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Abstract

Structural health monitoring requires precise techniques with high accuracy, due to the relatively
small deformations that can be found in many structures. It has been proved that GPS is capable of
detecting the characteristics of the response of flexible structures.

Although GPS can be applied for displacement monitoring, some existing constraints may limit the
accuracy of the monitoring application. Some sources of these limitations are the multipath error,
random noise, cycle slips and the geometry of the satellite constellation. Studies have been conducted
to overcome these limitations using a combination of the GPS and other sensors: geodetic (e.g.
Robotic Total Stations) or non-geodetic (e.g. accelerometer). Although these studies succeeded
generally to reduce the effects of these limitations, they are still restricted on specific cases of
monitoring, due to difficulties of using the accelerometer for monitoring static or quasi-static

displacements and RTS due its limited range.

The introduction of the Global Navigation Satellite Systems (GNSSs), apart from GPS, such as
GLONASS, BeiDou, and Galileo provides an alternative solution by combined GPS data with
additional observations from other GNSS constellations to overcome GPS-only limitations.
Therefore, the current study aims to develop a multi-GNSS method for structural health monitoring.
The integration of different constellations contributes to improving the accuracy and availability of
the solution, which allow the structural response and its characteristics effectively. The positioning

performance in this study is investigated and achieved in three conducted stages:

Firstly, a series of GNSS zero baseline measurements are conducted simultaneously for 12
consecutive days in the UK and China sites to investigate the noise level of different GNSS solutions.
The main aim is to investigate the correlation between the geometry of satellite constellation and the
performance of the GPS-only and multi-GNSS solution. It is proved that for periods of poor GPS-
only solution, due to the satellite constellation or problematic satellites, the multi-GNSS solution

leads to more accurate and of higher availability solution.

Secondly, short baselines of GNSS measurements of static (1 Hz) and kinematic (10 Hz and 20 Hz)
observations are collected to evaluate the precision and accuracy of different GNSS solutions.
Following the same analysis approach and using the 3D best fitting of non-linear least squares
adjustment models, it is proved that the multi-GNSS solution is significantly improved in comparison
with the GPS-only solution for periods of weak geometry or problematic satellites. This can be
attributed to the geometry improvement of the combined solution, which can reach 30% for GDOP

values.

Finally, the GNSS measurements are investigated at the Severn Bridge and the Forth Road Bridge in
the UK for real structural monitoring of long-span suspension bridges. The analysis was based on an

assessment of workflow methodology applied in this study. The noise level of GNSS data was



assessed by zero baseline at the base station of the Severn Bridge. It was approved that the combined
GPS/GLONASS solution reduced the noise level and led to more accurate results with less
discontinuous time intervals. Regarding the spectral analysis, the GPS-only solution led to higer
noise level of the spectrum and less easy to be detected peaks for some intervales relatively to the
spectra of the multi-GNSS solution.

It was inferred from the results presented in the current study that the noise errors and discontinuity
problems, as well as other limitations of the GPS-only solution, were significantly reduced and
improved by combined GNSS solution. These findings are promising for many real structural

monitoring applications.



Acknowledgement

There is a tremendous number of people to whom | owe my sincere gratitude, naming all of them is
impossible. However, this thesis would not have been completed without the support and

contribution efforts of many people who deserve to be acknowledged in the following.

Firstly, it is with great pleasure that | acknowledge my thanks to my supervisors, Dr Craig Hancock,
Dr. Panos Psimoulis, Professor Gethin Wyn Roberts and Dr Lukasz Bonenberg for their

encouragement, guidance, numerous support and valuable suggestions throughout my research.

| gratefully acknowledge my internal assessor Dr. Xiaolin Meng for his constructive suggestions with
continuous support. Thanks to him for providing me with a required data gathered on the Forth Road
Bridge with the GeoSHM system sponsored by the European Space Agency. My deepest gratitude
goes also to my external examiner Mr Chris Brown for his valuable comments and feedback.

Many thanks to Mr Huib De Light and Dr. Xu Tang for collecting experimental data that carried out
in Ningbo Campus at China, as a collaboration with Nottingham University in the UK. Mr Sean Ince
in NGl is also acknowledged for his help.

I would like to express my great appreciation to Dr. Abbas Hameed for his continuous support and
invaluable advice. Thanks also go to my colleagues Dr. Bashar Alsadik and Dr. Jareer Jaber for their
help. I am grateful to Dr. Mohammed Al-Asadi for his help and all the friends who supported me.

