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Abstract

The integration of different GNSS constellations offers considerable opportunities to improve Precise Point Positioning
(PPP) performance. Being aware of the limited number of the alternatives that utilize the potential advantages of the multi-
constellation and multi-frequency GNSS, we developed a MATLAB-based GNSS analysis software, named PPPH. PPPH
is capable of processing GPS, GLONASS, Galileo and BeiDou data, and forming their different combinations depending
on user’s preference. Thanks to its user-friendly graphical interface, PPPH allows users to determine a variety of processing
options and parameters. In addition to an output file including the estimated parameters for every single epoch, PPPH also
presents several analyzing and plotting tools for evaluating the results, such as positioning error, tropospheric zenith total
delay, receiver clock estimation, satellite number, dilution of precisions. On the other hand, we conducted experimental
tests to both validate the performance of PPPH and assess the potential benefits of multi-GNSS on PPP. The results indicate
that PPPH provides comparable PPP solution with the general standards and also contributes to the improvement of PPP
performance with the integration of multi-GNSS. Consequently, we introduce a GNSS analysis software that is easy to use,

has a robust performance and is open to progress with its modular structure.
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Introduction

Precise point positioning (PPP) is the technique that enables
centimeter- or decimeter-level positioning accuracy with
only one receiver on a global scale (Zumberge et al. 1997,
Kouba and Héroux 2001). Over the last decade, PPP has
attracted considerable attention within the GNSS (Global
Navigation Satellite Systems) community due to its excep-
tional benefits such as operational simplicity, cost-effective-
ness, elimination of base station requirement. PPP has been
widely used in many GNSS applications that mostly require
high positioning accuracy. Although PPP satisfies the posi-
tioning accuracy demands for most of GNSS applications,
it still requires a quite long observation period to achieve a
specific positioning accuracy. This period is typically called
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convergence time and mostly requires 50 min to reach 10 cm
or better horizontal accuracy (Choy et al. 2017). Relatively
long convergence time is still the main drawback of PPP,
which restricts its widespread adoption. In addition to the
user environment and geographical location of the receiver,
convergence time to reach a specific accuracy level mainly
depends on the number and geometry of visible satellites. In
recent years, the restoration of the full orbital constellation
for GLONASS and the emergence of new satellite systems,
such as Galileo and BeiDou (BDS), have provided additional
frequencies and satellite resources for PPP. Consequently,
the combinations of different GNSS constellations, namely,
multi-GNSS, strength the number and geometry of visible
satellites, and therefore, presents the opportunity to improve
the PPP performance in terms of positioning accuracy and
convergence time (Cai and Gao 2013; Yigit et al. 2014;
Togedor et al. 2014; Cai et al. 2015).

The demand for GNSS analysis software, which can
perform multi-GNSS PPP analysis, has been rising in
parallel to the importance of PPP in positioning and navi-
gation applications. However, the combinations of multi-
GNSS observations entail more complex models and
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algorithms compared with the traditional PPP approach
that includes GPS observations only. Therefore, the multi-
GNSS PPP processing requires more advanced software
solutions to take advantage of the new satellites and fre-
quencies. There are a few GNSS data processing soft-
ware packages frequently used by GNSS users such as
Bernese, GAMIT/GLOBK, and GIPSY/OASIS. Although
these packages are not essentially specialized in precise
point positioning, they still provide a PPP solution as
well as other functionalities. However, they may not be
an optimal solution for a standard user who is seeking for
PPP analysis because of their complicated structure and
comprehensive processing functionalities. Alternatively,
some universities and research institutes have developed
PPP processing services and released them online via the
internet (APPS, GAPS, CSRS-PPP, Magic-PPP) in recent
years (Guo 2015). These online services are commonly
utilized for PPP processing. Nevertheless, very few of
them are able to process multi-GNSS data. On the other
hand, some researchers have recently started to develop
open source software packages for multi-GNSS PPP analy-
sis. For example, an open-source software (GAMP), which
is a modified version of RTKLIB, has been developed to
perform multi-GNSS PPP based on undifferenced and
uncombined observations (Zhou et al. 2018). However, it
may be stated that the installation and usage of the soft-
ware are not quite easy for a standard user. Taking all these
into account, it could be argued that there is a requirement
for a multi-GNSS PPP analysis software which is easy to
use for every user level, provides a reliable solution, and is
open to user’s preferences at each processing step.

