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Abstract Although the computational burden of global
navigation satellite systems (GNSS) data processing is nowa-
days already a big challenge, especially for huge networks,
integrated processing of denser networks with data of multi-
GNSS and multi-frequency is desired in the expectation of
more accurate and reliable products. Based on the concept of
carrier range, in this study, the precise point positioning with
integer ambiguity resolution is engaged to obtain the integer
ambiguities for converting carrier phases to carrier ranges.
With such carrier ranges and pseudo-ranges, rigorous inte-
grated processing is realized computational efficiently for
the orbit and clock estimation using massive networks. The
strategy is validated in terms of computational efficiency and
product quality using data of the IGS network with about 460
stations. The experimental validation shows that the compu-
tation time of the new strategy increases gradually with the
number of stations. It takes about 14 min for precise orbit
and clock determination with 460 stations, while the current
strategy needs about 82 min. The overlapping orbit RMS is
reduced from 27.6 mm with 100 stations to 24.8 mm using
the proposed strategy, and the RMS could be further reduced
to 23.2 mm by including all 460 stations. Therefore, the new
strategy could be applied to massive networks of multi-GNSS
and multi-frequency receivers and possibly to achieve GNSS
data products of higher quality.
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1 Introduction

Global navigation satellite systems (GNSS) are nowadays
widely applied in precise geodetic positioning from refer-
ence frame establishment and crustal deformation monitor-
ing to control point surveying. On the one hand, thanks to the
successful development of the International GNSS Service
(IGS) (Beutler et al. 1994; Dow et al. 2009), the IGS refer-
ence network has been expanding continuously and reaches
up to about 460 stations recently (Neilan et al. 2013). On
the other hand, a number of regional networks, also known
as continuously operating reference stations (CORS), have
been established as national infrastructure for regional refer-
ence frame, positioning and navigation, and geohazard mon-
itoring and early warning. For example, there are over 1,350
stations in the US CORS since 2008 (Snay and Soler 2008),
over 1,000 stations in China (Dang et al. 2011) and over 1,300
in the GEONET network in Japan (Sagiya 2004).

Following the great success of the US GPS navigation
satellite system, the Russian GLONASS system has been
in full operation since 1990s. The European Galileo sys-
tem has accomplished recently its first position determi-
nation of a ground location using the four Galileo satel-
lites currently in orbit (http://www.esa.int/Our_Activities/
Navigation/Galileo_fixes_Europe_s_position_in_history),
several launches of additional satellites are planned in the
next years. Also the Chinese BeiDou system (BDS) is pro-
viding regional service since 2012, and it is planned to com-
plete its constellation for global service around 2020 (Yang
et al. 2011; Montenbruck et al. 2012). Moreover, the mod-
ernization of GPS and GLONASS and the newly emerging
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systems will provide more signals, for example, a third carrier
frequency. Therefore, besides the thousands of ground sta-
tions, there will be four navigation satellite systems together
comprising probably more than 120 transmitting satellites
with more than three frequencies available for precise posi-
tioning in the coming years.

As demonstrated, integrated processing of multi-GNSS
and multi-frequency data could achieve more accurate and
more reliable results through the complementarity of differ-
ent systems (Montenbruck et al. 2013) if appropriate process-
ing strategies are applied. It is also necessary for providing
multi-GNSS positioning services where inter-system biases
must also be estimated and provided (Schönemann et al.
2011). It should be mentioned that integrated solutions are
essential for applications in which both positions and their
stochastic information, i.e., covariance matrix, are of inter-
est, for example, for combining daily solutions for refer-
ence frame establishment (Altamimi et al. 2008), deforma-
tion monitoring of tidal gauge stations (Schöne et al. 2009)
and post-glacial rebound (Larson and van Dam 2012).

Furthermore, GNSS is playing a very important role
together with very long baseline interferometry (VLBI),
satellite laser range (SLR) and Doppler orbitography and
radiopositioning integrated by satellite (DORIS) (Willis et
al. 2005) in the establishment and maintenance of global
and regional reference frames, especially for the densifica-
tion through regional systems, because of its global coverage,
low cost and easy maintenance. As each technology may con-
tribute differently to the reference frame parameters, combin-
ing all the technologies, especially on the observational level,
is also suggested (Gambis et al. 2009).

The major challenge of the integrated processing is the
very high computational burden caused by the estimation of
a huge number of integer phase ambiguity parameters. Even
for the GPS system alone, the large number of ambiguities
already makes the data processing of huge networks very
difficult.