I cannot describe my thanks to my parents for their sacrifices and encouragement along my life to
get more success. A special thanks to my father who is passing away with a hope to see me getting a

PhD. My most profound gratitude to my mother for her support, her tears and prayers.

My most profound gratitude to my family of my wife, my children “Zahraa, Ali and Mohammed-
Ridha”, brothers and sisters for their patience, unlimited support, understanding and prayers. For my
small family “my wife and my kids” who stood beside me, | owe them an apology for spending most

of my time in research during my study.

| also acknowledge the financial support of my sponsor through the Iragi Ministry of Higher
Education and Scientific Research (MOHESR). | extend my thanks to the Iraqi Cultural Attaché in
London for their support during the four years of my study. | would also like to introduce my
gratitude to the College of Engineering at the Baghdad University for offering me the opportunity to
study at the Nottingham University, in the UK.






Publication Works

» Published Papers

= MSAEWE, H. A., HANCOCK, C. M., PSIMOULIS, P. A., ROBERTS, G. W., BONENBERG, L. &
DE LIGHT, H. 2017b. Investigating multi-GNSS performance in the UK and China based
on a zero-baseline measurement approach. Measurement, 102, 186-199.
http://dx.doi.org/10.1016/j.measurement.2017.02.004

= MSAEWE, H., HANCOCK, C., PSIMOULIS, P., ROBERTS, G. & BONENBERG, L. 2017a.
Assessment of the Effects of Combining Multi-GNSS Constellations on the Solution
Accuracy and Availability. FIG Working Week 2017. Helsinki, Finland, May 29-June 2,
2017.

= MSAEWE, H. A., HANCOCK, C. M., PSIMOULIS, P., ROBERTS, G. W. & BONENBERG, L.
2017. Monitoring dynamic deflections at towers of the Severn Suspension Bridge in the
UK using GNSS technique. International Symposium on GNSS, 10-13 December 2017.
Hong Kong, China.

» Paper Under Submission
= MSAEWE, H., PSIMOULIS, P., HANCOCK, C., ROBERTS, G. & BONENBERG. The
contribution of multi-GNSS in bridge monitoring: The Severn Suspension Bridge in the UK

as a case study.



Vi




Vil

Table of Contents

AADSTFACT. ... bbbt i
ACKNOWIEAGEMENT ...ttt iii
PUBHCALION WOTKS. ...ttt %
TaDIE OF CONTENTS ...ttt bt vii
LEST OF FIQUIES ...ttt bbb e ettt b et n s Xiii
LIST OF TADIES ... ettt n e podlll
LiSt Of ADDIEVIALIONS ....ceoiiiiiece e XXV
Chapter 1 INTrOQUCTION .......oiiiiiiiii bbb 1
I 2 T Tod (o {1 T IS S S 1
1.2 AIMS ANA ODJECHIVES ..ottt sttt sttt e be e e s beereestesreenee e 3
G Yy daToTo (o] [oT )Y 0SSR 5

1. 4 Contribution t0 KNOWIEAGE.........civiiieieieie ettt st re e re e 6

1. 5 TNESIS OULHNES. ...ttt 7
Chapter 2 : LIterature REVIEW ..........coi it 9
2. L INEPOTUCTION ...t bbbttt bbbt 9
2. 2 GPS Measurements for Structural MONItOriNg..........cccoeiiiieii i 10

2. 3 Experimental Assessment of GPS Accuracy for Structural Monitoring............cccceeeeennnnne. 13

2. 4 GPS Measurements for Bridge MONITOIING ..........coeiviiiiiiniieneeee e 19
2.5 Limitations of GPS IMEaSUIEMENTS .........coiuiiiirieieieisieee et 23
251 Existing Solutions to GPS LimMitations............ccoouveiiieneieieissese e 25
2.5.1.1 Integration of GPS and Other SENSOIS ..........cccevererericiieieireseee e 25
2.5.1.2 Digital Signal Processing by Filtering TeChNIQUES .........ccecvrirenenenciieiceeene 28

25.2 The Suggested Technique of Combined GNSS to Overcome GPS Limitations...... 29
Chapter 3 : An Overview of the Global Navigation Satellite Systems (GNSSS).........ccccccveuenee. 31
3. 1 Constellations of MUILI-GNSS ..o 31
311 The Global Positioning System (GPS).......ccccoiiiiieieiiee e 31