To benefit from multi-constellation and multi-frequency
GNSS better, we developed a user-friendly GNSS analysis
software named PPPH. PPPH is able to perform multi-GNSS
PPP analysis by processing GPS, GLONASS, BeiDou and
Galileo data, in post-processing mode. Thanks to its graphi-
cal user interface (GUI), PPPH allows users to load GNSS
data sources, determine a variety of processing options and
parameters and evaluate the results from many perspectives.
The MATLAB environment has been preferred to develop
PPPH since its matrix-based structure and its built-in graph-
ics are highly suitable for technical computing, program-
ming, and data visualization. Additionally, MATLAB is one
of the programming environments frequently employed by
scientists and engineers worldwide, which means that many
people can access the software and extend its functionali-
ties easily. Except for MATLAB core files, PPPH does not
utilize any toolbox or function distributed with MATLAB.
However, MATLAB version 2016a or newer is needed since
the graphical user interface (GUI) of the software was devel-
oped using the MATLAB App Designer which is a special
environment to design and develop the visual components
of a user interface.
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In the following sections, the mathematical models of
multi-GNSS PPP are described first. Afterward, a brief intro-
duction of PPPH is given. Then, the experimental tests and
results conducted to evaluate and validate the performance
of PPPH are presented. Finally, the conclusions drawn from
the study are provided.

Multi-GNSS PPP modeling

Since each navigation system utilizes its own spatial refer-
ence frame, timescale, and signal structure, the differences
between the navigation systems should be considered for
multi-GNSS PPP processing. Typically, the interoperability
of the navigation systems is ensured with the coordinate and/
or time transformations. However, when the precise orbit
and clock products generated in the same reference system
and timescale, such as the International GNSS Service (IGS)
products, are utilized for PPP data processing, there is no
need for any reference transformation between the systems.
Although the use of precise products eliminates the differ-
ences in coordinate and time references, it is still required
to handle the hardware biases for both the receivers and the
satellites (Cai and Gao 2013).

For multi-GNSS PPP, the code pseudo-range (P) and
carrier phase (L) observation equations can be written as
follows:

ij =pl +cdt) —cdT + T + 17 + b, — b + e(ijj )(1)

LY = p¥ +cdt — cdT + T — IV + BN + B, — B + (L)),

’ ()
where subscripts r and i indicate the receiver and the fre-
quency index of navigation signal, respectively; superscripts
s and j indicate the GNSS index (G:GPS, R:GLONASS,
E:Galileo and C:BeiDou) and the satellite number, respec-
tively. Moreover, p,” is the geometric range, c is the speed
of light; cdt’ and ch”are the receiver and satellite clock
offsets, respectively; 7" is the tropospheric delay; I;" is the
first-order ionospheric delay on frequency i; bf’r and bf" are
the receiver and satellite hardware code biases on frequency
i; B;r and Bf‘i are the receiver and sate}lite hardware phase
biases on frequency i, respectively; N;” is the integer ambi-
guity parameter; 4} is the wavelength of the corresponding
frequency; and ¢ is the observation noise.

