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A STUDY ON MODELING THE REGIONAL IONOSPHERE USING
MULTI-CONSTELLATION GNSS OBSERVATIONS FOR
SINGLE-FREQUENCY PPP

SUMMARY

Currently, the use of single-frequency Precise Point Positioning (PPP) technique for
precise applications is limited by the effect of the ionospheric delay. For this
purpose, a number of models have been developed for post processing and real-time
applications. In addition, a number of international organizations have developed
ionospheric correction products, including the International Global Navigation
Satellite Systems (GNSS) Service (IGS). Unfortunately, however, those models and
products have limited accuracy or spatiotemporal resolution, which may not be
adequate for single-frequency PPP applications. To overcome this problem, this
study introduces the development of regional ionospheric error correction models for
single-frequency PPP users in Europe.

A Regional lonospheric Model (RIM) over Europe is firstly developed. The
proposed model has a spatial and temporal resolutions of 1°x1° and 15 minutes,
respectively. GNSS observations from a regional network consisting of 60 IGS and
EUREF reference stations are processed using the Bernese 5.2 software to extract the
Vertical Total Electron Content (VTEC) values. To validate the newly proposed
RIM, the single-frequency PPP accuracy and convergence time for another set of
stations are estimated and compared with those of the IGS Global lonospheric Maps
(1GS-GIM) counterparts in three different days. The ionosphere-free dual frequency
PPP is used as reference. The findings reveal that the proposed RIM accelerates the
convergence time and enhances the positioning accuracy by about 20%, 45% and
45% for the horizontal, height and 3D components, respectively, in comparison with
the IGS-GIM model.

In addition, a Real-Time Regional lonospheric Model (RT-RIM) is developed using
the 1GS Real-Time Service (IGS-RTS) precise satellite orbit and clock products. The
spatial and temporal resolutions of the proposed model are also 1°x1° and 15
minutes, respectively. In order to produce the real-time VTECs, Global Positioning
System (GPS) observations from a regional network consisting of 60 IGS and
EUREF reference stations are processed using the Bernese 5.2 software. The newly
proposed RT-RIM is validated for PPP applications for another set of stations in
three successive days. The PPP convergence time and positioning accuracy obtained
through the RT-RIM is assessed and compared with those obtained through the 1GS-
GIM model. The ionosphere-free dual frequency PPP is used as reference. It is
shown that the developed RT-RIM speeds up the convergence time. Moreover, the
PPP accuracy is improved by about 40%, 55% and 40% for the 2D, height and 3D
components, respectively, with respect to the IGS-GIM counterparts.
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To precisely model the ionosphere TEC, a Multi-constellation GNSS Receiver
Differential Code Bias (MGR-DCB) estimation model is developed. The proposed
model estimates the receiver DCBs for the GPS, Galileo and BeiDou signals using
the ionosphere-corrected pseudoranges differences. A regional ionospheric model is
developed in order to remove the ionospheric errors from the pseudorange
differences. The proposed RIM has a spatial and temporal resolutions of 1°x1° and
15 minutes, respectively. To validate the developed MGR-DCB model, the receiver
DCB:s for three IGS Multi-GNSS Experiment (IGS-MGEX) stations are obtained for
three different days. The estimated DCB values are compared with the published
MGEX values. The results show that the agreement between the estimated DCBs and
the MGEX is less than 1 ns for both of the mean difference and Root Mean Square
Error (RMSE) values. Moreover, the VTEC values are computed from the combined
GPS, Galileo and BeiDou measurements and compared with the IGS-GIM
counterparts. It is shown that the computed VETC values have good agreement with
the 1GS-GIM counterparts with mean difference and RMSE values less than 1 Total
Electron Content Unit (TECU).
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COKLU GLOBAL UYDU KONUM BELIRLEME SISTEMLERININ
GOZLEMLERI KULLANILARAK TEK FREKANSLI PPP iCIN BOLGESEL
IYONOSFERIK MODELLEME UZERINE BiR CALISMA

OZET

Iyonosfer Diinyanin yiizeyi iizerinde yaklasik 50-1000 km mesafede bulunan
tabakadir. Bu tabaka sirasiyla D-tabakasi, E-tabakasi, Fl-tabakasi ve F2-tabakasi
olmak (izere dort ana katmandan olusur. Iyonosfer, uydu ile alic1 arasindaki goriis-
hatt1 (line-of-sight) boyunca toplam elektronlarin sayis1 olan Toplam Elektron Icerigi
(Total Electron Content- TEC) tarafindan miktar1 belirlenmis serbestce yukli
elektronlarin bulundugu bir bolgedir. Toplam elektron igerigi, gunluk, aylik,
sezonluk ve tahmini 11 yillik gilines dongilisiiniin varyasyonlarini igerir. Ayni
zamanla cografi konuma gore degisir.

Diinya'nin iyonosfer tabakas: dagitict bir ortamdir. Bu, sinyal yayilim hizinin
frekansa bagimli oldugu anlamma gelir. Iyonosfer 151k hizinmn &tesinde faz
g6zlemlerini hizlandirir ancak kod go6zlemlerini geciktirir. Ayrica, faz ve genlik
sintilasyonuna sebep olur. Iyonosferik gecikme, yiiksek ionosferik faaliyetler
sirasinda bir metreden daha az bir dizeyden onlarca metreye kadar degisim
gostermektedir. Bu nedenle, hem global hem de bdlgesel 6lcekte iyonosfer toplam
elektron i¢eriginin prezisyonlu (hassas) olarak belirlenmesi, hassas konum belirleme
ve uzay hava uygulamalar1 i¢in 6nemli ve gereklidir.

Iyonosferik gecikme Prezisyonlu Noktasal Konum Belirleme (Precise Point
Positioning- PPP) uygulamalarinda ana hata kaynaklarindan biridir. TEC birinci
derece iyonosferik gecikmeyi belirler. Cift frekansli PPP kullanicilar1 igin, birinci
derece iyonosferik gecikme, “iyonosfer icermeyen” (ionosphere-free) lineer
kombinasyon olarak adlandirilan farkli frekanstaki iki sinyalin birlestirilmesi ile
ortadan kaldirilabilir. Tek frekansli PPP modeli i¢in iyonosferik gecikme ek bir hata
kaynagidir. Modellenmemis iyonosferik hata, konumlandirma dogrulugunu; 6zellikle
yiikseklik bileseninde, distiriir. Bu nedenle, tek frekansli PPP kullanicilarmin
iyonosferik gecikme hesaplayabilmesi icin bir dizeltme modeli kullanmalari
gerekmektedir. Bu amacla, gercek zamanh (Real Time) ve gézlem sonrasi (Post
Process) degerlendirme uygulamalar1 i¢in bircok ampirik model, fiziksel model,
bolgesel ve global iyonosferik harita gelistirilmistir. Ancak, bu modeller sinirli uzay-
zamansal (spatiotemporal) c¢ozlnurliklere sahip olduklarindan tek frekansli PPP
uygulamalari igin yeterli olmayabilmektedir.

Buna ek olarak, bircok iyonosferik gecikme dizeltme modeli literatirde bulunan
onceki calismalarda Onerilmistir. Ancak, bu c¢alismalar da verilen modeller bazi
smirli mekansal ve zamansal ¢ozinurliuklere sahiptir. Bu nedenle, belirtilen sorunu
asmak icin, bu calismada Ornek bolge Avrupa secilerek tek frekansli PPP
kullanicilar1 i¢in b6lgesel ionosferik hata diizeltme modellerinin olusturulmasi ele
alinmaktadir.
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Oncelikle Avrupa igin Bolgesel Iyonosfer Modeli (Regional lonospheric Model-
RIM) gelistirilmistir. Onerilen model swrasiyla 1° x 1° ve 15 dakika mekénsal ve
zamansal cozlnurluge sahiptir. Bu kapsamda 60 IGS ve EUREF referans
istasyonundan olusan bolgesel aga ait GNSS gozlemleri Dikey Toplam Elektron
Icerigi (Vertical Total Electron Content- VTEC) degerleri lretmek amaciyla
Bernese 5.2 yazilimi kullanilarak degerlendirmeler yapilmistir. Yeni 6nerilen RIM’i
test etmek igin, farkli istasyonlar igin tek frekansli PPP dogrulugu ve yakinsama
siiresi (convergence time) hesaplanmis ve IGS Global Iyonosfer Haritalar1 (IGS-
Global lonosphere Maps- IGS-GIM) ile ii¢ farkli giin igin karsilastirilmistir. Bu
asamada “Iyonosfer icermeyen” ¢ift frekansli PPP ¢oziimleri karsilastirma amaglh
kullanimigtir. Elde edilen sonuclar o6nerilen RIM’in  IGS-GIM modeli ile
karsilastirildiginda  yakinsama  stresini  hizlandirdigini,  konum  belirleme
dogrulugununun yatay, diisey ve 3D bilesenlerini sirasiyla %20, %45 ve %45
diizeylerinde arttirdigimi gostermektedir.

Buna ek olarak, Gergek zamanlh Bolgesel Iyonosfer Modeli (Real Time Regional
lonosphere Model- RT-RIM) IGS Gergek Zamanli Servisi (IGS Real Time Servis-
IGS-RTS) hassas uydu yoriinge ve saat trlnleri kullanilarak gelistirilmistir. Onerilen
modelin mekansal ve zamansal ¢ozlndrligi, sirasiyla, 1° % 1° ve 15 dakikadir.
60 IGS ve EUREF referans istasyonundan olusan bolgesel aga ait GPS gozlemleri
gercek zamanlt VTEC degerleri iiretmek amaciyla Bernese 5.2 yazilimi kullanilarak
degerlendirmistir. Yeni onerilen RIM’i test etmek igin, farkli istasyonlar igin tek
frekansli PPP dogrulugu ve yakimsama suresi hesaplanarak 1GS-GIM ile ¢ ardisik
gun icin karsilagtirilmistir. Bu yolla, RT-RIM ile elde edilen PPP yakinsama siiresi
ve konum belirleme dogrulugu test edilmis ve IGS-GIM modeli ile elde edilenlerle
karsilastrmustir. Bu kapsamda “Iyonosfer icermeyen” cift frekansli PPP ¢ozumleri
karsilastirma amach kullammmustir. Elde edilen sonuglar 6nerilen RIM’in IGS-GIM
modeli ile karsilastirildiginda yakinsama suresini énemli 6lglide hizlandirdigini
gostermektedir. Ayrica, PPP dogrulugunun yatay, diisey ve 3D bilesenlerini I1GS-
GIM modeline kiyasla sirasiyla %40, %55, ve %40 dizeylerinde arttirdig:
gorilmektedir.