One of the traditional strategies for analyzing huge net-
works is to divide the whole network into several sub-
networks and then combine them on the normal equation
(NEQ) level where a certain number of common stations are
needed in order to connect the sub-networks together. As
the common stations are used more than once in different
sub-networks, the covariance of combined solution is theo-
retically different from the integrated solution on the obser-
vation level.

Ge et al. (2006a) proposed an approach by removing all
parameters not in use, named as inactive parameters, from
NEQ to enhance the computational efficiency. However, the
parameter elimination at each epoch is still time-consuming.
It increases along with the number of stations and satellites
and becomes even longer if the measurements on the third
carrier frequency are included (Schönemann et al. 2011).

Using the precise point positioning (PPP) technique (Zum-
berge et al. 1997), Blewitt et al. (2010) developed a new
approach for processing massive networks by converting
carrier-phase observations to so-called “carrier range” using
the double-differenced (DD) integer ambiguities resolved
based on the fixed point theorems.

Recent development of PPP ambiguity resolution (Ge et
al. 2008; Collins et al. 2008; Laurichesse et al. 2009; Bertiger
et al. 2010) enables reliable ambiguity resolution at a single
station by making use of the precisely estimated uncalibrated
phase delay (UPD) at the satellites additionally to the pre-
cise orbits and clocks. A number of studies were undertaken
for validating and improving the UPD estimates (Geng et al.
2009, 2012; Li and Zhang 2012). Although PPP ambiguity
resolution is a hot topic in current GNSS research, the moti-
vation of the study by Ge et al. (2008) was, however, the
realization of a solution for huge GNSS networks (Ge et al.
2006b).

In this study, a new computationally efficient strategy is
proposed for integrated processing of massive GNSS net-
works based on the carrier-range concept. PPP with ambigu-
ity resolution is applied to all stations using the precise orbit
and clock products and satellite UPDs derived from a core
reference network. With the resolved integer ambiguities, all
the phase observations are converted to carrier ranges on the
station base. Both pseudo-ranges and carrier ranges are sug-
gested to be utilized in the integrated solution of massive
networks. Since the UPDs play a very important role in PPP
ambiguity resolution, the performance of UPDs is also inves-
tigated in this paper. In the following, current strategies for
data processing of huge GNSS networks and PPP ambiguity
resolution methods will be briefly reviewed in Sect. 2. The
details of the new strategy will be presented in Sect. 3, and
the experimental validation and the results will be shown and
discussed in Sects. 4 and 5, respectively.

2 Review of current strategies

2.1 Network analysis

In GNSS network processing, station coordinates, satellite
orbits, receiver and satellite clock biases, zenith troposphere
delays (ZTD) and carrier-phase ambiguities are usually esti-
mated as unknown parameters. Clock biases must be elimi-
nated epoch-by-epoch as they are usually parameterized as
white noise or first-order Gauss–Markov process, while other
parameters are often kept in NEQ system and are inverted
together if their covariance matrix is required. The ambiguity
parameters are usually kept in the NEQ and inverted together
for the DD ambiguity resolution following the sequential
bias-fixing strategies (Blewitt 1989; Dong and Bock 1989;
Ge et al. 2005). The largest number of parameters is those
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of the ambiguities and then of the ZTD parameters in form
of piece-wise constant/linear models depending on the step
size of the updated interval. The number of these parameters
increases remarkably with the increase in number of stations
and/or satellites and causes the heavy computational load in
current data processing of huge GNSS networks.

In order to shorten the computational time, Ge et al.
(2006a) advised that the parameters in a least square adjust-
ment, whose covariance is not of interest, could be eliminated
from the NEQ as soon as they are not used by any further
observation equation. This method could significantly reduce
the dimension of NEQ and could save about two-third com-
putation time compared to the original strategy where inac-
tive parameters are also kept in the NEQ.

Further investigation shows that 82.7 % computational
time is spent on the elimination of the epoch-wise parameters,
such as receiver and satellite clocks, and of the inactive para-
meters, for example, ambiguities and ZTDs. As shown in the
experimental validation, for a network comprising 300 sta-
tions, it takes about 20 min on a computer with a Intel Core i7
(2.6 GHz) processor. This is mainly because the clock elimi-
nation becomes rather slow due to the correlation among the
large amount of ambiguities. In such case, it is very difficult
to process larger networks and/or data with higher sampling
rate for providing high-rate satellite clocks.

