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Abstract

Currently, Global Navigation Satellite Systems (GNSS) are developing at a fairly rapid pace. Over the last years
US GPS and Russian GLONASS were modernizing, whilst new systems like European Galileo and Chinese
BDS are launched. The modemizations of the existing and the deployment of new GNSS made a whole range of
new signals available to the users, and create a new concept — multi-GNSS. Ionospheric delay is one of the major
error sources in multi-GNSS observations. At present, GNSS users usually eliminate the influence of ionospheric
delay of the first order items by dual-frequency ionosphere-free combinations. But there is still residual
ionospheric delay error of higher orders. In this paper we present four different processing scenarios to exclude
the higher orders ionospheric delay effects on multi-GNSS Precise Point Positioning (PPP) performance,
including: “only GPS” and “GPS+GLONASS+Galileo+BDS” — without/with eliminating ionospheric delay error
of higher orders. Dataset collected from one GNSS station BOR1 (Borowiec, Poland) over almost two years
provided by multi-GNSS experiment (MGEX) were used for dual-frequency PPP tests with one- and quad-
constellation signals. For the second pair of scenarios were used a IONosphere map EXchange format (IONEX)
that supports the exchange of 2- and 3-dimensional TEC maps given in a geographic grid. Numeric experiments
show that, the results of different pairs of scenarios differ at the submillimeter level. The results also show that
the multi-GNSS processing are better than those based on “only GPS”.

Keywords: Global Navigation Satellite Systems (GNSS), multi-GNSS, Precise Point Positioning (PPP),
ionospheric delay.

Introduction
With the fairly rapid pace of Global Navigation Satellite Systems (GNSS) development, its
applications in high-precision GNSS geodetic fields, the positioning accuracy has been noticed more
and more. With the modernization of US GPS (Global Positioning System) and Russian GLONASS
(GLObal NAvigation Satellite System), and newly developed European Galileo and Chinese BDS
(BeiDou Navigation Satellite System), users had been able to receive an observations data from
different satellite constellations in a whole range of new GNSS signals that formed new term — multi-
GNSS.
The ionosphere can be determined as the part of the upper atmosphere, where the density of free
electrons and ions is so high that influences the electromagnetic waves propagation (Hargreaves,
1992). The ionosphere can cause a delay in observations, when GNSS signals passing from the
satellite to the receiver. As follows, the ionospheric delay is one of the major error sources of GNSS
observations, and, accordingly, multi-GNSS. The ionospheric delay estimations with using a prior
ionosphere model have the potential to improve positioning productivity for more applications (Gu et
al., 2015; Lou et al., 2016).
The first-order of ionospheric effect can be corrected by using linear combinations of GNSS
observations that are free from the influence of the ionosphere (Ionosphere-Free, IF ) (Odijk, 2003;
Seeber, 2008). In recent years, Precise Point Positioning (PPP) method are increasingly being used for
high-precision processing of GNSS observations data, including processing data based on multi-GNSS
observations (Savchuk, Khoptar, 2019). The concept of PPP is based on single-receiver point
positioning using GNSS measurements along with precise orbit and clock information and additional
error modeling and dual-frequency code and phase measurement filtering (Zumberge et al., 1997). It
mainly associated with the software package GIPSY-OASIS, or rather, its improved version — GipsyX
(Official web-site of GIPSY-OASIS software package), that was developed by Jet Propulsion
Laboratory (JPL) of California Technical Institute. With this software package observed signals
processed using the /F -combination of L1 and L2 signals. But notwithstanding, that the first-order of
ionospheric effect corrects with IF -combination, there are residual ionospheric delay errors which are
caused by the second- and third-order of ionospheric effect (Marques et al., 2012). Thus, for
improving the positioning accuracy, it is necessary to exclude the higher-orders ionospheric effects on
multi-GNSS observations.
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It was investigated the four different multi-GNSS data processing scenarios in PPP-mode with helping
GipsyX software package for GNSS station BOR1 (Borowiec, Poland) to exclude the higher orders
ionospheric delay effects, including: "only GPS” and GPS+GLONASS+Galileo+BDS" — without
eliminating  ionospheric  delay  error of  higher  orders; "only GPS” and
"GPS+GLONASS+Galileo+BDS" — with eliminating ionospheric delay error of higher orders.