Prezisyonlu toplam elektron igerigini modellemek amaciyla, hem uydu hem de alic1
icin Diferansiyel Kod Sapmasi (Differential Code Bias -DCB) hesaba katilmalidir.
Diferansiyel Kod Sapmasi, iki farkli frekansda kod gecikmeleri farkidir. Uydu DCB
degerleri, bir giin boyunca stabildir ancak alict DCB degerleri uydununki kadar stabil
degildir. GPS gozlemleri genellikle bolgesel ve global dlgeklerde TEC modellemesi
i¢in kullanilmaktadir. Son zamanlarda, ¢oklu-sistem GNSS TEC modelleme yaygin
olarak kullanilmaktadir. Coklu-sistem GNSS teknolojileri, diger bir deyisle birden
fazla uygu konum belirleme sisteminin birlesimi g0zlenen uydularin ve izlenen
sinyallerin sayisim1 artirir.  Ayrica, c¢alisilan bdlge icin iyonosfer modelinin
dogrulugunu artirran Iyonosfer Delme Noktas: (Ionosphere Pierce Point-1PP) icin
daha iyi bir kapsama alan1 saglar. Coklu-sistem GNSS icinde ek DCB
parametrelerinin hesaplanmas: gerekmektedir.

Bu nedenle, Coklu-sistem GNSS Alicist Diferansiyel Kod Sapmasi (Multi-
constellation GNSS Receiver Diffrential Code Bias- MGR-DCB) hesaplama modeli
gelistirilmistir. Onerilen model iyonosfer duzeltmesi getirilmis pseudorange
farklariyla GPS, Galileo ve Beidou sinyalleri icin alict DCB’lerini hesaplamaktadir.
Bu model, bolgesel iyonosferik model ‘pseudorange’ farklarindan iyonosfer
hatalarin1 kaldirmak igin gelistirilmistir. Onerilen modelin mekansal ve zamansal
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¢cozundrlagl, sirasiyla, 1° x 1° ve 15 dakikadir. Gelistirilen MGR-DCB modelini test
etmek igin, 6rnek ¢ IGS Coklu-sistem GNSS Test (IGS-MGEX) istasyonlar1 alict
DCB’leri ii¢ farkli gun i¢in degerlendirimistir. Sonrasinda, hesaplanan DCB degerleri
yayinlanan MGEX degerleri ile karsilastrmustir. Elde edilen sonuglara gore,
hesaplanan DCB’ler ve MGEX arasindaki uyusumda ortalama fark ve Karesel
Ortalama Hatasmi (KOH) 1 ns den daha az oldugu gorilmektedir. Ayrica, GPS,
Galileo ve Beidou gozlemlerinden hesaplanan VTEC degerleri 1GS-GIM’den
hesaplanan degerlerle karsilastirilmistir. Hesaplanan VTEC degerlerinin ortalama
fark ve KOH degerlerinin 1 Toplam Elektron Icerigi Birimi (Total Electron Content
Unit- TECU)’den daha az oldugu gorilmektedir.

Elde edilen sonuglara gore, konum belirleme dogrulugu CBS, hidrografik dlgmeler
ve uzaktan algilama uygulamalar1 dahil bir ¢ok uygulamada kullanilabilir oldugu
sonucuna varilabilir. Buna ek olarak, gelismis MGR-DCB degerlendirmeleri
prezisyonlu iyonosfer izleme ve uzay hava uygulamalarinda da kullanilabilir.
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1. INTRODUCTION

1.1 Background

The Earth’s ionosphere is the layer from approximately 50 km up to 1000 km or
more above the surface of the Earth. It consists of the ionized particles created by the
Sun’s Extreme Ultra Violation (EUV) and the X-ray radiations (Prolss, 2004). The
collision of the energetic particles with the upper atmosphere is another source of
ionization particularly at high latitudes (Kelley, 2009). lonosphere essentially
consists of four main layers, including the D-layer, the E-layer, the F1-layer and F2-
layer, respectively (Hunsucker and Hargreaves, 2003). The electron density differs

with the altitude, where its maximum value is at F2-layer (Schunk and Nagy, 2009).

The ionosphere is a region of freely charged electrons quantified by the total electron
content, which is the total number of electrons along the line-of-sight between the
satellite and the receiver. It is expressed in TEC unit (i.e., TECU= 10 electron/m?).
The total electron content has a diurnal, a monthly, a seasonal and the so-called 11-
year solar cycle variations. It also varies spatially, depending on the geographic
location. The ionosphere activity depends on the solar and geomagnetic activities.
The solar activity is the variation of the sun magnetic field, which can be expressed
by two indices including the Sun Spot Number (SSN) and the solar flux index (Fi07)
(Memarzadeh, 2009). The geomagnetic activity is the natural variation of the
geomagnetic field, where it can be expressed by two main indices including the

planetary Kp-index and the planetary Ap-index (Hunsucker and Hargreaves, 2003).

The Earth’s ionosphere is a dispersive medium, which means that the signal
propagation velocity is frequency dependent. It speeds up the carrier phase
observations beyond the speed of the light, whereas it delays the code observations.
Moreover, it introduces the phase and amplitude scintillation (Hofmann-Wellenhof et
al, 2008). The ionospheric delay ranges from less than 1 m to tens of metres during

high ionospheric activities. Therefore, precise determination of the ionosphere total



electron content at both of global and regional scales is essential for precise

positioning and space weather applications.

Precise point positioning technique is the processing of the un-differenced code and
carrier phase observations from single receiver using the precise satellite orbit and
clock products. It is firstly introduced by Zumberge et al. (1997). PPP provides
centimeter- to decimeter-level positioning accuracy in static and kinematic modes.
Precise point positioning is categorized into the dual-frequency PPP model and the
single-frequency PPP model.

Traditionally, dual-frequency PPP model uses the un-differenced ionosphere-free
linear combination of the code and carrier phase observations in order to remove the
ionospheric error. The IGS precise orbit and clock products are used in order to
account for the satellite orbit and clock errors, respectively. The tropospheric delay
can be modeled using a proper model, including Hopfield or Saastamoinen model
(Hofmann-Wellenhof et al, 2008). The effects of satellite and receiver antenna
offsets, phase wind-up, relativistic errors, Sagnac effects, site displacement effects,
solid earth tides and ocean loading, are accounted for using the models described in
Kouba (2009).

For the single-frequency PPP model, the ionospheric delay is an additional error
source. The un-modeled ionospheric error degrades the positioning accuracy,
particularly the height component. Therefore, an ionospheric delay correction model
must be used. For this purpose, a number of models have been developed for real-
time and post processing applications, including empirical models, physical models,
regional and global ionospheric maps. Unfortunately, however, those models have
limited spatiotemporal resolution, which may not be adequate for single-frequency

PPP applications.

For precise TEC modeling, the differential code bias for both of the satellites and the
receiver must be accounted for. Differential code bias is the difference in the code
hardware delays at two different frequencies. The satellite DCB values are stable
over one day, while the receiver DCBs are not as stable (Schaer, 1999). Hardware
delays are categorized as satellite hardware delay and receiver hardware delay.
Satellite hardware delay is the time delay which is caused by the signal generation

inside the satellite signal generator and the signal transmission by the satellite
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antenna (El-Rabbany, 2006). Receiver hardware delay is occurred as the GNSS
signal passes through the receiver antenna, analog hardware and digital processing to
the point where pseudorange and carrier phase observations are physically made
within the digital receiver channels (Kaplan and Hegarty, 2006).

GPS has traditionally been used for the development of regional and global
ionospheric models. Recently, multi-constellation GNSSs have been used
extensively in ionosphere modeling and monitoring applications. The fusion of
multi-GNSS increases the number of the observed satellites and the tracked signals.
Also, it provides better coverage of the lonosphere Pierce Point (IPP), which
enhances the accuracy of the ionospheric model for such studied area. Within the
multi-constellation GNSS, additional DCB parameters must be estimated.

1.2 Previous Studies and Limitations

A number of ionospheric delay correction models have been developed by a number
of researchers (e.g., Gao, 2007; Memarzadeh, 2009; Nohutcu, 2009; Durmaz, 2013;
Liu et al., 2011; Ohashi et al., 2011; Zhang et al., 2013; Durmaz and Karslioglu,
2015; Li et al., 2015). Tu et al. (2013b) proposed a method for ionosphere total
electron content modeling using simulated real-time data. The model was validated
for three different networks on local, regional and global scales using the polynomial
and spherical harmonic functions, respectively. The vertical total electron content
and receiver DCB values were assessed and compared with the final IGS
counterparts. The results showed that the estimated parameters were very consistent
with the IGS counterparts. Moreover, the proposed model was validated for single-
frequency PPP applications. It was found that the positioning was the same, while the

convergence time was enhanced in comparison with the 1IGS-GIM counterparts.

Kao et al. (2014) developed a regional ionospheric model using the GPS
observations. The vertical total electron content was modeled using the Multivariate
Adaptive Regression Splines (MARS) function. Then, a least-squares algorithm was
developed in order to estimate the VTEC and receiver DCB parameters for a 2-hour
time interval. To validate their proposed model, the VTEC values were estimated and
compared with the IGS-GIM counterparts. The estimated receiver DCB values were

compared with the published IGS values. Moreover, the single-frequency PPP



obtained through the resulting VTEC were estimated and compared with those
obtained through the IGS-GIM. The findings revealed that the estimated VTEC and
receiver DCB values had good agreement with the 1GS counterparts. In addition, the
positioning accuracy using the proposed model was improved in comparison with the
IGS-GIM.

The major limitation of the aforementioned models is that they had some limited
spatial or temporal resolutions. In addition, the simulated real-time data mode does
not represent the actual ionosphere characteristics in such area under consideration

and the real-time single-frequency PPP deficiencies.

The estimation of the GPS differential code bias have been investigated by a number
of studies (e.g., Arikan et al., 2008; Choi et al., 2011; Jin et al., 2012; Keshin, 2012;
Kao et al., 2013). Keshin (2012) proposed a method for the receiver DCB estimation
using the VETC values extracted from the IGS-GIM. The least-squares estimation
algorithm has been used in order to determine the receiver DCB and vertical residual
ionospheric delay. The estimated parameters have been compared with the 1GS
counterparts. The results showed agreement with the 1GS values with differences less

than 1ns.