Traditionally, PPP relies on the precise products obtained
from the IGS network to eliminate the satellite orbit and
clock offsets. IGS precise satellite clock products are gen-
erated using the ionospheric-free (IF) linear combination
of code pseudo-range observations. The related clock off-
sets include the hardware code biases (Kouba and Héroux
2001). Therefore, the satellite hardware code biases can be



GPS Solutions (2018) 22:113

Page3of10 113

assimilated into the satellite clock offset and removed by
applying the precise products in IF linear combination. Simi-
larly, receiver hardware code biases can be integrated into
the receiver clock offset as it is not estimable for undiffer-
enced observation equations due to its high correlation with
the receiver clock. On the other hand, it is not possible to
correct the receiver and satellite hardware phase biases using
IGS products. For this reason, they are usually ignored when
the requirement of positioning accuracy is low or they can
be assimilated into the ambiguity parameter. For the second
option, the ambiguity parameter is not an integer anymore as
it contains the hardware biases (Defraigne and Baire 2011).
Considering all these, IF combinations of dual frequency
(i =1, 2) code pseudo-range and phase observations can be
formed from (1) and (2) as:

P” =p% + cdt —car 4 TS + e(P 3)

S s S s 5J
LIFr =p + cdt —cdT” + TS + AN+ 5(L1Fr (€]

s~y ~ o .
where cdtr, cdT " and N;" demonstrate the reformed receiver
clock offset, satellite clock offset and ambiguity parameter,

respectively, which are described as :dtx =( cdts + b‘Y ),
cd~T” = (chW +by)) and Ny =N+ (B, - b, -
(B IF

Unlike GPS, Galileo, and BeiDou, GLONASS utilizes
Frequency Division Multiple Access (FDMA) signals,
which means that each GLONASS satellite has a different
frequency channel and hardware bias (Wanninger 2012).
Thus, for GLONASS, the hardware biases are expressed as
a sum of an average term and a frequency-dependent term.
The frequency-dependent terms are also referred to as inter-
frequency biases (IFBs). Herein, since the satellite hardware
code biases are eliminated by the precise products and the
satellite and receiver phase biases are estimated together
with the ambiguity parameter, it is required to take only
the IFBs of receiver hardware code biases into considera-
tion. The code IFB terms can be estimated as additional
unknowns in the PPP processing, which causes a significant
increase in the number of unknown parameters. Since too
many parameters weaken the model structure, it is usually
preferred not to estimate the code IFBs in the processing.
Instead, a much smaller weight compared with the car-
rier phase observations is designated for the code pseudo-
range observations. Therefore, the code IFB terms can be
neglected and their effects show up in the code pseudo-range
residuals (Cai and Gao 2013).

In (3) and (4), a receiver clock offset parameter is
assigned for each navigation system separately. Instead
of estimating different receiver clock offsets, a more con-
venient way is to introduce the system time difference

parameters for GLONASS, Galileo and BeiDou with
respect to GPS clock offset. Considering that the reformed
clock offsets also include the hardware biases, the system
time difference parameter is a sum of the actual system
time difference between the related navigation system and
GPS and the hardware biases (Cai and Gao 2013; Li et al.
2015). After applying the precise products and introducing
the system time difference parameters for each system with
respect to the GPS receiver clock offset, the IF observation
equations for GPS, GLONASS, Galileo and BeiDou can
be written as follows:

Pyl = p% + Cdt + T + (P ) ®
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where cdt® | cdtf and cdtscys

oy Gt are the system time difference
parameters for GLONASS, Galileo and BeiDou with respect
to GPS, respectively. Equations (5)—(12) constitute the func-
tional model of combined multi-GNSS PPP that is used in
the PPPH software. In the model, the unknown parameters
are composed of the three position components, one receiver
clock bias, three system time-difference parameters, one
tropospheric delay and one real-valued ambiguity parameter
for each of the observed satellites. Herein, the position com-
ponents are assumed to be constant in static mode, while the
receiver clock and time-difference parameters are estimated
with random walk process. The ambiguity parameters are
estimated as floating numbers with the assumption that they
are constant for each continuous arc. Moreover, the tropo-
spheric delay is typically separated into a dry (hydrostatic)
and a wet (non-hydrostatic) part. The dry component of the
tropospheric delay can be easily modeled at zenith direction
and projected to the satellite elevation angle using a mapping
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function (Saastamoinen 1972). Therefore, only the wet com-
ponent of the tropospheric delay is to be estimated with ran-
dom walk process.