Methodology of research and materials

In multi-GNSS data processing, with considering the higher-order ionospheric delay (Elsobeiey, El-
Rabbany, 2012), the IF -combination of each GNSS separately for code (pseudo-distance P ) and
phase (pseudo-distance L) observations between GNSS station » and corresponding satellite s
(conventionally marked as G — GPS, R — GLONASS, E — Galileo and C — BDS), can be formulated
as (Savchuk, Khoptar, 2019):
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where P’ — code pseudo-distances (unit: m); L;. — carrier phase pseudo-distances (unit: m); p; —
geometric distance between GNSS station and satellite (unit: m); ¢ — speed of light in vacuum (unit:

m/s); ¢, — receiver clock errors (unit: s); ¢° — satellite clock errors (unit: s); 2° — wavelength of the

carrier phase (unit: m); N, — integer carrier-phase ambiguity (unit: cycle); b, and b° — delays in
equipment for code observations (unit: m); B, and B® — delays in equipment for phase observations

(unit: m); e} — disregarded effects (noise of receiver, multiply beam, etc.), T — tropospheric delay
(unit: m); f; — frequencies with the dependent terms (unit: Hz); p — total electron content integrated
along the line of sight (STEC), ¢ — second-order ionospheric effect, + — third-order ionospheric

effect.
According to (Bassiri, Hajj, 1993) p, ¢ and ¢ can be given as:

p =403 Nedl = 40.3STEC 3)
g =7527c[ NeB cos 6dl ~2.2566 x 10'* B cos OSTEC )
(= 2437J' Ne2dl +4.74 % IOZZINeBZ (1 + cos? a)ﬂ ~1602.749 Ne,, STEC )

where Ne — electron density (unit: electrons/m®), STEC - slant total electron content, B — magnetic
field at the at the ionospheric pierce point, § — angle between the magnetic field and the propagation
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direction, being the integral performed over the line of sight, Ne,,, — maximum electron density at

the height of the ionospheric layer.

It is known, that the higher-order ionospheric delay depends on the STEC along the line of sight,
magnetic field parameters at the ionospheric pierce point, and the angle between the magnetic field
and the direction of signal propagation. STEC values may be obtained from agencies such as the
International GNSS Service (IGS), Centre for Orbit Determination in Europe (CODE), Jet Propulsion
Laboratory (JPL), European Space Agency (ESA) and others, that use different approaches to compute
the global ionospheric model (Feltens, Schaer, 1998). These agencies produce global ionospheric
maps (GIMs) in the ionospheric exchange (IONEX) format (Schaer et al., 1998). For example, CODE
GIM (CODG) comes from processing double-differenced carrier phase data and TEC parameterization
using Spherical Harmonics Expansion “SHE” functions and Bernese software (Schaer, 1999). Thus,
for excluding the higher-order ionospheric delay effects on multi-GNSS observations data processing,
in this study we had using IONEX files from CODE.

Discussions and results

To investigate the effect of higher-order ionospheric delay on multi-GNSS data processing, GipsyX
software package was used. For data processing, we have selected data from multi-GNSS station
BOR1 located in Borowiec, Poland. The necessary for observations processing data had been
downloaded from the Multi-GNSS-Experiment (MGEX) website for the period from DOY281 of 2017
(October 08, 2017) to DOY161 of 2019 (JunelO, 2019). This choice was depended on the data
presence of multi-GNSS observations in RINEX version 3 and MGEX-products from CODE.
Therefore, precise orbit, clock, antenna phase center correction and other products, including IONEX
files, were downloaded from the CODE analysis center. Data observations processing occurred at four
scenarios that differ between a combination of navigation systems and considering higher-order
ionospheric delay corrections. The “only GPS” and “GPS+GLONASS+Galileo+BDS” observations
data without/with eliminating ionospheric delay error of higher orders were processed in the static
PPP, respectively. Table 1 shows the processing scenarios list. Here, the abbreviation G, R, E and C
represent GPS, GLONASS, Galileo and BDS, respectively. The signs “I-" and “I+” represent the
without and with eliminating ionospheric delay error of higher-order, respectively.

