the east (a),
north (b), up (¢) component as well as 3-D RMS (d) with respect to
the ground truth for station CENT

mixed solution because of the use of final BDS orbits.

Comparison with single system estimation model

In this section, the satellite clocks are also computed based
on the conventional single system estimation model (Ge
et al. 2012a). The estimation model for BDS is exactly the
same as GPS. The estimation strategies for the single-
system estimation model are same as those in the joint
model except the ISB. The satellite clock solutions and
corresponding orbit products are used to conduct kinematic
PPP for station CENT from DOY 335 to DOY 341. The
results are presented in Fig. 10.

“COMB_G” and “COMB_B” denote the results of
coordinate differences for GPS-only and BDS-only kine-
matic PPP results based on the joint estimated clocks.
“SING_G” and “SING_B” denote the GPS-only and
BDS-only results based on the corresponding single-system
estimated clock products. As can be seen from Fig. 10, the
performance of kinematic PPP using the joint estimation
model is better than the single system estimation model for
BDS, and the improvement of the joint model for GPS is
minor. Although the mean value in the vertical component
on DOY 340 has decreased accuracy, the STD of BDS
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Fig. 10 Daily mean (squares) and STD (vertical bars) values of
coordinate differences of kinematic PPP solutions in the east (a),
north (b), and up (¢) component as well as 3-D RMS (d) based on the
proposed joint estimation model and conventional single system
estimation model for station CENT

solutions using joint estimated clocks are much smaller in
the east component, still resulting in a better accuracy in
3-D RMS than single system results.

The average computation time per epoch for BDS-only,
GPS-only and joint clock estimation is ~0.06, ~0.32 and
~0.36 s, indicating that the joint estimation model does
not significantly increase the computation time.

Discussion and conclusion

The joint estimation model of GPS/BDS real-time clocks
was proposed based on the mixed-differenced estimation
method. We analyzed the estimated phase and code ISB
between GPS and BDS using data from IGS MGEX and
BETS networks. The biases tend to be quite stable over
1 day, which indicates the biases can be eliminated in the
epoch-differenced phase equation and taken as constants in
the initial clock bias estimation. The proposed model is
shown to be efficient enough to provide a clock estimate in
<0.4 s in real-time applications based on a network com-
prised of about 100 stations.

The joint estimated GPS and BDS clock solutions were
assessed through a comparison with final GPS clock
products and analysis of post-fit residuals. The clock
solutions calculated with GPS ultra-rapid-predicted and
BDS final orbits were then used to illustrate the anticipated
performance of real-time PPP, albeit neglecting at present
the errors in predicted BDS orbits, for which there is no
current service provider. RMS values of coordinate biases
are around 1 and 2-3 cm for GPS-only and BDS-only daily
static PPP solutions, respectively. Accuracy of GPS/BDS
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combined PPP solutions falls in between that of GPS-only
and BDS-only PPP results, with RMS values approxi-
mately 1-2 cm. The large biases of BDS-only solutions are
likely due to the exaggerated weight of geostationary
observations and the weaker satellite geometry.

Kinematic PPP solutions were also calculated and
compared to static final IGS solutions. RMS values are
normally within 4 cm and 6 cm after convergence for
GPS-only and BDS-only solutions, respectively. In con-
trast, the GPS/BDS combined PPP results show better
accuracy and shorter convergence time.

In the last section, the kinematic PPP solutions using
clock products based on the proposed joint estimation
model and the conventional single system estimation
model were compared. The results have illustrated a better
performance of the joint estimation model for BDS.

BDS is still under development. As more tracking sta-
tions are installed in the future and the geographic distri-
bution is improved, satellite orbit and clock products for
BDS can be refined to further reduce systematic errors to
maintain better consistency between the different systems.

Acknowledgments This work is supported by the National Nature
Science Foundation of China (No.: 41374034), the National “863
Program” of China (Grant No. 2012AA12A202), the Fundamental
Research Fund for the Central Universities (2042014kf0081) and the
China Scholarship Council (No.: 201406270066). We would like to
thank two anonymous reviewers and Jeffrey Sussman from UC San
Diego for their valuable suggestions and comments. The MGEX data
were provided by the IGS.

References

Bar-Sever Y, Muellerschoen R, Reachert A, Vozoff M, Young L
(2001) NASA’s internet-based global differential GPS system.
In: Proceedings of NaviTech ESA/ESTEC, Noordwijk, Nether-
lands, pp 65-72

Boehm J, Niell A, Tregoning P, Schuh H (2006) Global mapping
function (GMF): a new empirical mapping function based on
numerical weather model data. Geophys Res Lett 33:L07304

Coco DS, Coker C, Dahlke SR, Clynch JR (1991) Variability of GPS
satellite differential group delay biases. IEEE Trans Aerosp
Electron Syst 27(6):931-938

Collins P (2008) Isolating and estimating undifferenced GPS integer
ambiguities. In: Proceedings of ION-NTM-2008, Institute of
Navigation, San Diego, CA, pp 720-732