Based on the fixed point theorems, Blewitt (2008) com-
bined all the PPP solutions with real-valued ambiguities
through fixing double-differenced (DD) ambiguities over a
set of optimally selected independent baselines to achieve
a precise network solution. The approach is named as
AMBIZAP and takes about two and a half hours for process-
ing a network of about 1,300 stations (Blewitt 2008). How-
ever, it cannot provide the complete covariance matrix of
the station coordinates and cannot be applied to the rigor-
ous network processing as satellite orbits and clocks must be
fixed. For rigorous massive network solution, Blewitt et al.
(2010) converted the carrier-phase observations into a range-
like observation, referred as to carrier range, using the ambi-
guities from AMBIZAP in the above-mentioned approach.
The carrier range could be processed as pseudo-range except
that it has the carrier-phase accuracy. Certainly, it could be
contaminated by a clock-like bias which will be absorbed by
the associated clock parameter. This was also the first time to
show that carrier range could be used to determinate orbits
efficiently.

As the undifferenced (UD) ambiguities used in the carrier-
range conversion are transformed from the fixed DD ambigu-
ities, in order to have a consistent datum for such conversion,
a set of independent baselines of the minimum span tree is
selected to connect all the stations. Problematic baselines
whose ambiguities cannot be resolved must be avoided (Ble-
witt et al. 2010). It is obvious that the selection of such base-
lines plays an important role in this approach. Therefore, in

this paper, we propose a robust way to generate carrier-range
observations by directly estimating the UD integer ambigu-
ities using PPP with ambiguity resolution.

2.2 PPP with ambiguity resolution

In the past, only DD ambiguities can be fixed to integer
because of the existence of UPDs at the receivers and satel-
lites. Gabor and Nerem (1999) showed that the daily wide-
lane (WL) UPD (WLUPD) changes hardly over several
months, while the daily narrow-lane (NL) UPD (NLUPD)
is quite unstable due to possible biases in satellite orbits
and clocks used and the noise of receivers in the processing.
Thanks to the continuously improved IGS orbit and clock
products and the GNSS receivers, Ge et al. (2008) found that
the NLUPDs are quite stable over a short time period of sev-
eral tens of minutes and implemented an approach to estimate
the NLUPD as piece-wise constant based on PPP derived
real-valued ambiguities from about 100 IGS stations. With
the estimated UPDs, PPP ambiguity resolution was success-
fully carried out for hundreds of IGS stations, and the posi-
tion accuracy was improved consequently. Laurichesse et al.
(2009) advised to use the satellite clock biases to absorb the
NLUPDs, and in their experiments, around 88 % of narrow-
lane ambiguities could be resolved with daily data. Collins
(2008) also provided a similar model called decoupled clock
model. Lately, it was confirmed that all these approaches
are equivalent in theory and perform comparably in prac-
tice (Geng et al. 2010). Bertiger et al. (2010) also achieved
ambiguity resolution for a single receiver in the form of DD
ambiguity utilizing a “WLPBLIST” file produced by GIPSY
software which contains wide-lane and narrow-lane ambigu-
ities for each station–satellite pair during the orbits and clock
determination.

It is clear that UPDs of receivers and satellites could not
be estimated simultaneously in an absolute sense. For PPP
ambiguity resolution, only single-differenced (SD) ambigu-
ities between satellites can be fixed to integer, as the receiver
UPD is anyway unknown. Therefore, SD UPD between satel-
lites is in principle sufficient (Ge et al. 2008). However, in
this paper, UD UPDs are estimated based on the UD ambigu-
ities using the method described by Li and Zhang (2012) and
Ge et al. (2012), because using the UD UPDs is more flex-
ible in both theoretical expression and software realization.
In order to assess the stability of the UPD estimates, they
are estimated as random walk process with a proper power
density to exhibit their temporal variations.

3 New strategy for massive networks

We first present the mathematical principle of the new
strategy in terms of the carrier-range generation based on
PPP ambiguity resolution and the estimation using carrier
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ranges. Then, the processing procedure of the new strategy
is explained and illustrated in details. Finally, the difference
between carrier-range method and the classic method with
ambiguity resolution is discussed with an example.

3.1 Mathematical principle

Without loss of generality, we assume that ionosphere-free
phase (Lc) and range (Pc) observations are used in the net-
work processing, and the observation equations are

Lc = f 2
1

f 2
1 − f 2

2

L1 − f 2
2

f 2
1 − f 2

2

L2 = ρ + dtR − dtS + λ1bc

Pc = f 2
1

f 2
1 − f 2

2

P1 − f 2
2

f 2
1 − f 2

2

P2 = ρ + dtR − dtS (1)

where, L1, L2, P1 and P2 are phase and range observations
of the two frequencies f1 and f2, respectively, where phase
observations are in unit of length. dtR and dtS are receiver
and satellite clock biases, respectively.ρ is the non-dispersive
delay including geometric delay, tropospheric delay and any
other delay which affects all the observations identically. bc

is the Lc ambiguity. The phase center correction and the
phase windup effect must be considered in modeling. The
satellite-dependent differential code biases (DCB) (Schaer
and Steigenberger 2006) should be applied, especially if dif-
ferent types of range observations are employed. Multipath
effect and noise are not included for clarity. For the simi-
lar reason, the uncalibrated range delays, which in principal
should also be considered, are ignored, as they are not distin-
guishable from the clock parameters and have no bad effects
on the carrier-range generation.