More recently, the estimation of the multi-GNSS satellite and receiver differential
code biases parameters have been investigated by a number of researchers (e.g.,
Montenbruck et al., 2014; Yinhua et al., 2014; Guo et al., 2015; Xue et al., 2015;
Wang et al., 2015). Montenbruck et al. (2014) proposed a model for the multi-GNSS
satellite and receiver DCBs estimation using the ionosphere-corrected pseudoranges
differences. The IGS-GIM has been used to remove the ionospheric delay from the
geometry-free linear combinations of the pseudorange observations. The DCBs for
the legacy and modernized GPS, Galileo and BeiDou signals have been assessed and
compared with the group delay parameters transmitted through the GNSS broadcast
ephemeris data. It has shown that the estimated values had good agreement with the

broadcast parameters.

The major drawback of the above mentioned DCB estimation models is that the IGS-
GIM is used in order to remove the ionospheric error from the geometry-free linear

combination of the code observations. The IGS-GIM, however, has a limited



spatiotemporal resolution which may not be adequate to represent the ionosphere

variability in such studied area.

1.3 Study Objectives

The main objective of this study is to develop a high spatiotemporal resolution
regional ionospheric model for single-frequency PPP users in Europe. The proposed
model is developed in post processing and real-time domains. To validate the RIMs,
the convergence time and the positioning accuracy obtained through the newly
developed models are compared with those obtained through the IGS-GIM.
Moreover, a multi-frequency multi-constellation GNSS receiver differential code
bias model is proposed in order to precise modeling the ionosphere total electron
content. A regional ionospheric model with spatial and temporal resolution of 1°x1°
and 15 minutes, respectively, is developed to remove the ionospheric delay from the
pseudorange differences. Then, the estimated receiver DCBs values are compared
with the IGS-MGEX counterparts in order to validate the model.

1.4 Study Contributions

The contributions made in this study can be summarized as follows:

= Development of regional ionospheric model for single-frequency precise
point positing users in Europe. The developed model has spatial and temporal
resolution of 1°x1° and 15 minutes, respectively. The proposed model is
validated for PPP applications in three different days to represent the
ionospheric seasonal variations. The single-frequency PPP convergence time
and positioning accuracy obtained through the proposed RIM are estimated
and compared with those obtained through the IGS-GIM. The dual frequency
ionosphere-free PPP is used as reference (Abdelazeem et al., 2016b).

= Development of real-time regional ionospheric model over Europe using the
IGS-RTS precise satellite orbit and clock products. The newly proposed RT-
RIM has spatial and temporal resolution of 1°x1° and 15 minutes,
respectively. The single-frequency PPP convergence time and positioning
accuracy obtained through the resulting RT-RIM using the RTS products are
assessed and compared with those obtained through the rapid IGS-GIM in
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three successive days under high solar activity, including one under active
geomagnetic states. The dual frequency ionosphere-free PPP is used as
reference (Abdelazeem et al., 2016a).

= Development of a multi-frequency multi-constellation GNSS receiver
differential code bias estimation model. The newly proposed model estimates
the receiver DCBs for GPS, BeiDou and Galileo signals. To validate the
proposed model, the receiver DCB values for three stations from the 1GS-
MGEX are computed for three different days. The estimated DCBs values are
compared with the publicly available IGS-MGEX counterparts. In addition,
the combined GPS, BeiDou and Galileo VETCs are assessed and compared
with the 1GS-GIM counterparts (Abdelazeem et al., 2015).

1.5 Thesis Outline
The organization of the thesis depends basically on the following three Science

Citation Index (SCI) and SCI Expanded journals publications as follows:

Chapter 1 consists of an introduction, previous studies and limitations, study

objectives, study contributions and thesis outline.

Chapter 2 introduces the paper entitled with “An improved regional ionospheric

model for single-frequency GNSS users”.

Chapter 3 introduces the paper entitled with “An Enhanced Real-Time Regional
lonospheric Model Using IGS Real-Time Service (IGS-RTS) Products”.

Chapter 4 introduces the paper entitled with “MGR-DCB: A Precise Model for

Multi-constellation GNSS Receiver Differential Code Bias™.

Chapter 5 introduces conclusion of this study and recommendations for the future

works.

It should be pointed out that modifications to the original papers have been made
only for proper identification of sections, figures and tables to assure uniformity

within this thesis.



2. AN IMPROVED REGIONAL IONOSPHERIC MODEL FOR SINGLE-
FREQUENCY GNSS USERS

2.1 Introduction

The Earth’s ionosphere is the ionised portion of the upper layer of the atmosphere,
which extends from approximately 50 km up to 1000 km or more above the surface
of the Earth. It essentially consists of three layers: the D-layer, the E-layer and the F-
layer, respectively. The Earth’s ionosphere is a region of freely charged electrons
quantified by the total electron content (TEC), which is the total number of electrons
along the line-of-sight between the satellite and the receiver. TEC has a diurnal, a
monthly, a seasonal and the so-called 11-year solar cycle variations. It also varies
spatially, depending on the geographic location. The GNSS ionospheric delay ranges

from less than 1 m to tens of metres during high ionospheric activities.

Mitigation of ionospheric delay is a major challenge for single-frequency precise
point positioning (PPP) users. For this purpose, a number of models have been
developed for real-time and post-processing applications, including the Klobuchar
model, the IGS Global lonospheric Maps (IGS-GIM) model and the NeQuick model
(Klobuchar, 1987; Schaer, 1999; Nava et al., 2008). The coefficients of the
Klobuchar model are transmitted to users as part of the GPS navigation message.
Unfortunately, however, the Klobuchar model only corrects about 50% of the
ionospheric delay. The NeQuick model was proposed for single-frequency Galileo
users with performance superior to the Klobuchar model at different latitudes for the
whole year (Oladipo and Schuler, 2012).

A widely used ionospheric mitigation method is the IGS-GIM product. A GIM file
contains the vertical TEC (VTEC) values with a spatial resolution of 2.5° x 5° in

latitude and longitude, respectively, and a temporal resolution of 2 hours.

This chapter is based on the paper: Abdelazeem, M., Celik, R. N., & El-Rabbany, A.
(2016b). An improved regional ionospheric model for single-frequency GNSS users.
Survey Review, 1-7. doi:10.1080/00396265.2016.1138581.
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Unfortunately, the 1GS-GIM model has a limited spatiotemporal resolution, which

may not be adequate for single-frequency PPP applications.

A number of regional ionospheric models (RIMs) have been proposed by a number
of researchers (e.g., Bhuyan and Borah, 2007; Opperman et al., 2007; Alothman et
al., 2011; Tu et al., 2013b; Yao et al., 2013; Abdelazeem et al., 2016a). Nohutcu et
al. (2010) investigated the quadratic B-spline function to represent the VTEC using
GPS observations over Turkey. Their results were comparable to those obtained
through the Bernese software, which uses the spherical harmonic expansion. Durmaz
et al. (2010) proposed a multivariate adaptive regression spline to represent the
regional TEC using ground-based GPS observations over Europe. Their results
showed similar root mean square error (RMSE) with those obtained through the
Bernese software. However, the maps obtained through the Bernese software were
rather smoother. Abdelazeem et al. (2016a) developed a real-time regional
ionospheric model (RT-RIM) over Europe using the IGS real-time service (IGS-
RTS) products. Their proposed model was validated for single-frequency PPP
applications, where the positioning accuracy and convergence time obtained through
the model were compared with those obtained through the 1GS-GIM model. The
results showed that the RT-RIM improved the PPP accuracy and convergence time
by about 40, 55 and 40 % for the horizontal, height and 3D components,

respectively, in comparison with the IGS-GIM.

This research aims to develop a RIM with a spatial and a temporal resolution of
1°x1° and 15 minutes, respectively, over Europe. The single-frequency PPP results
obtained through the newly developed model are first compared with those obtained
through the 1GS-GIM model. In addition, the PPP positioning accuracy and
convergence time are evaluated and compared with the dual-frequency ionosphere-
free PPP counterpart. It is shown that the newly developed model improves the PPP
accuracy and convergence time by about 20, 45 and 45 % for the 2D, height and 3D

components, respectively, in comparison with the IGS-GIM model.



2.2 lonospheric Model Development

The basic GPS observation equations can be expressed as follows (Kleusberg and
Teunissen, 1998):

Py=pf+c(dt,—dt) + IS, + TS+ c(dry +df) + €54

(2.1)

P, =pf+c(dt,—dtS) + IS, + TS+ c(dyp +dS) + & 2.2)

§01 = p,‘f + C(dtr_ dts) - I‘rf,l + TTS + C((ST',I + 6f)+11N1 + ngl (23)
@2 = pf +c(dt,— dts) — IS, + T + c(8,, + 85)+A,N, + €2 (2.4)

where P, and P, are the pseudorange measurements on L1 and L2, respectively; ¢,
and ¢, are the carrier phase measurements on L1 and L2, respectively, in meter; p:
is the satellite-receiver true geometric range; c is the speed of light in vacuum; dt,
and dt® are the receiver and satellite clock errors, respectively; I, and I, are the
ionospheric delay on L1 and L2, respectively; T,° the tropospheric delay; d, and d*
are the code hardware delay for the receiver and the satellite, respectively; &, and &
are the carrier phase hardware delay for the receiver and the satellite, respectively; 1,
and A, are the wavelength of the L1 and L2 carrier frequencies, respectively; N; and
N, are the non-integer phase ambiguity parameters on L1 and L2, respectively; &,

and ¢, are the code and phase unmodeled errors, including noise and multipath.

The geometry-free linear combinations of code and carrier-phase observations are
used to eliminate the geometrical term, tropospheric delay, receiver and satellite
clock errors. It is obtained by subtracting the simultaneous un-differenced code or

carrier-phase observations as follows (Dach et al., 2007):

f

Ppb=P—-P,= <1 - f_22> 175.1 + C(Abs + Abr) (2-5)

f2
Py =P1 — P2 = <fiz -1 Irs,l + c(AS, + A5°) + (A,N; — A,N,) (2.6)
2

where P, and ¢, are the geometry-free linear combination for the code and carrier

phase observations, respectively; AbS and Ab,. are the differential code bias (DCB)



for the satellite and the receiver, respectively; AS, and A§° are the differential phase

hardware delay for the satellite and the receiver, respectively.