PPPH: a multi-GNSS PPP software

PPPH was developed in MATLAB environment to inte-
grate multi-GNSS (GPS, GLONASS, Galileo, and Bei-
Dou) data for PPP processing. Fundamentally, PPPH aims
to be an easy-to-use, robust and efficient software package.
Accordingly, PPPH provides a user-friendly GUI to assist
users in selecting the navigation files, determining the pro-
cessing options and analyzing the results. PPPH consists

Fig. 1 Operation flowchart of
PPPH with its components

of five main components, and each component along with
its related options is represented by a separate tab in the
GUI. Figure 1 presents the operation flowchart of PPPH
as including the main components and their functionali-
ties. The first four components utilize related models and
theory to provide multi-GNSS PPP solutions, while the
last one is employed to evaluate and visualize the results.

PPPH requires that the whole data, which are neces-
sary for performing the PPP process, are imported into the
software format appropriately before subsequent opera-
tions. Therefore, in PPPH, the process starts with the defi-
nition of the related files containing standard navigation
data, such as observations, satellite orbits, and clocks, etc.
PPPH is able to deal with the standard exchange formats

DATA IMPORTING

GNSS Observation, Precise Satellite
Orbit and Clock Data, Antenna Phase

Center Correction and Variation,
Differential Code Bias

PREPROCESSING

Removing Blunders, Detecting and
Repairing Cycle Slips, Checking Clock

Consistency, Smoothing Code
Observation with Carrier Phase,
Elevation Mask

|

MODELING ERROR SOURCES

Applying Corrections for Satellite Orbit

and Clock Errors, Tropospheric Delay,
Antenna Phase Center Offset and Its
Variation, Relativistic Effects, Phase
Wind-up, Site Displacement Effects

FUNCTIONAL
MODEL

Estimating Receiver Position, Receiver
«=p Clock Bias, Tropospheric Wet Delay, <

Ambiguities, System Time-Difference

|

FILTERING

STOCHASTIC

Tropospheric Gradients, Phase MODEL

Parameters

|
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ANALYZING

Calculation of Positioning Error, RMS
Error and Convergence Time, Plots of

Estimated Parameters
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properly, including RINEX, SP3, CLK, and ATX, which
should be defined within the Data Importing tab of GUI.

Raw data obtained from the navigation files are handled
in a preprocessing step as a precaution to possible gross
errors and inconsistencies. Preprocessing step of PPPH
is composed of the outlier detection, cycle slip detection,
and determination of clock inconsistencies (clock jumps),
respectively. Cycle slips are detected and repaired with two
different methods, which can be used individually or in
combination depending on the user’s preference. The first
method utilizes the Hatch—-Melbourne—Wiibbena combina-
tion (Hatch 1982) in accordance with Liu (2011), while the
second is based on the geometry-free combination method
described in Deo and El-Mowafy (2015). For determining
the receiver clock inconsistencies, PPPH makes use of the
method proposed by Guo and Zhang (2014a). In addition,
code smoothing with phase measurements and elevation
mask can be applied in this step depending on the user
choice.

Modeling component of PPPH is employed to mitigate
the influences of GNSS error sources on the observations. In
the modeling step, precise products provided by IGS agen-
cies are utilized to remove satellite orbit and clock errors.
The first-order ionospheric effect on GNSS observations is
eliminated using the ionosphere-free linear combination.
The dry component of the tropospheric delay is corrected by
Saastamoinen model (Saastamoinen 1972) with the meteoro-
logical data acquired from Global Pressure and Temperature
Model 2 (Lagler et al. 2013), while the wet component is
estimated as random walk process within the parameter esti-
mation step. Global Mapping Function (Boehm et al. 2006)
is employed to project the tropospheric corrections mod-
eled at the zenith direction to the satellite elevation angle for
both dry and wet components of the tropospheric delay. The
values obtained from the IGS absolute antenna model (e.g.,
igs08.atx or igs14.atx) are employed to correct the antenna
phase center offsets (PCOs) and their variations (PCVs) for
GPS and GLONASS satellites, while the conventional PCO
values are utilized for Galileo and BeiDou satellites (Rizos
et al. 2013). Regarding the receiver antenna, PCO and PCV
values acquired from the IGS absolute antenna model are
used for GPS and GLONASS signals. However, due to the
absence of PCO and PCV values for Galileo and BeiDou
signals in the related models, GPS values are employed to
correct PCOs and PCVs for these systems. Additionally, the
relativistic effects (Kouba 2015), phase wind-up effect (Wu
et al. 1993) and site displacement effects including solid
Earth tides and ocean loading (Petit and Luzum 2010) are
corrected in accordance with the standard models.