The ambiguity bc is usually expressed by wide-lane and
narrow-lane ambiguities for integer ambiguity resolution as

bc = f1

f1 + f2
bn + f1 f2

f 2
1 − f 2

2

bw (2)

Both bw and bn include integer ambiguity and UPD at
receiver and satellite. In fact, bw is not an integer, however,
according to Ge et al. (2008), wide-lane ambiguities could be
replaced by its fixed integer and the related WLUPDs could
be merged into the associated narrow-lane ambiguity, so that
Eq. (2) becomes

bc = f1

f1 + f2

(
Nn + δbnr + δbs

n

) + f1 f2

f 2
1 − f 2

2

Nw (3)

where Nw is the fixed integer value of the wide-lane ambigu-
ity; Nn, δbnr and δbs

n are the integer narrow-lane ambiguity,
and the related UPD for the receiver and satellite, respec-
tively.

The wide-lane ambiguities are estimated using the Melbou-
rne–Wübbena (MW) combination (Melbourne 1985; Wübbena

1985). With the estimates of wide-lane ambiguities of a net-
work, WLUPD can be estimated precisely and applied to any
station for UD wide-lane ambiguity fixing. Furthermore, with
the fixed wide-lane ambiguity and the estimated bc, narrow-
lane ambiguities can be derived according to Eq. (3). Similar
to the wide lane, NLUPDs can be estimated from the NL
ambiguities of a network.

As soon as both wide-lane and narrow-lane ambiguities
are fixed, by taking consideration of that Nn = N1 and Nw =
N1 − N2, Eq. (3) can be reformulated as

bc = f 2
1

f 2
1 − f 2

2

N1− f 2
2

f 2
1 − f 2

2

λ2

λ1
N2+ f1

f1 + f2

(
δbnr + δbs

n

)

(4)

Inserting Eq. (4) into Eq. (1) and move the fixed inte-
ger ambiguities to the left side of the equation, we have the
observation equations without ambiguities as

f 2
1

f 2
1 − f 2

2

(L1 − λ1 N1) − f 2
2

f 2
1 − f 2

2

(L2 − λ2 N2)

= ρ + dtR − dtS + λ1
f1

f1 + f2
(δbnr + δbs

n) (5)

Obviously, the left side is the ionosphere-free combination
of the integer ambiguity-aligned phase observations of L1 and
L2, referred as to L1 and L2 carrier range, respectively. The
combined is the Lc carrier range correspondingly. Therefore,
the equation can be written as

L̄c = f 2
1

f 2
1 − f 2

2

L̄1 − f 2
2

f 2
1 − f 2

2

L̄2

= ρ + dtR − dtS + λ1
f1

f1 + f2
(δbnr + δbs

n) (6)

where L̄c is the Lc carrier range; and L̄1 and L̄2 are L1 andL2

carrier range, respectively. This equation is fully equivalent
to the phase observation in Eq. (1), except the integer ambi-
guities are replaced by the resolved integers.

When only L̄c is used for parameter estimation, the UPDs
(δbnr and δbs

n) will be absorbed by satellite and receiver
clock biases. In order to obtain the consistent satellite clocks
with the results using Eq. (1) directly, both L̄c and Pc obser-
vations are suggested to be applied and then the UPDs have
to be estimated as unknowns. In addition, those ambiguities
that are not fixed in the PPP ambiguity resolution could still
be estimated in the final parameter estimation.

3.2 Processing procedure

Based on the above discussions, similar to the strategy by
Blewitt et al. (2010), the proposed strategy includes the fol-
lowing five steps as illustrated in Fig. 1.