It is shown in Equations 2.5 and 2.6 that the geometry-free code linear combination
contains the ionospheric delay and the DCBs of both of the receiver and the satellite.
The geometry-free carrier-phase linear combination, on the other hand, contains the
ionospheric delay, differential phase hardware delays of both of the receiver and the
satellite and the ambiguity parameters. The slant TEC (STEC) along the satellite-
receiver path can be estimated from the code or the carrier-phase observations. The
carrier-phase observations are less noisy but biased by the ambiguity parameters.
Therefore, the STEC is obtained from the carrier-smoothed code observations based

on Equation 2.5 as follows:

fiLfF
403(f2 — f2)

STEC = ( ) [P, — ¢ (AbS + Ab,)] (2.7)
The STEC can be converted into VTEC by using the modified single layer model
(MSLM) mapping function, which assumes that all free electrons are concentrated in
a shell of infinitesimal thickness at a height H (Figure 2.1). This height (H)
corresponds to maximum electron density at the F2 peak, which ranges from 350 km
to 450 km. Therefore, the VTEC can be calculated at the point of intersection
between the thin shell and the satellite-receiver path, known as ionosphere pierce
point (IPP) (Schaer, 1999):

R
= ] ] 2.8
VTEC = STEC * cos <arcsm (R T H sm(az))) (2.8)
where z is the satellite’s zenith distances at receiver, respectively (Figure 2.1); R is
the mean radius of the Earth, and « is a correction factor. Best fit of the MSLM with
respect to the JPL extended slab model (ESM) mapping function is achieved at
H =506.76 km and a = 0.9782, when using R = 6371 km and assuming a

maximum zenith distance of 80 degrees (Dach et al., 2007).

The VTEC can be modelled on a regional scale as a function E(B,s) of the

geographic latitude (B) and the sun-fixed longitude (s) of the IPP, respectively. The
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regional VTEC is expressed as a spherical harmonic expansion, which takes the form
(Dach et al., 2007):

Nmax n

E(B,s) = Z Z Bin(sin B) (apm cos ms + by, sinms) (2.9)
n=0 m=0
where 1,4, 1S the maximum degree of the spherical harmonic expansion; P, are
normalized associated Legendre functions of degree n and order m; a,,,,, and b,,,,, are

the unknown spherical harmonics coefficients.

Substituting Equations 2.7 and 2.8 into Equation 2.9, the ionospheric spherical

harmonic model can be expressed as:

Nmax n

Z Z P, (sin B) (ay,, cos ms + b, sinms)

n=0 m=0

r ( fiLfF
40.3(f% — %)

' ( R i ))
*
cos | arcsin| p——g sin(az

) [P, — ¢ (AbS + Ab,)] (2.10)

where a,,,,, bym, AbS and Ab, are the unknowns parameters to be computed.

In order to separate the DCBs of the satellites and receivers, an additional constraint
must be used. It assumes that the sum of satellite DCBs is zero as follows (Dach et
al., 2007):

s=max

Z Ab®* =0 (2.11)
s=1
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Figure 2.1 : Single layer model (SLM).

2.3 Methodology

A regional network consisting of 60 1GS and EUREF reference stations in Europe
has been used to develop the proposed regional ionospheric correction model (Figure
2.2). The stations are homogeneously distributed in different latitudes in order to
reflect different ionospheric characteristics. GNSS observations for three different
days (day 150, 220 and 360 in year 2013) have been downloaded (IGS, 2015) to
represent the ionosphere seasonal variations in May, August and December,
respectively. Each observation file has a 24-hour time span and a 30-second time
interval. An elevation cut-off angle of 20° has been used. The files have been
processed using the Bernese software package in PPP mode. In order to produce the
RIM, the IGS final satellite orbit, satellite clock and earth orientation parameters
have been used (IGS, 2015) and then have been converted into the Bernese formats.
The un-differenced code observations have been smoothed. In the parameters
estimation process, the effective height has been selected to be 450 km. In addition, a
maximum degree and order equal to six of the spherical harmonic expansion have
been selected with a 15-minute interval. A group of 49 coefficients of the spherical
harmonic model has been obtained each time epoch. Thereafter, to extract the VTEC
maps a spatial and temporal resolution of 1° x 1° and 15 minutes, respectively, have

been selected.
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Figure 2.2 : Reference stations distribution (with triangle shape) and examined
stations (with circular shape).

2.4 Results and Analysis

In order to evaluate the RIM, GNSS observations from another set of stations (Figure
2.2) have been processed using Natural Resources Canada (NRCan) GPSPace PPP
software. The examined stations have been selected to represent different latitudes
(Table 2.1). The IGS final precise orbit and clock products have been used to account
for the satellite orbit and clock errors, respectively. The tropospheric delay has been
accounted for using the Hopfield model with the Neil mapping function. The PPP
accuracy and convergence times have been calculated and compared with those of
the un-differenced dual-frequency ionosphere-free PPP and the single-frequency PPP
obtained through the IGS-GIM model.
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Table 2.1 : Examined stations characteristics.

Station Latitude Longitude Receiver type
ANKR 39.8874° 32.7584° TPS E_GGD

IGMI 43.7833° 11.2119° TPS ODYSSEY_E
POTS 52.3793° 13.0661° JAVAD TRE G3TH DELTA

Figure 2.3 illustrates the convergence times for station POTS, IGMI and ANKR for
DOY 150, 220 and 360, respectively, as examples. It can be seen that the use of RIM

speeds up the convergence time in comparison with the 1IGS-GIM model.

POTS, DOY 150
4.00
3.50 = Dual FREQ,
=300 p - — IGS-GIM
250 RIM
£200 J
=}
=150 M
L R
0.50 ‘ \ “ ——————————————— —
0.00
0.00 1.00 2.00 3.00 4.00
Time (hr)
IGMI, DOY 220
Dual FREQ
- = |G5-GIM
E 2.00
RIM
£ 1 50
a 1 00
‘,\}‘\/ \—-' “"'--___,_
1.00 2.00 3.00 4.00
Time (hr)
ANKR, DOY 360
1.20
\ == Dual FREQ
1.00 = = |GS-GIM
EO.SO W "J’-""—"‘L RIM
H 1" - LT
Zoso f 17 e
= {
2 040
g ‘n\
0.20
0.00 ———
0.00 1.00 2.00 3.00 4.00
Time (hr)

Height (m)

5.00

POTS, DOY 150

4.50
4.00
3.50
3.00
2.50
2.00
1.50
1.00
0.50

e JLLE |

Dual FREQ
- = |GS-GIM
RIM

0.00

-1.00

-1.50

Height (m)

Height (m)

-O.SOD_FU

3.00

Time (hr)

IGMI, DOY 220

|
1.00 |

Dual FREQ
- = —1G5-GIM
RIM

-3.00 I“._, ,

3.00

Time (hr)

ANKR, DOY 360

2.50
2.00
1.50
1.00
0.50
0.00

Dual FREQ
- = |GS-GIM
RIM

-0.500.
100 fiNe
-1.50
-2.00

\
S~

L

-— e
-

Time (hr)

Figure 2.3 : Horizontal and height convergence time.

The estimated PPP station coordinates were compared with those of the EUREF final

weekly counterparts and the standard deviations (STD) of the solutions were

calculated. Table 2.2 summarises the mean difference and STD for the horizontal,

height and 3D components for the three examined stations.



Table 2.2 : Positioning accuracy statistics.

Station ~ Statistical lonosphere-free Dual IGS-GIM RIM
Analysis Frequency
(m) 2D H 3D 2D H 3D 2D H 3D
DOY 150

ANKR Mean 0.065 0.059 0.088 0.115 -0.844 0.852 0.198 0.592 0.624
STD 0.013 0.024 0.027 0.193 0.328 0.380 0.188 0.315 0.367
IGMI Mean 0.087 0.084 0.121 0.565 0.119 0578 0.216 -0.212 0.303
STD 0.018 0.025 0.031 0.192 0.388 0.433 0.187 0.390 0.433
POTS Mean 0.072 0.082 0.109 0.488 0.580 0.758 0.507 -0.412 0.653
STD 0.014 0.025 0.029 0.230 0.357 0.425 0.235 0.352 0.423

DOY 220

ANKR Mean 0.011 0.035 0.037 0.612 -1.090 1.250 0.562 0.373 0.675
STD 0.020 0.030 0.036 0.161 0.299 0.339 0.160 0.270 0.314
IGMI Mean 0.015 0.042 0.045 0.222 -1.262 1.281 0.327 -0.617 0.699
STD 0.021 0.022 0.030 0.154 0.234 0.280 0.152 0.247 0.290
POTS Mean 0.010 0.027 0.029 0.049 -0.764 0.766 0.237 -0.716 0.754
STD 0.021 0.024 0.032 0.195 0.330 0.383 0.194 0.325 0.379

DOY 360

ANKR Mean 0.040 -0.014 0.042 0.565 -0.812 0.989 0.302 0.297 0.423
STD 0.023 0.028 0.036 0.161 0.239 0.288 0.166 0.265 0.313
IGMI Mean 0.071 -0.085 0.080 0.666 -0.920 1.136 0.396 0.282 0.486
STD 0.021 0.030 0.036 0.228 0.401 0.461 0.201 0.410 0.457
POTS Mean 0.052 0.005 0.0583 0.347 -0.711 0.791 0.187 0.270 0.328
STD 0.021 0.031 0.037 0.232 0.321 0.396 0.250 0.267 0.366

Based on the results presented in Table 2.2, it can be seen that the PPP positioning
accuracy is improved when the RIM is used, in comparison with those of the I1GS-
GIM model. This is particularly signified in the height component. For station
ANKR, the 2D positioning accuracy is improved when the RIM is used from 0.612
to 0.562 m and from 0.562 to 0.302 m on DOY 220 and 360, respectively. The error
in the height component is also reduced from —0.844 to 0.592 m, from —1.09 to
0.373 m and from —0.812 to 0.297 m on DOY 150, 220 and 360, respectively. For
station IGMI, the horizontal positioning accuracy of the RIM is also found superior
to that of the IGS-GIM where it is changed from 0.565 to 0.216 m and from 0.666 to
0.396 m on DOY 150 and 360, respectively. An exception is the results on DOY 220.
For the height component, its accuracy is improved from —1.262 to —0.617 m and
from —0.92 to 0.282 m on DOY 220 and 360, respectively. No improvement in the
height component was obtained on DOY 150. For station POTS, the 2D positioning
accuracy is improved from 0.347 to 0.187 m on DOY 360. Approximately the same
value was obtained from both models on DOY 150. The accuracy of the height
component is significantly improved from 0.58 to —0.412m, from —0.764 to

—0.714 m and from —0.711 to 0.27 m over the three days under consideration.
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Figure 2.4 shows the statistical results for the 2D and 3D PPP accuracy obtained
through the RIM, in comparison with those of the un-differenced ionosphere-free
dual frequency and IGS-GIM models for the three examined stations on DOY 150,
220 and 360, respectively. It can be seen that the obtained 3D positioning accuracy is
significantly improved with the RIM is used, in comparison with the IGS-GIM
model. As an example, the 3D error for station ANKR is reduced from 0.852 to
0.624 m, from 1.250 to 0.675 m and from 0.989 to 0.423 m on DOY 150, 220 and
360, respectively. For station IGMI, the 3D positioning accuracy is improved from
0.578 to 0.303m, from 1.281 to 0.699 m and from 1.136 to 0.486 m in the three
examined days, respectively. Finally, the 3D positioning accuracy for station POTS
is improved from 0.758 to 0.653 m, from 0.766 to 0.754 m and from 0.791 to
0.328 m on DOY 150, 220 and 360, respectively.