As regards to the estimation procedure, the Kalman filter,
which provides additional information on how the states, i.e.,
the vector containing the unknown parameters, change with
time and also makes updating the state vector using fewer

measurements than the unknown parameters possible, is fre-
quently applied to process the data in navigation problems
(Mohinder et al. 2007). PPPH employs the adaptive robust
Kalman filtering method, which introduces an equivalent
weight matrix to compensate the effect of outliers in observa-
tions and also an adaptive factor to balance the contributions
of measurement and estimated parameters to estimate the
state space vector (Guo and Zhang 2014b). The Kalman filter
requires the statistical definition of unknown parameters and
measurements because the well-defined statistical properties
pave the way to achieve an optimal solution. The default val-
ues for initial uncertainties and spectral densities of unknown
parameters as well as the measurement noise are defined.
However, they can also be specified by users in the Filtering
Options tab of the PPPH GUI.

As previously mentioned, GLONASS code observations
contain IFBs due to the FDMA signals. It is preferred to
assign small weight to GLONASS code observations instead
of estimating each IFBs separately in the filtering process. On
the other hand, as the orbit and clock products of Galileo and
BeiDou have poorer quality than GPS products (Montenbruck
et al. 2017; Guo et al. 2017), Galileo and BeiDou observa-
tions are assumed less accurate in the filter. Consequently, in
the filtering process of PPPH, the standard deviation ratios
between GPS, GLONASS, Galileo, and BeiDou observations
are set as follows:

oGp - Opp * Opp -

oG.L : ORL . OLL .

where 6, and o, indicate the standard deviations of code and
phase observations, respectively. In addition, it is usually
suggested to use an elevation-dependent weighting model
for the measurements considering that the noise level of
measurements is directly related to satellite elevation angle
(Hofmann-Wellenhof et al. 2008). PPPH allow users to uti-
lize an elevation-dependent weighting method which based
on the sine function.

After completing all process steps, PPPH provides a result
file containing the estimated parameters for each epoch. More-
over, through the Analysis tab of GUI, the statistics about the
process, such as positioning error, root mean square error
and convergence time, can be calculated with respect to user-
defined ground truth. To evaluate the epoch-by-epoch varia-
tions of estimated parameters and their statistics, PPPH is able
to produce several plots, e.g., positioning error, tropospheric
zenith total delay, receiver clock estimation, satellite number
and dilution of precisions.
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Experimental tests and results

Two experimental tests have been conducted to validate and
evaluate the performance of PPPH software. The first test
aims at validating the results obtained from PPPH compared
with PPP estimates of an external source, while the second
test is to assess the effect of multi-GNSS combinations on
PPP performance. In this section, the data collection proce-
dure used in the experimental tests is described, and then the
results are presented in detail.

The 24-h observation datasets, which were collected
from eight IGS stations during a 1-week period of July

90 S
180" W 120" W60 WO0'60 E120° E 180 E

Fig.2 Geographical distribution of IGS stations used in this study

Table 1 Processing strategies applied in PPPH and GAPS

9-15, 2017, were obtained from the BKG (German Federal
Agency for Cartography and Geodesy) data center. The sam-
pling interval of observation data is 30 s. Figure 2 shows the
geographical distribution of eight IGS stations, which are
MGEX stations equipped with the multi-GNSS receivers
to track GPS, GLONASS, Galileo and BeiDou satellites.
As a first step, 24-h datasets were processed using PPPH in
static mode including GPS satellites only. Simultaneously,
the same datasets were processed in GAPS (GPS Analysis
and Positioning Software—http://gaps.gge.unb.ca/), which
is an online PPP service developed at University of New
Brunswick (UNB) (Leandro et al. 2011) to validate PPPH
results. The processing strategies employed in both PPPH
and GAPS are provided in Table 1.