3.1.2 GLONASS . 32



3.13 GAIIEO ... 34
3.14 BEIDOU. ...ttt 34

3. 2 GINSS EFTOI SOUICES ..ottt 37
3.21 Satellite Orbit and CIOCK EITOIS .........ooiiiiiirieicieisesese et 38
3.2.2 ATMOSPNEIIC EITOIS. ... 40
T R (o] o To Yo o =T (ol - - USSP 41
3.2.2.2  TropPOSPNEriC DEIAY ..cccciieiiiiiiiesiee ettt ettt ie e e sre e s e e esaee e sbeeenes 44
3.2.3 Receiver and Site Dependent ErTOrS.........ccooviiiieie i 46
3.2.3.1  Receiver Measurement NOISE .........couririrerierieieieeeiest et 46
3.2.3.2 0 IMUILIPAIN ot 48
3.24 Other GNSS Errors (Satellite and Receiver Hardware)..........ccccoveevvvnennncnencnienns 50

3. 3 GNSS Observation EQUALTON ...........coviiiiiiieiiiiesieeee et 52
3. 4 GNSS Relative Precise Positioning with Double-Differencing ..........ccccoceovinininincnenenns 54
3. 5 Processing OF GNSS Daatal..........coueiueiiiriiiisiesiesie ettt 56
351 AMDIGUILY RESOIULION. ...t 56
3.5.2 CYCIE SHIPS ..ttt bbb 59
3.5.3 Dilution of Precision (DOP) .......ccoiiiiiiiiieieisieest e 62
354 Code-Multipath Detection of MP1 and MP2..........ccccooiiiiiiiiiceeeee e 64

3. 6 The Combined Solution of GNSS Constellations ...............cccoeviriiieiiii 66
3. 7 Chapter SUMIMAIY .....cciiieie ettt et st e e te e be st e e b e s besse e sbesbeenbesbeeseesbesaeeneenreans 67
Chapter 4 : Investigation of the Noise Level in Multi-GNSS Measurements...............c.c.ccou.... 69
A, L INEFOTUCTION ...ttt bbbt 69
4. 2 GNSS Zero Baselines EXPEIIMENTS........c.ccviiiiiiiiiieeiecte et e et sre st sresne s 70
421 Zero Baseline at the UK SIe ........coiiiiiiicc e 71
4.2.2 Zero Baseline at the China SIte ... 72
B (0001t | oo OSSPSR 74
4. 4 Preliminary ANAIYSIS .......ooiiiioiiiee ettt seeeneenrenneas 75
44.1 Preliminary Analysis at the UK SIte..........cooiiiiiiiiieeeee e 75

4472 Preliminary Analysis at the China SIte ... 80



4. 5 Data QUAlItY ANAIYSIS ....veeieiiiiic et 85
4. 6 Availability and Positioning PreCiSiON ..........ccccvciiieiie i 89

4.6.1 Availability and Precision at the UK Site ........cccccoveviiiiiiiiiiceece e 89

4.6.2 Availability and Precision at the China Site............ccoceriiiiiininineeeee 93
4.7 Noise and Satellite Geometry Correlation ..o 99
4. 8 SPECLIAl ANAIYSIS. ... .o 105
4. 9 Different Scenarios of Satellite ODSLIUCTION ...........ccvoiiiiiieieee e 107
4. 10 Chapter SUMIMEIY .....cc.ooveieieieterieste sttt se e e et b e ab e b nn e n e e e e eneeneas 110

Chapter 5 : Performance Assessment of Static and Kinematic Short Baselines with Multi-

GINSS MEASUIEIMENTS ...ttt sttt ettt r e e b e sr e se e b e sneennesreenenresneene s 111
5. L INEIOTUCTION ...ttt bbb 111
5. 2 Description of the Short Baselines EXPerimentS...........coviirerieieieiisisesesese e 112

521 Short Baseling in a Static MOGE ..........ccveiiiiiiiec s 114
5.2.2 Short Baselines in a Kinematic MOGe ...........cccocooiiiiiniiieceseese s 114

5. 3 ProCesSING the DALA.......ccccuiiieiiiiiiie ettt te e s e ere e besreesresteeneesras 115
5. 4 Results of @ StatiC BASEINE ..........coiviiiiiiieie s 116
5. 5 Results of the Kinematic EXPEriMENT .........cccciviiiiiiciiiecee et 123
55.1 Accuracy and Precision of Kinematic GNSS Solutions............ccccoeevieiieiiieennn, 126
5.5.1.1 Fitting to Find the Optimum SUITaCe ........cceevreeceeieeeeeee e 128
5.5.1.2  Mathematical Model and ASSESSIMENT.........cccoereererirrerinereenieere s 130
5.5.2 Frequency 1dentifiCation ..........ccocooeiiiiieiii s 134
5.6 SUMMArY and CONCIUSIONS........cviiiiitiiiiite e 136