Table 2.3 summarises the statistical parameters, including the mean, maximum,
minimum and RMSEs values for the positioning accuracy of the single-frequency
PPP obtained through the IGS-GIM and the RIM, with respect to the ionosphere-free
dual frequency solution. It can be said that the overall positioning accuracy is
improved by about 20, 45 and 45 % in horizontal, height and 3D components,

respectively, in comparison to the IGS-GIM model.
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Figure 2.4 : 2D and 3D statistical results.
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Statistical
parameter (m)

IGS-GIM

RIM

2D H

3D

2D

H

3D

Mean
Min.
Max.

RMSE

0.356 0.784
0.039 0.035
0.601 1.304
0.207 0.538

0.866
0.457
1.236
0.249

0.279
0.129
0.551
0.137

0.440
0.265
0.743
0.467

0.482
0.182
0.725
0.173
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2.5 Conclusion

In this paper, a RIM with a 1° x 1° spatial resolution and a 15-minute temporal
resolution has been developed. GNSS observations from 60 IGS and EUREF
reference stations over Europe have been processed using the Bernese software
package to develop the model. In order to validate the developed model, the PPP
convergence time and positioning accuracy for another set of stations in three
different days have been estimated and compared with those of the 1GS-GIM and
ionosphere-free dual frequency counterparts. The results reveal that the proposed
model speeds up the convergence time. In addition, the overall positioning accuracy
has improved in comparison with the 1GS-GIM counterpart by about 20, 45 and
45 % for the 2D, height and 3D components, respectively.
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3. AN ENHANCED REAL-TIME REGIONAL IONOSPHERIC MODEL
USING IGS REAL-TIME SERVICE (IGS-RTS) PRODUCTS

3.1 Introduction

The estimation of the ionosphere Total Electron Content (TEC) and its change is an
important issue for precise positioning and space weather applications. lonospheric
delay is the dominant error source in single frequency Precise Point Positioning
(PPP). Therefore, mitigation of ionospheric delay in real-time is a major challenge

for single-frequency PPP users.

In order to provide real-time PPP users with more precise products, the International
Global Navigation Satellite System (GNSS) Service (IGS) has launched its Real-
Time Service (IGS-RTS). The RTS has become available through the collaboration
of Natural Resources Canada (NRCan), the German Federal Agency for Cartography
and Geodesy (BKG), and the European Space Agency’s Space Operations Centre in
Darmstadt, Germany (ESA/ESOC) with the support of 160 stations, multiple data
centres, and ten analysis centres around the world. The service has been available
since 1 April 2013 (Hadas and Bosy, 2015).

The RTS analysis centres compute the GNSS clock corrections to the broadcast
ephemeris using I1GS ultra-rapid predicted orbits and real-time data streams from the
real-time reference stations. The real-time solutions of each analysis centre are
combined into a real-time correction product and then sent to users. Currently, the
available RTS products include GPS-only correction streams. 1GS01/IGCO1 is a
single-epoch combination solution. 1GS02 is a Kalman filter combination solution.
IGS03 is a Kalman filter GPS and GLONASS combination correction provided as an
experimental product. In addition, RTS provides two streams of real-time broadcast
ephemeris; RTCM3EPHO1 for GPS orbits and RTCM3EPH for GPS, GLONASS

This chapter is based on the paper: Abdelazeem, M., Celik, R. N., & El-Rabbany, A.
(2016a). An Enhanced Real-Time Regional lonospheric Model Using IGS Real-
Time Service (IGS-RTS) Products. Journal of Navigation, 69(3), 521-530.
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and Galileo. More details on RTS products and their quality assessment can be found
in Caissy et al. (2012) and Hadas and Bosy (2015).

The accuracy of Real-Time Precise Point Positioning (RT-PPP) using the RTS
products have been investigated by a number of researchers (e.g., Chen at al., 2010;
Rovira-Garcia et al., 2012; Chen et al., 2013 and Li et al., 2014). Chen et al. (2010)
investigated the accuracy of IGS-RT products in kinematic PPP mode. The results
showed that the achieved position precision was about £ 2-4 cm and 6-8 cm in
horizontal and height components, respectively. Chen et al. (2013) evaluated the
accuracy of real-time products in static and kinematic real-time PPP for 41 IGS
reference stations. The results revealed that the accuracy of static PPP was of + 2-
3.cm in the North and + 3-4 cm in the other components, while for the kinematic
PPP the obtained accuracy was + 2.2 cm, 4.2 cm, and 6.1 cm in the north, east, and

up directions, respectively.

The objective of this paper is to develop a Real-Time Regional lonospheric Model
(RT-RIM) over Europe using the RTS satellite orbit and clock products. GPS
observations from 60 IGS and EUREF reference stations are processed using the
Bernese 5.2 PPP module in order to produce Real-Time Vertical Electron Content
(RT-VTEC) with a spatial and temporal resolution of 1° x 1° and 15 minutes,
respectively. The single-frequency PPP obtained through the developed model is
compared with those obtained through the combined rapid IGS-GIM. The PPP
positioning accuracy and convergence time are also computed and compared with the

dual-frequency ionosphere-free PPP counterparts.

It shown that the proposed model improves the PPP accuracy and convergence time
about 40%, 55% and 40% for the horizontal, height and 3D components, respectively
in comparison with the IGS-GIM.

3.2 Proposed Real-Time lonospheric Model

The basic GPS observation equations can be expressed as follows (Kleusberg and
Teunissen, 1998):
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P, =ps+c(dt,—dt) + IS, + T + c(dr + df) + & (3.1)

@; = pi+c(dt,— dts) — IS, + T + (8, + 85)+A4N; + €, (3.2)

where P; and ¢; are the pseudorange and carrier phase measurements in meter,
respectively; p; is the satellite-receiver true geometric range; c is the speed of light
in vacuum; dt,. and dt*® are the receiver and satellite clock errors, respectively; I;;
the ionospheric delay; T,? the tropospheric delay; d,; and d; are the code hardware
delay for the receiver and the satellite, respectively; &, ; and &; are the carrier phase
hardware delay for the receiver and the satellite, respectively; A; is the wavelength of
carrier phase; N; is the non-integer phase ambiguity, and &,; and ¢, ; are the code

and phase unmodeled errors, including noise and multipath.

Geometry-free linear combinations are formed using the un-differenced carrier
smoothed code observations, which eliminate the geometrical term, tropospheric
delay, receiver and satellite clock errors as follows (Dach et al., 2007):

2
P,=Pf — P, = <1 —%) IS 4+ c(AbS + Ab,.) (3.3)
f‘z .
where P;” is the smoothed code observables; I; is the L1 ionospheric delay; c is the
light speed in vacuum; Ab*S and Ab, are the Differential Code Bias (DCB) for the

satellite and the receiver, respectively.

The DCB is the difference in the code hardware delays at two different frequencies.
The slant TEC along the satellite-receiver path can be determined based on Equation
(3.3) as follows:

£ f
403(f7 - )

STEC = ( > [P, + c (AbS + Ab,)] (3.4)
The vertical TEC can be determined using the Modified Single Layer Model
(MSLM) mapping function that assumes that all free electrons are concentrated in a
shell of infinitesimal thickness at height H. The effective height (H) corresponds to
maximum electron density at the F2 peak ranges from 350 km to 450 km. The VTEC
is determined at the lonosphere Pierce Point (IPP), the point of intersection between
the shell layer and satellite-receiver path, as given below (Schaer, 1999):
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VTEC = STEC * cos (arcsin (R f = sin(az))) (3.5)
where z is the satellite’s zenith distance at the receiver; R is the mean radius of the
Earth, and « is a correction factor. Best fit of the MSLM with respect to the JPL
Extended Slab Model (ESM) mapping function is achieved at H = 506.76 km and
a = 0.9782, when using R = 6371 km and assuming a maximum zenith distance of
80° (Dach et al., 2007).

The VTEC can be modeled on a regional scale as a function E(B, s) of the geographic
latitude (B) and the sun-fixed (s) longitude of the IPP, respectively. The regional
VTEC is expressed as a spherical harmonic expansion, which takes the form (Schaer,
1999):

Nmax n

E(B,s) = Z Z Bin(sin B) (apm cos ms + by, sinms) (3.6)
n=0 m=0
where nmax IS the maximum degree of the spherical harmonic expansion; B, are
normalized associated Legendre functions of degree n and order m; a,,,, and b,,, are

the unknown coefficients of spherical harmonics.

Substituting Equations (3.4) and (3.5) into Equation (3.6), the ionospheric spherical

harmonic model can be expressed as:

Nmax n
Z P (sin B) (ayy, cosms + by, sinms)
n=0 0

m=

_ ( f2f?
403(f2 = )

. R
* COS <arcsm (R T sm(az)))

) [P, + ¢ (AbS + Ab,)] (3.7)

where a,,,,,, bym, AbS and Ab,. are the unknowns parameters to be computed.

In order to separate the DCBs of the satellites and receivers, an additional constraint

must be used. It assumes that the sum of satellite DCBs is zero (Equation 3.8).
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3.3 Methodology

s=max

z ABS = 0
s=1

(3.8)

A regional network consisting of 60 1GS and EUREF reference stations in Europe

has been used to develop the Real-Time Regional lonospheric Model (RT-RIM)

(Figure 3.1). The station distribution represents different latitudes in order to reflect

different ionospheric characteristics. GPS observations for three successive days
(Day Of Year (DOY) 30, 31 and 32 in 2015) have been downloaded (BKG, 2015).
Table 3.1 shows the radio flux at 10.7 cm wavelength (F10.7) index (NICT-SWIC,
2015) and geomagnetic planetary (AP) index (GFZ, 2015) in the three days that

represent the solar and geomagnetic activity, respectively. As shown in Table 3.1, the

solar activity is high in the three days, while the geomagnetic activity is unsettled in

the first two days and active in the third day.
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Table 3.1 : Fio7and Ap indices for the examined days (NICT-SWIC, 2015; GFZ, 2015).