123



An enhanced strategy for GNSS data processing 861

Fig. 1 Flow chart of the new
strategy for massive GNSS
networks based on the
carrier-range concept

Network analysis with 
core stations

UPD estimation 

UD ambiguities

Precise clocks and orbits

PPP + ambiguity 
resolutionUPDs 

Converting phases to  
carrier -ranges 

Fixed ambiguities

RINEX files

New RINEX files 

Observation LC and PC  
Parameters Unfixed ambiguities, 
Satellite and Receiver Clock, 
Orbits, ZTD, Site Coordinates, 
EOP, UPDs…  

Strategy B

Observation LC
Parameters Unfixed ambiguities,  
Satellite and Receiver Clock, 
Orbits, ZTD, Site Coordinates, 
EOP…

Strategy A

1) Precise orbits and clocks are determined in the same way
as done at the IGS analysis centers using a global network
with about 100 IGS stations (e.g., Gendt et al. 2013).

2) Satellite WLUPDs and NLUPDs are estimated using the
LC ambiguities of the network solution and WL ambigu-
ities based on the MW combination. UPDs are estimated
epoch wise by means of filtering using all the active ambi-
guities as observations. Each UPD is parameterized as a
random walk process. The power density of the process
could be fine-tuned in order to tackle its possible rapid
changes, for example, for satellites of Block IIA type in
eclipse, although the UPDs are rather stable for most of
the satellites.

3) Static PPP with daily data is carried out for each sta-
tion iteratively for data editing. Then, the WLUPDs and
NLUPDs are applied to recover the integer characteristics
the estimated real-valued UD ambiguities. The sequential
resolution is recommended for achieving the best fixing
performance.

4) With the fixed integer ambiguities in L1 and L2, phase
observations are converted to carrier ranges. For each
station, a new RINEX file is generated in which phases
are replaced by carrier range with a special flag and the
others are kept unchanged. It is worth to mention that the
new RINEX file is fully equivalent to the original if the
special flag is ignored.

5) The integrated processing is carried out in the same way
as the network solution in the first step with the same para-
meters except that no ambiguities are estimated anymore.
If only carrier range is used as proposed by Blewitt et al.
(2010), UPDs cannot be estimated because they are fully
correlated with the clocks. The estimated clocks will be
exactly biased by the NLUPD. Although this characteris-
tics could be utilized to provide a special clock correction
to directly obtain ambiguities with integer nature in PPP

(Collins 2008; Laurichesse et al. 2009), the associated
clocks are not consistent with that from the first step or
with IGS products. Thus, we suggest to use both carrier
ranges and pseudo-ranges and to consider receiver and
satellite UPDs as unknown determined parameters.

3.3 Advantage of the new strategy

Besides the improvement in computational efficiency due to
the removal of ambiguity parameters in advance of the esti-
mation, using carrier ranges generated with the UD ambi-
guities can also increase the data continuity, so that better
solutions could be achieved compared to that using classic
method with DD ambiguity resolution. For a better under-
standing of this advantage, we hereafter explain with an
example that using carrier range could further reduce the
number of to be estimated ambiguities.

Let us assume that there are three stations observing two
satellites, and Station 1 tracks the satellites continuously,
whereas data at Station 2 and 3 are interrupted into three
segments as illustrated in Fig. 2. We have 14 UD ambiguities
totally, two, six and six for Station 1, 2 and 3, respectively.

For the classic processing with DD ambiguity fixing,
six independent DD ambiguities can be defined and all are
assumed fixable. Thus, the freedom for the ambiguity para-

Station 1 

Station 3 

Station 2 

Sat 1

Sat 2

Sat 1
Sat 2

Sat 1
Sat 2

Fig. 2 An exemplar data set for demonstrating the difference between
using carrier-ranges and the classic method
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meters is eight, i.e., 14 UD ambiguities minus six fixed con-
straints. In other words, eight UD ambiguities must still be
estimated in the fixed solution.

Assume that the cycle slips at Station 2 and 3 can be cor-
rectly repaired, that means we have only two UD ambigui-
ties at any of the three stations. In this case, we have in total
six UD ambiguities and two independent DD ambiguities.
Therefore, only four UD ambiguities are estimated instead
of eight in the classic method.

In the case of using carrier ranges, all data segments
belonging to a satellite–station pair are connected contin-
uously, if their UD ambiguities can be fixed correctly. That
means in the carrier-range method, all stations “track” the
satellites continuously even a satellite is not visible.

Theoretically, the number of the estimated ambiguities in
the carrier-range method is equal to the number of stations
and satellites with one as reference if all UD ambiguities
are fixed to integer. These ambiguities are actually referred
as to satellite and receiver UPDs in this paper which can-
not be separated from the related clock parameters if only
carrier ranges are used and they are determined by the code-
range observations if both carrier ranges and code ranges are
utilized.