The results for the first test were statistically evaluated in
three aspects: 3D positioning error, root mean square (RMS)
error and convergence time. The positioning error is com-
puted as the difference between the related PPP solution
and the ground truth at the end of the related process period
(24 h for the first test). IGS weekly solutions, which include
very precise station coordinates, were used as the ground
truth in this study. On the other hand, the convergence time
was determined as the time when a sub-decimeter 3D posi-
tioning accuracy is achieved and subsequently sustained for
a period longer than 10 min. Finally, RMS error was com-
puted in the local system (north, east, up) for all epochs after
the convergence time achieved with respect to the ground

PPPH GAPS
Constellation GPS
Processing mode Static
Satellite orbit and clock IGS final
Satellite and receiver antenna IGS Antex

phase center offset
Modeled observables
Weighting scheme
Elevation mask 8°

Standard deviations of observables Carrier phase: default 0.003 m at zenith
Code pseudo-range: default 3 m at zenith

Troposphere
Dry model Saastamoinen (GPT2)
Wet model Estimated
Mapping function GMF
Gradients Not applied

Relativistic effects Applied (Kouba 2015)

Phase wind-up correction Applied (Wu et al. 1993)
Site displacement
Adjustment method Extended Kalman filter

Estimation

Undifferenced, ionosphere-free linear combination of dual frequency code and phase observations
Elevation dependent weighting [sin(el)], correlations ignored

Carrier phase: default 0.015 m at zenith
Code pseudo-range: default 2 m at zenith

VMF1 (ECMWF) (default)
Estimated
VMF (default)

Linear horizontal gradients (not default)

Solid Earth tides and ocean loading are applied (Petit and Luzum 2010)

Sequential least squares with weighted constraints

Receiver position, receiver clock bias, tropospheric wet delay and ambiguity parameters

GPT2 global pressure and temperature 2 data, ECMWF European Center for Medium-Range Weather Forecast data, GMF global mapping func-

tion, VMF Vienna Mapping Function
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truth. Table 2 shows 1-week averaged positioning errors,
RMS errors and convergence times acquired from PPPH and
GAPS estimates at the end of 24 h processing for all stations
included in the study. The averages of positioning errors
obtained from PPPH and GAPS for all stations are 13.3
and 15.0 mm, respectively. At this point, the discrepancies
between the stations are not surprising as the positioning
accuracy may vary depending on the geographical location
of the station due to the insufficient estimation of tropo-
spheric wet delay and weak modeling of PPP error sources,
such as solid Earth tides and ocean loading. Nevertheless,
the results for each model are very consistent with the gen-
eral acceptance and with each other considering that PPP
can provide positional accuracy of a few centimeters using
a 24-h dataset in static mode (Seepersad and Bisnath 2014).
Regarding the convergence time, in general, approximately
50 min of convergence period is expected to achieve 10 cm
or better horizontal accuracy, which may vary depending
on user environment (multipath), geographical location and
number and geometry of visible satellites (Choy et al. 2017).
The averages of convergence times provided by PPPH and
GAPS are 38.6 and 40.3 min, respectively, which are rea-
sonable according to the standards. Finally, there exist no
significant discrepancies between the results of software
packages in consideration with regard to RMS errors. Tak-
ing all these into account, it can be concluded that the PPP
performance of PPPH software is comparable with both gen-
eral PPP standards and GAPS online service.