DOY Solar Flux-F10.7 ¢m Geomagnetic index- Ap
30 159 9
31 154 9
32 142 20

Each observation file has a 24-hour time span and a 30-second time interval. The
observation files have been processed using the Bernese 5.2 software package using
the PPP module. In order to produce the RT-RIM, the IGS-RTS satellite orbit and
clock products (IGS-RTPP, 2015) have been used and then have been converted into
the Bernese formats. The un-differenced code observations have been smoothed. In
the parameters estimation process, the effective height has been selected to be 450
km. In addition, a maximum degree and order equal to six of the spherical harmonic
expansion has been selected with a 15-minute interval. A group of 49 coefficients of
the spherical harmonic model has been obtained for each time epoch. Thereafter, to
extract the VTEC maps a spatial and temporal resolution of 1° x 1° and 15 minutes,
respectively, have been selected. Figure 3.2 shows the flow chart of the proposed

steps for the RT-RIM and its evaluation procedure.

[ GPS observations from 60 reference stations ] [ IGS-RTS satellite orbit and clock ]
products

= Geometry-free linear combinations (P,)

=  MSLM mapping function

= Spherical harmonic coefficients, DCB® and DCB;
estimation

GPS data from another
three stations RT-VTEC

y
[ GPSPace PPP software ]/

Figure 3.2 : Flow chart of the proposed RT-RIM.
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3.4 Results and Analysis

In order to evaluate the developed RT-RIM, GPS observations from another set of
stations (Figure 3.1 in red) were processed using Natural Resources Canada (NRCan)
GPSPace PPP software. The GPS observation time window was six hours starting
from 12 UT. The tested stations were selected to represent different latitudes (Table
3.2). The IGS-RTS precise orbit and clock products were used to account for the
satellite orbit and clock errors, respectively. For the modernised C1/P2 receivers, the
data was corrected using the P1-C1 DCBs in order to be consistent with the satellite
clock corrections convention. In addition, the tropospheric delay was modelled using
the Hopfield model with the Neil mapping function. The PPP positioning accuracy
was calculated and compared with the un-differenced dual frequency ionosphere-free
and single-frequency using the combined rapid IGS-GIM model. For the PPP
positioning processes of the dual frequency ionosphere-free and the IGS-GIM model,
the rapid IGS precise satellite orbit and clock products (IGS, 2015) were used to
remove the satellite orbit and clock errors.

Table 3.2 : Tested stations characteristics.

Station  Latitude Longitude Receiver type Antenna type
PATO 38.2837 21.7868 TPS NET-G3A ASH700936E-NONE
COMO  45.8022 9.0956 TPSE_GGD TPSCR3_GGD-CONE

GWWL  52.7380 15.2052 TRIMBLE NETR9  TRMS59900.00-SCIS

Similar convergence times are obtained for each station in the three days. For
illustration purposes, only the convergence times for station GWWL, PATO and
COMO on DOY 30, 31 and 32, respectively are shown in Figure 3.3 as examples. It
is seen that the RT-RIM accelerates the convergence time with respect to the 1GS-
GIM model.
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Figure 3.3 : PPP convergence time.

The computed PPP station coordinates were compared with those of the EUREF
final weekly counterparts. Table 3.3 summarises the mean difference for the

horizontal, height and 3D components for the three examined stations.

Table 3.3 : Positioning accuracy differences.

DOY  Station lonosphere-free Dual IGS-GIM RT-RIM
Frequency
2D H 3D 2D H 3D 2D H 3D
30 PATO 0.037 0.093 0.100 0.883 1329 1.595 0.415 0.645 0.767
COMO 0.040 0.006 0.041 0.644 -0.485 0.806 0.352 0.792 0.867
GWWL 0.018 0.147 0.148 0.956 1.296 1.610 0.634 0.317 0.709
31 PATO 0.022 0.094 0.097 1.036 1.467 1.796 0.682 -0.421 0.802
COMO 0.033 0.013 0.035 0.137 -0.574 0.590 0.241 0.375 0.446
GWWL 0.021 0.147 0.148 0.929 0.260 0.964 0.698 -0.321 0.768
32 PATO 0.034 0.089 0.095 0.947 0.212 0.971 0.957 -0.529 1.094
COMO 0.013 0.031 0.034 0.246 -0.634 0.680 0.091 -0.450 0.459
GWWL 0.029 0.132 0.135 1068 -1.161 1578 0.577 -0.170 0.602
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As given in Table 3.3, the PPP positioning accuracy is improved when the RT-RIM
is used, in comparison with IGS-GIM model. For station PATO, the 2D positioning
accuracy obtained from the RT-RIM is improved from 0.833 m to 0.415 m and from
1.036 m to 0.682 m on DOY 30 and 31, respectively. The accuracy of the height
component is also improved from 1.329 to 0.645 m and from 1.467 m to 0.421 mon
DOY 30 and 31, respectively. An exception is the results on DOY 32. For station
COMO, the RT-RIM horizontal positioning accuracy is better than that of the 1GS-
GIM, where it is changed from 0.644 m to 0.352 m and from 0.246 m to 0.091 m in
DOY 30 and 32, respectively. An exception is the results on DOY 31. The error in
the height component is reduced from 0.574 m to 0.375 m and from 0.634 m to 0.450
m in DOY 31 and 32, respectively. An exception is the results on DOY 30. For
station GWWL, the 2D positioning accuracy of the RT-RIM is also superior to that
of the IGS-GIM model, where it is improved from 0.956 m to 0.634 m, from 0.929m
to 0.698 m and from 1.068 m to 0.577 m on DOY 30, 31 and 32, respectively. In
addition, the error in the height component is reduced from 1.296 m to 0.317 m and
from 1.161 mto 0.17 m on DOY 30 and 32, respectively. An exception is the results
on DOY 31.

Figure 3.4 shows the horizontal and 3D PPP accuracy obtained through the RIM, in
comparison with those of the un-differenced ionosphere-free dual frequency and
IGS-GIM models for the three examined stations on DOY 30, 31 and 32,
respectively. It can be seen that the obtained 3D positioning accuracy is improved
when the RIM is used, in comparison with the IGS-GIM model. For instance, the 3D
accuracy for station PATO is improved from 1.595 m to 0.767 m and from 1.796 m to
0.802 m on DOY 30 and 31, respectively. For station COMO, the 3D error is
decreased from 0.590 m to 0.446 m and from 0.680 m to 0.459 m on DOY 31 and
32, respectively. The 3D positioning accuracy is also improved for station GWWL,
where it is reduced from 1.610 m to 0.709 m, from 0.964 m to 0.768 m and from
1.578 mto 0.602 m on DOY 30, 31 and 32, respectively.

It is seen that in three cases the positioning accuracy obtained from the 1GS-GIM
model is slightly better than the RT-RIM, this is because the ionospheric delay value
extracted from the 1GS-GIM is more accurate than the one extracted from the RT-
RIM, where the IGS-GIM is a combination of four analysis centres with different
ionosphere modelling methods.

27



Based on the previous results, it can be concluded that the RT-RIM typically
improved the positioning accuracy and convergence time by about 40%, 55% and
40% for the horizontal, height and 3D components respectively in comparison with
the IGS-GIM.
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Figure 3.4 : 2D and 3D positioning accuracy.
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Table 3.4 outlines the statistical parameters, including the mean, maximum,
minimum and root mean square error (RMSE) values for the positioning accuracy of
the single-frequency PPP obtained through the 1GS-GIM and the RT-RIM, in
comparison with the ionosphere-free dual frequency solution. The results show that
the positioning accuracy obtained from the RT-RIM is more accurate than that of the
IGS-GIM model

Table 3.4 : Statistical analysis for the positioning accuracy.

Statistical IGS-GIM RT-RIM
parameter (m) 2D H 3D 2D H 3D
Mean 0.733 0.106 1.084 0.489 -0.057 0.631
Min. 0.104 -1.293 0.555 0.078 -0.618 0.411
Max. 1.039 1.373 1.699 0.923 0.786 0.999
RMSE 0.325 0.904 0.409 0.250 0.499 0.183

3.5 Conclusion

In this study, a real-time regional ionospheric model (RT-RIM) using the IGS-RTS
precise satellite orbit and clock products has been developed. GPS observations from
60 IGS and EUREF reference stations over Europe have been processed using the
Bernese 5.2 PPP module. The developed model has spatial and temporal resolution
of 1° x 1° and 15 minutes, respectively. In order to evaluate the RT-RIM, the PPP
convergence time and positioning accuracy for another set of stations over three
consecutive days under high solar activity and one of them under active geomagnetic
activity, have been estimated and compared with those of the IGS-GIM and
ionosphere-free dual frequency counterparts. The findings show that the developed
RT-RIM speeds up the convergence time. In addition the overall positioning
accuracy has improved, under the mid-Ilatitude region, typically by about 40%, 55%
and 40% for the 2D, height and 3D components, respectively, with respect to the
IGS-GIM counterpart.
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4. MGR-DCB: A PRECISE MODEL FOR MULTI-CONSTELLATION GNSS
RECEIVER DIFFERENTIAL CODE BIAS

4.1 Introduction

Global Navigation Satellite Systems (GNSS) have traditionally been used to
investigate the spatio-temporal characteristics of the ionosphere Total Electron
Content (TEC), both at the regional and the global levels. For precise estimation of
the TEC, however, the Differential Code Bias (DCB) (i.e., difference in the code
hardware delays at two different frequencies) for both of the satellites and the
receiver must be accounted for. The satellite DCB values are stable over one day,

while the receiver DCBs are not as stable (Sardon and Zarraoa, 1997; Schaer, 1999).

Earlier studies focused on the estimation of Global Positioning System (GPS)
differential code bias (e.g., Arikan et al., 2008; Choi et al., 2011; Jin et al., 2012;
Keshin, 2012; Kao et al., 2013). Keshin (2012) developed a model for receiver DCB
estimation using vertical TEC values obtained from the IGS-GIM. The receiver
DCBs and vertical residual ionospheric delays were computed using the least-squares
estimation approach with linear constraints. The estimated values were compared
with those of the IGS counterparts. The results showed agreement with the 1GS

values with differences less than 1 ns.