4 Experimental validation

To validate the new strategy, the PANDA (Positioning And
Navigation Data Analyst) software (Liu and Ge 2003; Shi
et al. 2008) developed at the GNSS Research Center in the
Wuhan University was modified for carrying out the asso-
ciated data processing. A module for estimating UPDs and
applying UPD for PPP ambiguity resolution and a module to
produce RINEX file with carrier ranges were implemented,
and the estimator was also adapted to support the network

analysis with UPD parameters. All the experimental com-
putations were achieved on a computer with Intel Core i7
(2.6 GHz) processor, 16 GB memory.

Data from DOY 201 to 289, 2012, of the IGS global net-
work were used for the experimental validation. There are
about 460 stations with data over the selected time period.
Among these stations, about 100 stations were selected as
core stations for precise orbit and clock, EOP and UPD esti-
mation with current strategy. Then, all the 460 stations were
processed using the proposed strategy and involved in the
computational time test. The station distribution is shown in
Fig. 3 where red triangles are for the 100 stations for the
estimation of precise orbits and clocks and blue dots for the
other 360 stations of the massive network.

As aforesaid, the daily data processing includes (1) pre-
cise orbit and clock determination with about 100 stations,
(2) UPD estimation based on the estimated ambiguities in the
first step, (3) PPP with ambiguity resolution, (4) generation of
new RINEX files with carrier ranges for all stations, (5) inte-
grated solution of all 460 stations. The network solution in
(1) and (5) was carried out in the same way and with the same
parameters as is done at the GFZ IGS Analysis Center (Gendt
et al. 1999) except that no ambiguities are estimated in (5).

In the UPD estimation, a very large power density of about
0.1 cycles/

√
s was assigned to the UPD parameterized as a

random walk process, in order to exhibit its stability. The esti-
mated UPD time series will be investigated, and ambiguity
fixing performance using the estimate UPDs is also assessed.

The integrated solution of the 460 stations was carried out
in two modes: (1) using carrier range only and (2) using car-
rier range and pseudo-range and with UPD as unknown para-
meters, referred as to Strategy A and B, respectively. In the
integrated processing, all stations used in the first step for pre-
cise orbit and clock estimation were still constrained tightly.
The estimated orbits, clocks and station coordinates of the

Fig. 3 Station distribution of
the experimental network. There
are about 460 stations in total.
Among them, 100 stations
indicated with red triangles are
used as core stations to estimate
satellite orbits, clocks and UPDs
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integrated solution were evaluated by comparing with the
IGS final products and by the overlapping orbital differences.

For the validation of the computational efficiency, data of
the 460 IGS stations on DOY 235, 2012, were employed.
Networks comprising different number of stations were
processed using Strategy A and B, and the computational
time was recorded. Besides Strategy A and B, such process-
ing was also undertaken using the approach proposed by Ge et
al. (2006a), for comparison, which is called Strategy C below.

5 Results

As in this paper we are concentrated on the robust genera-
tion of the carrier range, we first checked the quality of the
estimated NLUPDs and the performance of the PPP ambi-
guity resolution. Afterward, the products estimated using the
new strategy including stations coordinates and orbits were
assessed. Although a very careful investigation of all the kind
of products over a long period should be carried out in order
to confirm the improvement in the new method, we focused
now only on the satellite orbits due to the limitation of the
software package in hand. Finally, the computation time for
the different approaches and stations numbers was also inves-
tigated in more detail.

5.1 UPD performance

Since the WLUPD is proved being quite stable and the WL
ambiguity is easily to be fixed due to the long wavelength, we
focus on the NLUPD that is very critical in the new processing
strategy. As an example, the standard deviation (STD) of
NULUPD for each satellite on the day 239 is shown in Fig. 4
in red triangles. In general, the STD is quite similar and is
smaller than 0.05 cycles for most of satellites except that of
G08 and G09 with a significantly larger value. The averaged
NLUPD STDs for the satellites over the days 201 to 289,
2012, are also shown in Fig. 4 in blue squares where the jumps
for Block IIA satellites in eclipse (see discussion below) were
removed. From the plot, all the averaged STDs are less than
0.05 cycles. This confirms the stability of the NLUPDs.

As satellite G08 and G09 are both in eclipse on this day,
time series of all the eclipsed satellites are inspected and

shown in Fig. 5. The data absence of G27 at the beginning
is due to the lack of precise satellite clocks. We found that
the UPD of a Block IIA satellite has often a jump of about
0.3–0.4 cycles after an eclipse. This is most likely related
to the imprecise yaw model or inaccurately modeled force
shortly after the eclipse period. After removing the jumps,
the STDs reduce to 0.03 and 0.04 cycles for G08 and G09,
respectively, which is almost the same as that of the other
normal satellites.