Colombo OL (2008) Real-time, wide-area, precise kinematic posi-
tioning using data from internet NTRIP streams. In: Proceedings
of ION-GNSS-2008, Institute of Navigation, Savannah, Georgia,
pp 327-337

Dow JM, Neilan RE, Rizos C (2009) The international GNSS service
in a changing landscape of global navigation satellite systems.
J Geod 83(3-4):191-198

Ge M, Gendt G, Rothacher M, Shi C, Liu J (2008) Resolution of GPS
carrier-phase ambiguities in precise point positioning (PPP) with
daily observations. J Geod 82(7):389-399

Ge M, Chen JP, Dousa J, Gendt G, Wickert JA (2012a) Computa-
tionally efficient approach for estimating high-rate satellite clock
corrections in realtime. GPS Solut 16(1):9-17



GPS Solut (2016) 20:665-676

675

Ge M, Zhang HP, Jia XL, Song SL, Wickert J (2012b) What is
achievable with the current compass constellation? In: Proceed-
ings of ION-GNSS-2012, Institute of Navigation, Nashville,
Tennessee

Gendt G, Dick G, Reigber CH, Tomassini M, Liu Y, Ramatschi M
(2003) Demonstration of NRT GPS water vapor monitoring for
numerical weather prediction in Germany. J Meteorol Soc Jpn
82(1B):360-370

Gong H, Yang W, Wang Y, Zhu X, Wang F (2012) Comparison of
short-term stability estimation methods of GNSS on-board clock.
In: Sun J, Liu J, Yang Y, Fan S (eds) China satellite navigation
conference (CSNC) 2012 proceedings. Lecture notes in electrical
engineering, vol 160. Springer, pp 503-513. doi:10.1007/978-3-
642-29175-3_46

Han C, Yang Y, Cai Z (2011) BeiDou navigation satellite system and
its time scales. Metrologia 48(4):S213-S218. doi:10.1088/0026-
1394/48/4/S13

Hauschild A, Montenbruck O (2009) Kalman-filter-based GPS clock
estimation for near realtime positioning. GPS Solut
13(3):173-182. doi:10.1007/s10291-008-0110-3

Kouba J (2009) A simplified yaw-attitude model for eclipsing GPS
satellites. GPS Solut 13(1):1-12. doi:10.1007/s10291-008-0092-
1

Li Z, Yuan Y, Li H, Ou J, Huo X (2012) Two-step method for the
determination of the differential code biases of COMPASS
satellites. J Geod 86(11):1059-1076

Lou Y, Liu Y, Shi C, Yao X, Zheng F (2014a) Precise orbit
determination of BeiDou constellation based on BETS and
MGEX network. Sci Rep 4:4692. doi:10.1038/srep04692

Lou Y, Zhang W, Wang C, Yao X, Shi C, Liu J (2014b) The impact
of orbital errors on the estimation of satellite clock errors and
PPP. Adv Space Res 54(8):1571-1580

McCarthy DD, Petit G (2004) IERS 2003 conventions. Verlag des
Bundes fur Kartographie und Geodasie, Frankfurt am Main,
p 127

Montenbruck O, Hauschild A, Steigenberger P, Hugentobler U,
Teunissen P, Nakamura S (2013) Initial assessment of the
COMPASS/BeiDou-2 regional navigation satellite system. GPS
Solut 17(2):211-222. doi:10.1007/s10291-012-0272-x

Montenbruck O, Hauschild A, Steigenberger P (2014a) Differential
code bias estimation using multi-GNSS observations and global
ionosphere map. In: Proceedings of ION-ITM-2014, Institute of
Navigation, San Diego, CA, pp 26-28

Montenbruck O, Steigenberger P, Khachikyan R, Weber G, Langley
RB, Mervart L, Hugentobler U (2014b) IGS-MGEX: preparing
the ground for multi-constellation GNSS science. Inside GNSS
9(1):42-49

Schaer S, Steigenberger S (2006) Determination and use of GPS
differential code bias values. IGS Workshop 2006, May 8-11,
Darmstadt, Germany

Schmid R, Steigenberger P, Gendt G, Ge M, Rothacher M (2007)
Generation of a consistent absolute phase-center correction
model for GPS receiver and satellite antennas. J Geod
81(12):781-798

Schonemann E, Becker M, Springer T (2011) A new approach for
GNSS analysis in a multi-GNSS and multi-signal environment.
J Geod Sci 1(3):201-214

Shi C, Zhao Q, Geng J, Lou Y, Ge M, Liu J (2008) Recent
development of PANDA software in GNSS data processing. In:
In: Proceedings of SPIE, international conference on earth
observation data processing and analysis (ICEODPA), p 728518S.
doi:10.1117/12.816261