Chapter 6 : The Contribution of Multi-GNSS Applied in Real Cases of Bridge Deformation

Vo] a1 o] g1 o1 [OOSR PT PRSP 139
B. 1 INEFOAUCTION ...ttt bbbttt bt ans 139
6. 2 Proposed MethodoIOgY .........coviieiieiee e 140
6. 3 Severn Bridge MONITOTING. .......ccvi ittt see e e 143

6.3.1 Severn Bridge DeSCHPION ......cccooeeiieeieseeee et 143

6.3.2 Monitoring Points and MeaSUrEMENTS...........cceccveieereereesre e e e e e s e seesee s 143



6.3.3 Tracking Multi-GNSS Constellations.............ccooeiiiiieiiii i 145

6. 4 Pre-Processing Analysis of the Severn Bridge Measurements..........cccoocevveveveevesieesneseenn 146
6.4.1 L@y (o] [T T oI =] (=Tt o] o USRS 147
6.4.2 MUIEIPALN DEECTION ... 149
6. 5 Processing the Severn Bridge Data ...........coviiierieieiisieenes e 151
6. 6 NOISE ASSESSIMIENT ...ttt b b b et b bbb e n e 153
B. 7 AANAIYSIS ...ttt 155
6.7.1 AVATHADTHLY ANAIYSIS ... 155
6.7.2 Derived Displacement of the Severn Bridge MONItoring ..........ccooevvvvrenenienennene 157
6.7.2.1 Derived Displacement at TOWEr StatioNnS .........ccecveerirererenierereeeeeeese e 157
6.7.2.2  Derived Displacement at Mid-Span Stations..........c.cceceeeereeveriecerieneese s 161
6.7.3 Frequency Response at the SEVErn Bridge .......ccccevvvieveiecie s 164

6. 8 BeiDou/Galileo Satellites in the Severn Bridge monitoring.........c.ccoceevvvevvevivieeveseese e 170
6. 9 Forth Road Bridge MONITOIING ......ccveiviieiiiecie ettt ettt 173
6.9.1 Forth Road Bridge DeSCIiPLiON..........ccccviiieieie et s 173
6.9.2 Monitoring Stations on the Forth Road Bridge .........cccccevveviiiiiiicieiiecc e 173

6. 10 Pre-Processing Analysis at the Forth Road Bridge............ccooviiereieiciinieni e 174
6. 11 Fixed Solution Availability at the Forth Road Bridge...........ccccocereiiieiiiiineee 177
6. 12 Derived Displacement at the Forth Road Bridge............ccooviviiiiiieiii e 179

6. 13 Comparison of GLONASS-Only and GPS-Only Positioning at the Forth Road Bridge .. 187

6. 14 The Frequency Response of the Forth Road Bridge...........cccveierereieiiniinin e 190
6. 15 Chapter SUMIMAIY ......coiiiiiieieieiei ettt ettt bbb 192
Chapter 7 : Conclusions and ReCOMMENELIONS ..........ccoeiiiiiiriiiiie e 195
7. L CONCIUSIONS ...ttt bbbttt b bbb e e 195
7.11 The Noise Level in Multi-GNSS Measurements...........ccoceverereinniinienienenesenieens 195
7.1.2 Achievable Accuracy of Multi-GNSS Measurements.........ccocvevevvreiienesiennnnnns 197
7.13 Bridge Deflection Monitoring with Multi-GNSS.............ccoooiiiiii e 197

7. 2 Recommendations for FUtUre WOrkK ... 198

LR LS =] =T (oY TR 201



Appendix-A: Least Squares (LS) Adjustments for Fitting a 3D Surface..........c.cccceevvvennne. 221
ALLFILHING @ SPNEIE ..ottt st e be e e s beetaesreane e 221
A2 FIttiNg @ 3D CirCle.. ..ottt ne e s 222
AZ FIttING 8 CYNNUET ..o 224

Appendix-B: Other Results of Severn Bridge monitoring ..........ccccoovvviiinineneneneeeees 225

Appendix-C: Other Results of the Forth Road Bridge. .........cccooeiiiiiininiinineneeeeee 231



Xii




Xiii

List of Figures

Fig. 2.1 (a) Calgary Tower (Lovse et al., 1995) and (b) a high steel tower (Tamura et al., 2002).