From the results, we recommend that an additional UPD
parameter should be estimated after an eclipse for Block IIA
satellites at least for the final integrated solution.

5.2 UPD quality

The fixing rate of the PPP ambiguity resolution can be a direct
indicator for assessing the quality of the estimated UPDs,
as it represents how well the NLUPD is consistent with the
fractional part of the ambiguities. To fix ambiguities as much
as possible, we still estimate the UPD epoch-by-epoch in this
step, although they are rather stable as discussed above.

On each day, for about 300 stations among the total 460
stations, all the ambiguities can be fixed, about 130 stations
have a fixing rate between 95 and 100 %, and only about 12
stations have a lower fixing rate between 90 and 95 %. We
have noticed that the fixing rate for Block IIA satellites in
eclipse is comparable to that of the other satellites and that
most of the unfixable ambiguities have a low elevation angle.
This fixing statistics confirms that the estimated NLUPDs are
very consistent with the ambiguities and enables a high fixing
rate which is very crucial for the integrated processing.

5.3 Station coordinates

From our comparison, Strategy A and Strategy B provide
almost the same estimates except the clock corrections which
are biased by the NLUPDs in Strategy A. Thus, for the eval-
uation of the station coordinates and orbits, only results of
Strategy B are presented.

The estimated station coordinates are compared with that
of the IGS weekly solution. The averaged RMS in east, north
and up directions after having applied a seven-parameter

Fig. 4 STD of the estimated
NLUPDs. The red triangles are
the STD of NLUPDs on the day
239, 2012 where the jumps are
not removed, whereas the blue
squares are the mean STD over
the days 201–289, 2012 after the
removal of jumps
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Fig. 5 UPD time series for
eclipse satellites; the red line
marks the eclipse periods. Block
IIA satellites in eclipse are on
the right-hand side

Fig. 6 Averaged orbit RMS
with respect to IGS final orbits.
The red columns indicate RMS
of the orbit using current
strategy with 100 core stations,
whereas the green columns are
for that of Strategy B using the
same 100 stations and the blue
columns are for that of all 460
stations

Helmert transformation for removing possible systematic
differences are better than 2.3, 2.5, and 5.9 mm, respectively,
which is similar to the inconsistency between the Analysis
Center’s and IGS final products.

5.4 Satellite orbits

For the assessment of the estimated orbits, they are first com-
pared to IGS final orbits, and then, the orbit differences over
the day boundary are also analyzed.

The orbits of the current strategy with the core network of
100 stations, the orbits of Strategy B (using the new method
with carrier-range and code-range observations) with the core
network, and those of Strategy B with the whole network
of 460 stations are compared with the IGS final products.
The averaged RMS of the three orbit products over the days
from 201 to 289 is shown in Fig. 6 in red, green and blue,
respectively. It can be found that the RMS is less than 10 mm
for most of the satellites except some of the BLOCK IIA
satellites in eclipse, i.e., G04, G08, G09 and G27. Comparing
the RMS of the current strategy and that of Strategy B with the
core network, RMS of most satellites is reduced by the new
strategy and the averaged RMS of all satellites decreases from

10.2 to 9.0 mm. However, when all 460 stations are included
in Strategy B, the RMS gets slightly larger to about 9.2 mm
compared to that using the core network. This might be a
hint that IGS final products could not be a proper reference
for assessing the improvement on orbits of the new method,
although they are of high quality.

The RMS of the overlapping orbit differences over the day
boundary provides a more realistic indicator for orbit qual-
ity assessment. The overlapping orbit RMS of the current
strategy using 100 core stations, Strategy B with the same
100 stations and Strategy B with all 460 stations are plot-
ted in Fig. 7 in red, green and blue, respectively. As shown
in Fig. 7, with the same 100 stations, it is obvious that the
overlapping RMS is reduced for most of the satellites and
significant reduction can be found for satellites with a large
RMS when using the current strategy. For example, orbits
of G06, G09, G15 and G27 are improved by 19, 15, 14 and
26 %, respectively. Statistically, the averaged RMS of the
overlapping orbits for all the satellites is improved by about
9.8%, reduced from 27.6 to 24.8 mm. The major reason, as
explained in the Sect. 3.3, should be the difference between
the resolution of double-difference ambiguity in the current
strategy and the resolution of the one-way ambiguity in the
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Fig. 7 RMS of the overlapping
orbit differences. The red
columns indicate RMS of the
orbit using current strategy with
100 core stations, whereas the
green columns are for that of
Strategy B using the same 100
stations and the blue columns
are for that of Strategy B with
all 460 stations

new strategy. In the former one, there is usually more than
one ambiguity for each station and satellite pair for daily data
because of the satellite revolution, whereas in the latter one,
each station and satellite pair could have only one ambiguity.