Shi C, Zhao Q, Li M, Tang W, Hu Z, Lou Y, Zhang H, Niu X, Liu J
(2012) Precise orbit determination of Beidou Satellites with
precise positioning. Sci China Earth Sci 55(7):1079-1086

Shi C, Zhao Q, Hu Z, Liu J (2013) Precise relative positioning using
real tracking data from COMPASS GEO and IGSO satellites.
GPS Solut 17(1):103-119. doi:10.1007/s10291-012-0264-x

Steigenberger P, Hugentobler U, Hauschild A, Montenbruck O (2013)
Orbit and clock analysis of Compass GEO and IGSO satellites.
J Geod 87(6):515-525. doi:10.1007/s00190-013-0625-4

Weber G, Mervart L, Lukes Z, Rocken C, Dousa J (2007) Real-time
clock and orbit corrections for improved point positioning via
NTRIP. In: Proceedings of ION-GNSS-2007, Fort Worth, TX,
1992-1998

Wu J, Wu S, Hajj G, Bertiger W, Lichten S (1993) Effect of antenna
orientation on GPS carrier phase. Manuscr Geod 18:91-98

Zhao Q, Guo J, Li M, Qu L, Hu Z, Shi C, Liu J (2013) Initial results of
precise orbit and clock determination for COMPASS navigation
satellite system. J Geod 87(5):475-486. doi:10.1007/s00190-
013-0622-7

Zumberge J, Heflin M, Jefferson D, Watkins M, Webb F (1997)
Precise point positioning for the efficient and robust analysis of
GPS data from large networks. J Geophys Res
102(B3):5005-5017

Weixing Zhang is a Ph.D.
candidate in the School of
Geodesy and Geomatics and
GNSS Research Center at
Wuhan University. He received
his Bachelors degree in 2010
from the School of Geodesy and
Geomatics at Wuhan Univer-
sity. His current research inter-
ests include real-time GNSS
PPP algorithms and
applications.

Yidong Lou is currently an
Associate Professor at GNSS
Research Center, Wuhan
University. He received his
Ph.D. in Geodesy and Surveying
Engineering  from  Wuhan
University in 2008. His current
research interest is in real-time
precise GNSS Orbit determina-
tion and real-time GNSS PPP.

@ Springer


http://dx.doi.org/10.1007/978-3-642-29175-3_46
http://dx.doi.org/10.1007/978-3-642-29175-3_46
http://dx.doi.org/10.1088/0026-1394/48/4/S13
http://dx.doi.org/10.1088/0026-1394/48/4/S13
http://dx.doi.org/10.1007/s10291-008-0110-3
http://dx.doi.org/10.1007/s10291-008-0092-1
http://dx.doi.org/10.1007/s10291-008-0092-1
http://dx.doi.org/10.1038/srep04692
http://dx.doi.org/10.1007/s10291-012-0272-x
http://dx.doi.org/10.1117/12.816261
http://dx.doi.org/10.1007/s10291-012-0264-x
http://dx.doi.org/10.1007/s00190-013-0625-4
http://dx.doi.org/10.1007/s00190-013-0622-7
http://dx.doi.org/10.1007/s00190-013-0622-7

676

GPS Solut (2016) 20:665-676

@ Springer

Shengfeng Gu is currently a
postdoctoral ~ researcher  at
Wuhan University. He received
his Ph.D. from GNSS research
Center of Wuhan University.
His current research mainly
focuses on zero-differenced
multi-system and  multi-fre-
quency PPP.

Chuang Shi is the head of
GNSS Research Center of
Wuhan University. He gradu-
ated from Wuhan University
and received his Ph.D. in 1998.
His research interests include
network adjustment, precise
orbit determination of GNSS
satellites and LEOs and real-
time PPP.

Jennifer S. Haase is currently
an Associate Research Geo-
physicist at Scripps Institution
of Oceanography at University
of California, San Diego. She is
a member of the NASA GNSS
science team. Her current
research interests include air-
borne GPS radio occultation,
real-time seismogeodesy and
earthquake early warning.

Jingnan Liu is a member of the
Chinese Academy of Engineer-
ing. He graduated from Wuhan
Institute of Surveying and
Mapping (currently Wuhan
University) and received his
Masters degree in 1982. He has
been engaged in the application
of research in geodetic theory
and has made a series of con-
tributions in the coordinate sys-
tem theory, application and
software development of satel-
lite positioning, especially in the
field of engineering.



	Joint estimation of GPS/BDS real-time clocks and initial results
	Abstract
	Introduction
	Methodology
	Epoch-differenced phase measurement model
	The initial clock bias estimation

	Data and processing strategy
	Inter-system bias estimation
	Inter-system bias on the phase measurements
	Inter-system bias on the code measurement

	Clock validation
	Computation time for satellite clocks
	Comparison with IGS final clock products
	Post-fit residuals analysis
	Precise point positioning
	Static PPP results
	Kinematic PPP results


	Comparison with single system estimation model
	Discussion and conclusion
	Acknowledgments
	References