More recently, the DCBs for the new BeiDou and Galileo multi-GNSS signals were
investigated by a number of researchers (e.g., Li et al., 2012; Montenbruck et al.,
2014; Wei et al., 2014; Zhang et al., 2014). Montenbruck et al. (2014) developed the
multi-GNSS DCB estimation model for both the receivers and satellites. The DCBs
for the legacy and modernised GPS, Galileo and BeiDou signals were determined
using data collected from the IGS-MGEX network. The IGS-GIM was used in order

to remove the ionospheric contribution from the dual frequency pseudorange

This chapter is based on the paper: Abdelazeem, M., Celik, R. N., & EI-Rabbany, A.
(2015). MGR-DCB: A Precise Model for Multi-constellation GNSS Receiver
Differential Code Bias. Journal of Navigation, 1-11. doi:
10.1017/S0373463315000922.
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differences. The estimated DCBs were compared with the group delay parameters
transmitted through the GNSS broadcast ephemeris data. The findings showed good
agreement with the broadcast parameters.

lonospheric modelling using multi-GNSS measurements has been investigated by a
number of researchers (e.g., Julien et al., 2012; Tu et al., 2013a; Tang et al., 2014;
Zhang et al., 2015). In Zhang et al. (2015), a regional ionosphere delay model is built
over China using data from BeiDou only, GPS only, and combined GPS/BeiDou.
The results show that the combined GPS/BeiDou model can significantly improve
the accuracy of the estimated TEC and DCBs.

The objective of this research is to develop a multi-frequency multi-GNSS receiver
differential code bias model. The receiver DCBs for the legacy and modernised GPS,
Galileo and BeiDou signals are estimated based on ionosphere-corrected geometry-
free linear combinations of the pseudorange observations. One way to remove the
ionospheric delay from the pseudorange differences is to use the IGS-GIM model
(Montenbruck et al., 2014). Unfortunately, however, the IGS-GIM model has a
limited spatiotemporal resolution. To overcome this problem, a Regional lonospheric
Model (RIM) over Europe is developed in this research. The developed RIM has
spatial and temporal resolutions of 1° x 1° and 15 minutes, respectively. The
accuracy of the developed RIM is validated for PPP applications. It is found that the
positioning accuracy of the proposed RIM is superior to that of the IGS-GIM, where
the RMSE values are reduced from £0.325 to 0.25 m and from +0.904 to 0.499 m,
for the horizontal and height components, respectively (Abdelazeem et al., 2016a). In
order to produce the RIM, GPS observations from a regional network consisting of
60 International GNSS Service (IGS) and EUREF reference stations are processed in
the Bernese-5.20 PPP module in order to estimate the VTEC values. The resulting
MGR-DCB model is validated for receiver DCBs estimation for three 1GS-MGEX
stations on three different days. The estimated DCBs are compared with the publicly
available IGS-MGEX values. The findings reveal that the estimated DCBs have good
agreement with the MGEX values with mean difference and RMSE values less than
1 ns. In addition, the combined GPS, BeiDou and Galileo VTEC are assessed and
compared with the IGS-GIM counterparts. It is shown that the combined VTEC
values have mean difference and RMSE values less than 1 TECU with respect to the
IGS-GIM counterparts.
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4.2 Proposed MGR-DCB Model Development

Firstly, a regional ionospheric model is developed in order to account for the effect
of ionospheric delay in the pseudorange difference equations. The basic GPS
observation equations can be expressed as follows (Kleusberg and Teunissen, 1998):

P, = pg + c(dt,— dts) + IS, + T + c(d,; + df) + &y, (4.1)

Q; = p,‘f + C(dtr— dts) - I:,i + Trs + C((Sr,i + 8f)+llNl + g(p,i (42)

where P; and ¢; are the pseudorange and carrier phase measurements in meter,
respectively; p: is the satellite-receiver true geometric range; c is the speed of light
in vacuum; dt,. and dt*® are the receiver and satellite clock errors, respectively; I;;
the ionospheric delay; T,? the tropospheric delay; d,; and d; are the code hardware
delay for the receiver and the satellite, respectively; &, ; and 6; are the carrier phase
hardware delay for the receiver and the satellite, respectively; A; is the wavelength of
carrier phase; N; is the non-integer phase ambiguity, and &,; and ¢, ; are the code

and phase unmodeled errors, including noise and multipath.

Geometry-free linear combinations are formed using the un-differenced carrier
smoothed code observations, which eliminate the geometrical term, tropospheric

delay, receiver and satellite clock errors as follows (Dach et al., 2007):

2
P,=P; —P[ = (% —~ 1>1r5 — ¢(DCB, + DCB®) (4.3)

2
where P;” is the smoothed code observables; I; is the L1 ionospheric delay; c is the
light speed in vacuum; DCB, and DCB? are the differential code bias for the receiver

and the satellite, respectively.

Based on Equation (4.3), the Slant TEC (STEC) along the satellite-receiver path can

be determined as follows:

2 f
403(f2 - f7)

STEC = ( > [P, + ¢ (DCB, + DCB®)] (4.4)

The Vertical TEC (VTEC) can be estimated using the Modified Single Layer Model

(MSLM) mapping function, which assumes that all free electrons are concentrated in
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a shell of infinitesimal thickness at height H. The effective height (H) corresponds to
maximum electron density at the F2 peak ranges from 350 km to 450 km. The VTEC
is determined at the lonosphere Pierce Point (IPP), the point of intersection between
the shell layer and satellite-receiver path, as given below (Schaer, 1999):

R
—_— 1 ] 4-5
VTEC = STEC * cos (arcsm (R T sm(az))) (4.5)

where z is the satellite’s zenith distance at the receiver; R is the mean radius of the
Earth, and «a is a correction factor. Best fit of the MSLM with respect to the JPL
Extended Slab Model (ESM) mapping function is achieved at H = 506.76 km and
a = 0.9782, when using R = 6371 km and assuming a maximum zenith distance of
80 degrees (Dach et al., 2007).

The VTEC can be modeled on a regional scale as a function E(B, s) of the geographic
latitude (B) and the sun-fixed (s) longitude of the IPP, respectively. The regional
VTEC is expressed as a spherical harmonic expansion, which takes the form (Schaer,
1999):

Nmax n

EB,s) = z z Bin(sin B) (apm cos ms + by, sinms) (4.6)
n=0 m=0
where nmax IS the maximum degree of the spherical harmonic expansion; B, are
normalized associated Legendre functions of degree n and order m; a,,,, and b,,, are

the unknown coefficients of spherical harmonics.

Substituting Equations (4.4) and (4.5) into Equation (4.6), the ionospheric spherical

harmonic model can be expressed as:

Nmax n

Z Z B (sin B) (apm cos ms + by, sinms)

n=0 m=0

_ ( f2f
403(f2 - 2)

) [P, + ¢ (DCB, + DCB%)] (4.7)

R T sin(az)))

* coS| arcsin
(aresin (7
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where a,;m, bnm, DCB, and DCB*® are the unknowns parameters to be computed.

In order to separate the DCBs of the receivers and satellites, an additional constraint
must be used. It assumes that the sum of satellite DCBs is zero as follows (Dach et
al., 2007):

s=max

z AbS =0 (4.8)

After the development of the RIM, the multi constellation GNSS receiver DCB can
be estimated through the use of Equations 4.4 and 4.5 as follows:

B 40.3(f7 = f7) A y P, — P W s 4.9
DCB, = ( o >VTEC MF ( - ) DCB (4.9)
R -1
MF = [cos (arcsin (R T sin(z)))l (4.10)

where MF is the mapping function; P, and P, are the code observations on L; and
L,, respectively; f; and f, are the carrier phase frequencies on L, and L,,
respectively; The VTEC values are extracted from the RIM file for every 15 minutes.
In addition, the satellite DCBs are obtained from the available MGEX file. The
receiver DCBs is computed every 15 minutes, thus the daily average value can be

obtained as follows:

i=n
1
DCB, 4y == ) DCB, (4.11)
=
The developed MGR-DCB model uses the unsmoothed code observations, where
there is no effect of the noise level on the estimated daily mean differential code bias
values (Montenbruck et al., 2014).

In order to validate the developed MGR-DCB model, the combined VTEC is
computed from the GPS, BeiDou and Galileo measurements by mapping the STEC
from the high elevation satellites and assuming a single VTEC for each epoch. The
combined VTEC can be obtained as follows (Tang et al., 2014):
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B = AX (4.12)

P, + ¢DCB, + cDCB*=1!

k * MFs=1
[ [VTEC] (4.13)

P, + cDCB, + cDCBs="] i « MFs=m

where n is the number of the observed GPS, BeiDou or Galileo satellites with high
elevation angle into the single epoch; k is a frequency-dependent factor,

__403(f2-f%)
k=0
for the each of the GPS, BeiDou and Galileo systems.

. It should be pointed out that the factor k has three different values

The combined VTEC is estimated from high elevation satellites under the
assumption that the computed VTEC from those satellites are approximately equal to
the VTEC values at the zenith above the receiver.

4.3 Methodology

A regional network consisting of 60 1GS and EUREF reference stations in Europe
has been used to develop the regional ionospheric model (Figure 4.1). The stations
are homogeneously distributed in different latitudes in order to reflect different
ionospheric characteristics. GPS observations for three different days (Day of Year
(DOY) 130, 200 and 362 in year 2014) have been downloaded (BKG, 2015) to
represent the ionosphere seasonal variations in May, August and December,
respectively. Each observation file has a 24-hour time span and a 30-second time
interval. An elevation cut-off angle of 20° has been used. The files have been
processed using the PPP module in the Bernese-5.20 software package. In order to
produce the RIM, the IGS final satellite orbit, satellite clock and earth orientation
parameters have been used (IGS, 2015) and then have been converted into the
Bernese formats. The un-differenced code observations have been smoothed. In the
parameters estimation process, the effective height has been selected to be 450 km.
In addition, a maximum degree and order equal to six of the spherical harmonic
expansions have been selected with a 15-minute interval. A group of 49 coefficients
of the spherical harmonic model has been obtained each time epoch. Thereafter, to
extract the VTEC maps a spatial and temporal resolution of 1° x 1° and 15 minutes,

respectively, have been selected.
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Figure 4.1 : Reference stations distribution (with triangle shape) and examined
stations (with asterisk shape).

In order to estimate the receiver differential code bias, The MGR-DCB model has
been developed. A FORTRAN code has been written as per the flowchart shown in
Figure 4.2. The VTEC values have been extracted from the RIM file at a 15-minute
time interval. The estimation of the satellite DCB needs a well-distributed network,
however, only three stations have been examined, therefore the satellite DCBs
available from MGEX website (MGEX, 2015) has been used.
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Combined VTEC IGS-GIM
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Figure 4.2: Flow chart of the developed MGR-DCB.
4.4 Results and Analysis

In order to assess the developed MGR-DCB model, the receiver DCBs for another
set of reference stations was computed (Figure 4.1). The DCBs for the EUREF
stations were not available, therefore only the MGEX stations were examined. The
examined stations were selected to represent different latitudes and receiver types
(Table 4.1). The legacy GPS DCBs for the P(Y)-code on the L1 and L2 tracking
signals (C1W-C2W) was assessed. In addition, the DCBs for the GPS L1 C/A
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tracking and the L2 P(Y) tracking (C1C-C2W) was computed. Thereafter, the DCBs
for the modernised GPS civil L5 signal with the different tracking mode used by the
MGEX receivers (i.e., C1C-C5Q and C1C-C5X) were determined. For the BeiDou
system, the DCBs for the three signals B1, B2 and B3 (C21-C6l and C2I-C71) were
evaluated. For the Galileo E1, E5a, E5b and E5 signals, the DCBs for the receiver
pilot-tracking mode, indicated by C1C-C5Q, C1C-C7Q and C1C-C8Q were
determined. In addition, the C1X-C5X, C1X-C7X and C1X-C8X DCBs for the
receiver combined (pilot and data) tracking mode were estimated.