Furthermore, the overlapping orbit RMS of Strategy B can
be further reduced to 23.2 mm by including all 460 stations.
In principal, it is always true that better products will be
achieved if more stations are properly involved. For clarity,
such a large number of stations are utilized for computa-
tional efficiency test instead of showing the improvement in
the quality or optimizing the network for precise orbit deter-
mination.

5.5 Processing time

In order to test the computational efficiency of our new strat-
egy, the computation time for networks with different number
of stations using Strategy A, B and C is recorded and plot-
ted in Fig. 8. All tests were carried out on a computer with
MAC OS system, and the hardware is described in Sect. 4.
Most of the computation time in GNSS network processing
is for the data cleaning carried out iteratively based on the
post-fit residuals. The residuals could be from an estimation
in network mode or baseline mode. For the data processing
of large GNSS networks, the network solution is very time-
consuming, and few poor stations could significantly increase
the iteration number. Therefore, PPP is introduced for data
cleaning (Zhang et al. 2007). In this case, the data processing
is similar to the new strategy except the estimation of UPD
and the generation of carrier-range files including PPP ambi-
guity resolution. The estimation of UPD takes not more than
1 min, while the PPP ambiguity resolution and the genera-
tion of carrier-range files take about 5 s for each station with
a sampling rate of 30 s in this study. More important is that
the generation is run on station base, thus can be scheduled
parallel in different processors and computers. Therefore, we
compared here the computation time of a single iteration of
the parameter estimation using the Strategy A (using carrier
range), Strategy B (using carrier range and code range with
UPD parameters) and Strategy C [using the current strategy
by Ge et al. (2006a)] for networks with different number of
stations.

Fig. 8 Comparison of computation times of Strategy A (using carrier
range), Strategy B (using carrier range and code range with UPD para-
meters) and Strategy C [using the strategy by Ge et al. (2006a)] for
networks with different number of stations

From Fig. 8, it becomes clear that the computation time
of Strategy B is slightly longer than that of Strategy A, as
Strategy B has additionally about 32 UPDs for satellites and
one UPD for each receiver. Their computation time is almost
linearly correlated with the number of stations, whereas that
of Strategy C increases very quickly along with the station
number. For the network of 460 stations, Strategy A, B and
C need the computation time of about 14, 16 and 82 min,
respectively. Therefore, due to the existence of the ambigu-
ity parameters, even only active parameters are kept, Strategy
C needs about six times of computation time of the new strat-
egy. Such a long computation time for a single iteration of
estimation makes the integrated solution of massive network
almost impossible.

6 Conclusions

A new GNSS data processing strategy based on the carrier-
range concept is presented, and its application demonstrated
for the processing of very large ground networks. In the new
strategy, the precise orbits and clocks are determined from
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a global network with about 100 stations, and the UPDs are
derived from the UD ambiguities. Then, PPP with ambigu-
ity resolution is carried out for all the stations of the mas-
sive network by making use of the estimated UPDs. After-
ward, all the phases are converted to carrier ranges, and
new RINEX files are generated for all stations. Finally, the
integrated solution is performed in a computationally effi-
cient way because of the disappearance of the ambiguity
parameters.

The experimental validation shows that the computation
time for a network of 460 stations can be reduced from 82 min
of the current strategy to about 14 min for the new strategy.
The computational time of the new strategy increases nearly
linearly along with the increasing number of stations of the
network.

The experiments also show that the satellites orbits
could be improved by the new strategy remarkably due
to the enhenced continuity of carrier-range observations,
and they could be further improved by extending net-
works. As the satellite clocks are determined by both
the carrier phases and pseudo-ranges in current IGS data
processing, in order to keep the estimated clocks con-
sistent with the IGS products, we suggest to use both
pseudo-range and carrier range with UPD as unknown para-
meters in the integrated solution instead of carrier range
only.

The stability of the UPDs is critical for the performance
of PPP ambiguity resolution, which is a key step in the new
strategy. Our assessment shows that generally narrow-lane
UPDs are rather stable over 24 h. However, UPD disconti-
nuities could occur for Block IIA satellites after eclipses.
Therefore, another UPD parameter should be estimated after
any eclipse for Block IIA satellites.

With the new strategy, the high computational burden for
current data processing will be significantly reduced. Fur-
thermore, integrated processing of multi-GNSS and multi-
frequency data for massive networks could be realized with
possible improved data product quality.
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