To assess the contribution of multi-GNSS combinations
to PPP performance, the same dataset was processed using
PPPH in static mode under three different PPP modes,

which are GPS-only, GPS/GLONASS and multi-GNSS
(GPS/GLONASS/Galileo/BeiDou). However, this time
the Kalman filter estimator was restarted every 3 h, pro-
viding 8 periods for each day, and 56 periods in 1 week
for each station. The precise orbit and clock products pro-
vided by GFZ (German Research Centre for Geosciences)
were utilized for all systems for the sake of consistency.
Similarly, the results of three PPP modes were analyzed in
terms of the 3D positioning error, RMS error and conver-
gence time. Table 3 demonstrates the averaged positioning
errors, RMS errors and convergence times of three differ-
ent PPP modes and their improvements with respect to the
GPS-only PPP solution.

In Table 3, it is clearly noticeable that the use of addi-
tional constellations together with GPS considerably
enhances the PPP performance with regard to position-
ing accuracy and convergence time. On average, the GPS/
GLONASS and multi-GNSS PPP modes improved the
positioning accuracy of GPS-only PPP by 19.5 and 24.6%,
respectively. Likewise, it can be observed that the combi-
nations of multi-GNSS had significant improvements on
the RMS errors in the north, east, and up directions com-
pared with the GPS-only PPP solution. Additionally, the
convergence time of GPS-only PPP mode was lessened by
the GPS/GLONASS and multi-GNSS PPP modes with the
average improvements of 27.4% and 33.1%, respectively.
Although the improvements vary depending on the station,
the multi-GNSS PPP mode, which includes GPS, GLO-
NASS, Galileo and BeiDou, has the best performance in
each station with regard to both positioning accuracy and
convergence time.

Table2 1-week-averaged 3D

il Station Solution 3D positioning RMS error (mm) Conver-
positioning errors, RMS errors Error (mm) gence time
and convergence times acquired N E U (min)
from the PPPH and GAPS
estimates AREG PPPH 10.4 10.3 18.4 14.4 29.7

GAPS 10.2 6.8 7.5 9.6 35.7
ISTA PPPH 7.9 5.5 16.3 15.1 89.0
GAPS 14.4 7.8 10.9 13.8 854
JENG PPPH 22.7 10.3 22.7 16.7 429
GAPS 13.6 12.1 8.7 12.7 41.2
NNOR PPPH 11.6 4.1 9.7 94 27.3
GAPS 10.2 8.7 7.3 74 304
REUN PPPH 12.5 43 12.8 15.1 23.2
GAPS 21.9 94 21.6 21.7 32.8
ULAB PPPH 10.3 14.3 16.0 16.8 25.4
GAPS 16.7 39 9.0 17.1 31.0
WTZZ PPPH 17.2 10.4 16.0 22.0 39.6
GAPS 14.5 10.7 9.7 12.3 36.2
YEL2 PPPH 14.1 15.0 15.1 12.3 31.7
GAPS 18.9 9.9 11.5 24.0 30.0
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Table 3 Averaged positioning