Table 1
Processing scenarios
Scenario number GNSS constellations IONEX
1 G I-
2 G+R+E+C -
3 G I+
4 G+R+E+C I+

GipsyX was set to run in PPP mode (Zumberge et.al., 1997), with applied IERS2010
recommendations for the solid Earth tides model (Petit, Luzum, 2010) and FES2004 model for ocean
tide loading (Lyard et.al., 2006). Antenna phase corrections and an elevation cut-off 7° were also
applied. For tropospheric modeling empirical model of Global Pressure and Temperature GPT2
(Lagler et.al., 2013) and Global Mapping Function GMF (Boehm et.al., 2006) were applied. The wet
delay and gradient parameters were modeled as random walk variables with 5 and 0.5 mm/ph, as
recommended by GipsyX manual pages. A priori wet delay was fixed to 100 mm. Phase ambiguities
were fixed using special res-function, which allows the constraint of double difference integer
ambiguities using data from a single receiver, when using clock and orbital data. The products contain
a file with wide-lane bias and phase bias information from the global network used to compute the
bias fixed orbits and clocks. Detailed description on algorithm can be found in (Bertiger et.al., 2010,
Savchuk et.al., 2020). As processing results, we received coordinates for every day of the GNSS
station BOR1 for each scenarios. It allowed generalizing the obtained of coordinate changes velocity
and their evaluation. Figure 1 shows the graphical representations of the fourth scenario processing
results. On the left, we have the plot of observed and modeled position of the station (referenced to the
epoch 2019.000), and on the right — residuals plot, that shows the difference between the observed and
modeled positions.
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Fig. 1. Results of fourth processing scenario for the station BOR1

As the differences in the results of the processing under the four scenarios are almost not noticeable
graphically, we compiled the results obtained into a Table 2, where STA are positions, VEL are
velocities, REP — RMS error of coordinate repeatability of GNSS station BOR1 for a time series of
observable period.

Table 2
Estimated parameters for the station BOR1
Scenario Parameter Values Accuracy
E N \Y E N \

STA [mm] 17.0735 52.2770 124.3592 63-10°° 38-10°¢ 106-10°°
1 VEL [mm/year] 20.4056 14.6554 -2.1287 0.089 0.054 0.151

REP [mm] 0.002 0.001 0.005

STA [mm] 17.0735 52.2770 124.3590 63-10¢ 38-10¢ 106-10¢
2 VEL [mm/year] 20.4136 14.6644 -2.1239 0.089 0.054 0.151

REP [mm)] 0.002 0.001 0.005

STA [mm] 17.0735 52.2770 124.3609 35-10°¢ 23-10°¢ 66-10°
3 VEL [mm/year] 20.0022 14.9978 -0.2532 0.051 0.033 0.096

REP [mm] 0.002 0.001 0.005

STA [mm] 17.0735 52.2770 124.3607 35-10°¢ 23-10°° 66-10°
4 VEL [mm/year] 20.0160 15.0090 -0.2558 0.051 0.033 0.096

REP [mm)] 0.002 0.001 0.005

According to this table, in the coordinate velocities domain we could noticed shifts between the two
processing variants: a positive eastward and northward shifts (up to 10 mm) and positive vertical shift
(up to 2 mm), when coordinate velocities obtained from the solution with I+ and the solution with I—.
However, it is well demonstrated the dependence of the obtained results on the number of satellite
systems used in the processing. The most significant is this dependence for the vertical component of
coordinates. For example, in the situation with stations coordinates the horizontal components are
equal for all scenarios, but the vertical components are different in 10 mm with scenarios 1, 2 and 3, 4.
The results shown in Table 2, in general, indicate that different pairs of scenarios differ at the
submillimeter level, but for high accuracy PPP, higher-order ionospheric delay must be taken into
consideration.

Conclusions and proposals

In this paper the observations data from GNSS station BOR1 was processed using GipsyX in PPP-
mode software. It has been proven once again that this software package is a very powerful tool for
processing GNSS observations data, including multi-GNSS. The higher-order ionospheric delay and
its impact on the accuracy of multi-GNSS observations data processing were studied. It was evaluated
the ionospheric correction by GIMs provided in IONEX files produced by CODE. The results also
show that the multi-GNSS processing are better than those based on “only GPS”. The results indicate
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that different pairs of scenarios (solution with I+ and the solution with I-) differ at the submillimeter
level, and the basic assumption is that the selected observation period was carried out in a more quiet
period when no fluctuations in the ionosphere were present. Therefore, further studies of this type are
necessary, but a proposed strategy should be applied for dates when ionospheric fluctuations are
present.
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