Table 4.1 : Examined stations characteristics.

Station Latitude Longitude Receiver type Antenna type

VILL 40.4436 356.0480 SEPT POLARX4 SEPCHOKE_MC NONE

BRUX 50.7980 4.3585 SEPT POLARXA4TR JAVRINGANT DM
NONE

DLF1 51.9860 4.3875 TRIMBLE NETR9 LEIAR25.R3 LEIT

Table 4.2 outlines the estimated multi-GNSS receiver DCBs for the examined
stations in the three days and for the different receiver tracking modes. It is shown
that the estimated DCBs from the MGR-DCB model have good agreement with the
IGS-MGEX values.

Figure 4.3 shows the mean difference and the RMSE of the receiver DCBs obtained
from the MGR-DCB with respect to the IGS-MGEX DCBs values. For the legacy
GPS C1W-C2W DCBs, it is shown that the mean difference is about -0.31 ns and
0.11 ns for station VILL and BRUX, respectively. For their RMSE values, they are
about +0.14 ns and 0.08 ns, respectively. The mean difference of the C1C-C2W DCB
for station DLF1 is about 0.21 ns with £0.08 ns RMSE value. For the modernised
GPS L5 signal, the discrepancy between the estimated and MGEX is about -0.12 ns,
0.34 ns and 0.34 ns for station VILL, BRUX and DLF1, respectively. In addition, the
RMSE values are about £0.06, 0.23 and 0.33 ns for station VILL, BRUX and DLF1,

respectively.
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Table 4.2 : Estimated DCB values.

DCB Station DOY 130 DOY 200 DOY 362
MGEX Estimated MGEX  Estimated MGEX Estimated
(ns) (ns) (ns) (ns) (ns) (ns)

GPS

C1W-C2W BRUX 8.80 8.63 8.15 7.98 8.09 8.10
VILL 6.22 6.55 5.22 5.36 4.98 5.45

Cic-c2w DLF1 -17.38 -17.70 -17.79 -17.99 -17.97 -18.09
C1C-C5Q BRUX -1.38 -2.04 -2.82 -3.06 -0.88 -1.00
VILL -2.62 -2.53 -4.17 -4.11 -4.08 -3.88

C1C-C5X DLF1 -17.60 -18.42 -18.83 -18.93 -19.16 -19.28

BeiDou

C21-C71 BRUX 19.35 19.66 19.28 18.54 20.55 20.41
VILL 16.52 15.94 15.75 14.98 16.70 17.53

C21-Cel DLF1 45.35 45.04 44,74 43.88 46.19 45.59
C21-C71 DLF1 21.53 21.20 21.14 20.35 23.04 22.52

Galileo

C1C-C5Q BRUX 1.06 0.13 1.26 1.40 2.88 291
VILL 0.14 -0.03 -0.59 0.24 -0.43 0.29

C1C-C7Q BRUX 12.62 11.72 12.70 12.74 13.04 13.07
VILL 10.54 10.33 9.93 10.67 10.08 10.67

C1C-C8Q BRUX 8.74 7.93 9.01 9.14 9.78 9.72
VILL 7.39 7.30 6.88 7.58 6.99 7.65

C1X-C5X DLF1 -0.47 -0.81 0.27 0.09 -0.46 -0.66
C1X-C7X DLF1 1.77 2.04 2.46 2.35 241 2.78
C1X-C8X DLF1 -0.16 -1.13 0.73 0.15 0.35 0.51

The BeiDou (C2I-C7I1) differential code bias estimated from the MGR-DCB model
show offsets from the MGEX values about 0.17, 0.19 and 0.55 ns with RMSE values
about £0.71, 0.43 and 0.19 ns for stations VILL, BRUX and DLF1, respectively. The
BeiDou B3 signal can be tracked by station DLF1, thus its C2I-C6l DCB shows a

mean difference of 0.59 ns with a RMSE value of £0.22 ns.

The resulting Galileo E1-E5a differential code biases exhibit mean differences from
the MGEX values about -0.46, 0.26 and 0.24 ns for stations VILL, BRUX and DLF1,
respectively. In addition, the RMSE of the VILL, BRUX and DLF1 are +0.45, 0.48
and 0.07 ns, respectively. For the resulting E1-E5b DCBs, the mean discrepancies
are -0.37, 0.28 and -0.17 ns, while the RMSE values are +0.42, 0.44 and 0.20 ns for
stations VILL, BRUX and DLF1, respectively. The mean differences for the
estimated E1-E5 DCBs are -0.42, 0.25 and 0.46 ns with RMSE values +0.36, 0.41
and 0.47 ns for stations VILL, BRUX and DLF1, respectively.
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Figure 4.3 : DCBs mean and RMSE values.

It is shown from the above results that the mean difference between the estimated
receiver DCBs and MGEX counterparts is less than 1 ns. In addition, the RMSE for
the three examined stations is also less than 1 ns. This level of agreement means that
the ionospheric correction values obtained through the developed regional
ionospheric model are accurate. However, the station location contributes to the
accuracy of the computed ionospheric value. This appears for station DLF1, where
the mean difference is large (Figure 4.3). This is due to the fact that station DLF1 is

located at the border of the developed ionospheric model as shown in Figure 4.1.

In order to validate the model, the Combined Vertical Total Electron Content
(CVTEC) are computed from the GPS, Galileo and BeiDou measurements and then

compared with the IGS-GIM counterparts. For illustration purposes, only the VTEC
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profiles for stations VILL, BRUX and DLF1, respectively on DOY 130 are given in
Figure 4.4.
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Figure 4.4 : VTEC profiles on DOY 130.
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Figure 4.5 illustrates the mean differences and RMSE values of the CVTEC with
respect to the IGS-GIM counterparts for the three examined stations. It is shown that
for station VILL the mean difference is about 0.4226 TECU with RMSE value about
+0.5833 TECU. For station BRUX, the mean discrepancy is -0.2454 TECU, while
the RMSE is £0.8528 TECU. In addition, the mean difference and RMSE values for
station DLF1 are 0.8259 TECU and +0.6881 TECU, respectively.

Statistical Parameters
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Figure 4.5 : Statistical parameters for the CVTEC differences.

4.5 Conclusion

In this paper, a Multi-frequency multi-GNSS Receiver Differential Code Bias
estimation model has been developed using the ionosphere-corrected geometry-free
linear combinations of the pseudorange observations. In order to correct the
pseudorange differences from the ionospheric delay, a Regional lonospheric Model
over Europe has been developed using GPS observations. The developed RIM has
spatial and temporal resolutions of 1° x 1° and 15 minutes, respectively. To validate
the proposed model, the receiver DCBs for GPS, Galileo and BeiDou signals have
been estimated for three MGEX stations over three different days. It has been shown
that the estimated DCBs have good agreement with the MGEX values, with mean
difference and RMSE values less than 1 ns. In addition, the combined GPS, BeiDou
and Galileo VTEC have been assessed and compared with the IGS-GIM
counterparts. The findings showed good agreement with the 1GS-GIM values with
mean difference and RMSE values less than 1 TECU.
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5. CONCLUSION AND RECOMMENDATIONS

5.1 Conclusion

The main objective of this study was to develop a regional ionospheric delay
correction model for single-frequency precise point positioning users in Europe. The
spatial and temporal resolutions of the newly developed model were 1° x 1° and 15
minutes, respectively. GNSS observations from a regional network consisting of a
number of IGS and EUREF stations were used. The model was developed for post
processing (i.e., RIM) and real-time (i.e., RT-RIM) applications. The recently
launched IGS-RTS satellite orbit and clock products were used in order to produce
the RT-RIM. In order to validate the resulting RIMs, single-frequency PPP
convergence time and positioning accuracy for another set of stations were estimated
and compared with those of the IGS-GIM counterparts. lonosphere-free dual

frequency PPP was used as reference.

A multi-constellation GNSS receiver differential code bias estimation model was
also developed. The receiver DCBs for GPS, Galileo and BeiDou signals were
estimated using the ionosphere-corrected geometry-free linear combinations of the
code observations. A regional ionospheric model over Europe was developed in
order to mitigate the ionospheric delay from the pseudorange differences. The
developed RIM has a spatial and temporal resolution of 1° x 1° and 15 minutes,
respectively. To validate the proposed MGR-DCB model, the receiver DCB values

for three MGEX stations were estimated and compared with the MGEX counterparts.

It has been shown that the developed RIMs achieve a decimetre-level positioning
accuracy and accelerated the convergence time. The positioning accuracy of the
developed RIMs was found superior to that of the 1GS-GIM, particularly in the
height component. The proposed RIM, for instance, improved the PPP accuracy by
about 20%, 45% and 45% for the 2D, height and 3D components, respectively, in
comparison with the 1GS-GIM model. For the newly developed RT-RIM, the PPP

accuracy was also improved by about 40%, 55% and 40% for the horizontal, height
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and 3D components, respectively, with respect to the 1GS-GIM counterparts.
Therefore, this promising positioning accuracy can be used in many applications,
including GIS, hydrographic survey and remote sensing applications.

For the proposed MGR-DCB model, the results showed that the estimated receiver
DCB values have good agreement with the IGS-MGEX counterparts, with mean
difference and RMSE values less than 1 ns. In addition, combined GPS, Galileo and
BeiDou VTEC values showed good agreement with the IGS-GIM counterparts, with
mean difference and RMSE values less than 1 TECU. As a result, the developed
MGR-DCB can be used for precise ionosphere monitoring and space weather

applications.

5.2 Recommendations

A number of points can be given for further investigations:

= Developing a RT-RIM using the IGS-RTS products for other systems (i.e.,
Galileo and BeiDou).

= Developing a real-time MGR-DCB model using the IGS-RTS products.

= For the MGR-DCB development, using a physical model (e.g., NeQuick or
IRI models) to remove the ionospheric delay from the pseudorange

differences, as opposed to the RIM, should be investigated.
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