Station Combination 3D position- RMS error (mm) Conver- Improvements (%)
errors, RMS grrors and. ing error ————————— gence time
convergence times of 'd1fferent (mm) N E U (min)
combinations and their
improvements with respect to AREG  Only-GPS 56.5 20.1 499 299 329 - - - - -
the GPS-only solution GPS/GLONASS 40.8 169 363 257 28.0 278 159 273 140 150
Multi-GNSS 379 16.4 33.6 23.5 24.7 329 184 327 214 25.1
ISTA  Only-GPS 47.5 17.6 463 37.0 36.8 - - - - -
GPS/GLONASS 31.9 159 29.7 32.1 28.2 328 9.7 359 132 235
Multi-GNSS 30.9 14.8 263 30.6 25.8 349 159 432 17.3 30.0
JFENG  Only-GPS 61.5 16.5 36.8 52.8 52.5 - - - - -
GPS/GLONASS 46.3 14.1 285 41.6 38.8 247 145 22.6 212 26.1
Multi-GNSS 42.4 13.6 27.6 38.6 35.0 31.1 17.6 25.0 269 333
NNOR Only-GPS 373 157 37.0 38.5 453 - - - - -
GPS/GLONASS 35.7 144 34.6 33.2 309 43 83 65 138 319
Multi-GNSS 34.6 14.1 32.1 32.0 28.9 72 102 132 169 363
REUN Only-GPS 55.6 18.2 43.1 399 458 - - - - -
GPS/GLONASS 46.5 15.0 322 374 338 164 17.6 253 6.3 262
Multi-GNSS 42.1 14.0 31.7 33.6 315 243 23.1 265 15.8 313
ULAB Only-GPS 47.9 20.7 384 375 374 - - - - -
GPS/GLONASS 31.0 16.6 26.6 33.8 304 353 19.8 30.7 99 189
Multi-GNSS 28.9 152 253 31.7 29.0 39.7 26.6 34.1 155 226
WTZZ Only-GPS 44.0 17.1 32.0 453 39.1 - - - - -
GPS/GLONASS 41.2 16.5 30.1 439 248 64 35 59 31 366
Multi-GNSS 36.3 16.0 27.6 37.6 23.5 175 64 13.8 17.0 40.0
YEL2 Only-GPS 35.9 24.1 38.8 28.2 29.0 - - - - -
GPS/GLONASS 32.8 194 33.0 27.7 17.1 86 195 149 1.8 409
Multi-GNSS 325 184 30.5 263 15.6 9.5 237 214 6.7 46.1

Summary and conclusions

A user-friendly MATLAB-based GNSS analysis software
called PPPH was developed to integrate multi-GNSS (GPS,
GLONASS, Galileo, and BeiDou) data for PPP processing.
PPPH is capable of providing PPP solutions for user-spe-
cific multi-GNSS combinations. Users can also specify the
options, models, and parameters within the GUI of the soft-
ware. PPPH also provides an output file involving the esti-
mated parameters for each epoch separately and a number
of analysis tools to assess the results statistically. Although
PPPH has many functionalities for PPP processing, the
capabilities of PPPH can be extended to meet the demands
of advanced users efficiently considering that MATLAB
environment is one of the most popular programming tools
among engineers and scientists worldwide.

Two experimental tests were conducted to validate and
assess the performance of PPPH. First, 24-h observation data-
sets obtained from eight IGS stations during 1 week were
processed in PPPH and GAPS online service, separately.
Comparisons were made between PPPH and GAPS in terms
of positioning accuracy, root means square error and conver-
gence time. The results indicate that PPPH is able to provide

@ Springer

PPP solutions comparable to both general PPP standards and
GAPS. Furthermore, the potential benefits of multi-GNSS
combinations on PPP performance were evaluated statisti-
cally. Compared with GPS-only PPP solutions, GPS/GLO-
NASS and multi-GNSS PPP (GPS, GLONASS, Galileo, and
BeiDou) modes enhanced the positioning accuracy by 19.5
and 24.6% on average. As for convergence time, the aver-
age improvements of GPS/GLONASS and multi-GNSS PPP
modes with respect to GPS-only PPP solutions are 27.4 and
33.1%, respectively. Eventually, it was concluded that the inte-
gration of multi-GNSS significantly improves the PPP perfor-
mance in both positioning accuracy and convergence time.
Considering that the number of GNSS satellites in view
will continue to increase in the near future, the integration
of different constellations offers considerable prospect to
improve the PPP performance. Accordingly, GNSS analy-
sis software packages, which can perform multi-GNSS PPP
gain more and more importance within the GNSS com-
munity. PPPH provides an important possibility to benefit
from the potential advantages of multi-constellation and
multi-frequency GNSS. The MATLAB source code, user
manual, and sample data for the PPPH software is available
on The GPS Toolbox website at https://www.ngs.noaa.gov/
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gps-toolbox/PPPH.htm. The contents and functionalities of
PPPH will continue to be improved for further applications.
If you have any problems or suggestions, please feel free to
contact the authors.
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