Fig. 2.2 (a) Data points of 16-h measurements (1cm/30s), (b) Stuttgart TV-tower and (c)

industrial chimney of Opole Power station (Breuer et al., 2002). ..........cccocvevvevviiveveseeriene. 11

Fig. 2.3 (a) View of the Republic Plaza Building, (b) GPS results of estimated displacement
and the corresponding power spectral density and (c) accelerometer results (Hristopulos
BL AL, 2007). 1oriiiciice e re e e be e e teareetenreareenre s 12

Fig. 2.4 (a) Photo of the experimental model, (b) schematic of the test set up and (c) schematic
of a full-scale of building (Celebi and Sanli, 2002)...........ccccooireieieiiniiie e 13

Fig. 2.5 (a) Schematic of vibration test, comparison of detected displacement by RTK-GPS
and actual one measured by wire displacement transducer DIS in (b) y=2 cm for
different frequencies and in (¢) f=2.0 Hz for different displacements (Tamura et al.,

Fig. 2.6 (2) Schematic of experimental device of rotating rod (Im et al., 2013), (b) comparison
between real and recorded orbit, plot of horizontal coordinates recorded by rotating
rover versus time in (c) ideal cylinder plot, while in (d) represent some detected outliers
(Nickitopoulou et al., 2006). .......c.coiiieiieieeieie et e e st sbe e be e re s 15

Fig. 2.7 (a) Schematic and a photo of an experimental apparatus, (b) time series of derived
displacements with different frequencies and (c) frequency results by FFT (Psimoulis et
L., 2008). ..ot r ettt ettt st r et ne st e et e re s 16

Fig. 2.8 (left) photo and details of stell pedestrian bridge and (right) time series of vertical
displacement detected from GPS data (a-c), while (d) represent the recorded

acceleration (Moschas and Stiros, 2011). .....cccoviieiiiiieieie e 17

Fig. 2.9 The locations of the monitoring stations on the London Millennium Bridge (Roberts
BL ALL, 20048)... ..o ettt ettt neeer e ettt e teebeetenteeneenaeas 20

Fig. 2.10 Schematic of the Forth Bridge and distributed points (Roberts et al., 2014).................... 21

Fig. 2.11 (left) Locations of attached monitoring stations at Forth Road Bridge and (right) the
time series of 10-min mean response for vertical and lateral components (Psimoulis et
B, 2007 oottt e et et e b e nr e b et et et e e reann 22

Fig. 2.12 (a) Monitoring points in Severn Bridge, (b) choke ring antenna attached to the cable,
(c) time series of apparent deflection and (d) detected frequency (Roberts et al., 2015).



Xiv

Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

2.13 (a) Schematic of the experiment of passing train nearby GPS antenna, (b) the derived

Up time series at a specific event and (c) phase residual of observed satellites (Moschas

AN SEIFOS, 2014)..... e ceeeeie it ettt sttt e st e stesteareesteete e e saeeneenreereeneenre e 24
3.1 BeiDou system with various orbit types (Shi et al., 2013)..........cccceriririinininineseeee 35
3.2 Frequency bands for the four GNSS constellations (Subirana et al., 2013)...........c.cccenee. 37
3.3 SKetCh Of GINSS EITOI SOUITES ....c.veuvereeiieieiiisiesies ettt 38
3.4 Double difference between receivers "r" and "b" to two satellites "j" and "k". .................. 55
4.1 Zero baselines experiment setup (Msaewe et al., 2017D). .......cooereieieiniiiniiceeee 70
4.2 Set up of zero baseline experiment in the UK Site. ... 72

4.3 (a) Leica AR-25 GNSS antenna and (b) GPS/GNSS RMS18 Splitter 8-way used in

zero baseline experiment at China SIte. .......c.cvoiiii i 73

4.4 GPS time series of E-component of zero baseline using different options of AR (Leica
Receiver 05/03/2015) at the UK SIte. .....cciviiiiiee ettt 75

4.5 GPS valid satellites tracking by Leica and Trimble receivers at the UK zero baseline

along 1st h on 05/03/2015, each receiver represent the base one..........cccooeveviveiecive e, 76

4.6 GPS time series of the zero baseline records of two types of receivers for the UK site,

(left) time series with Leica receivers and (right) for Trimble receivers on 05/03/2015. ...... 76

4.7 Autocorrelation of E, N and U components of zero baseline of GPS records of Fig.

T USROS 77
4.8 GLONASS time series of the zero baseline records of two types of receivers for the

UK site, (left) time series with Leica receivers and (right) for Trimble receivers on

05/03/2015. ...ttt ettt eete ettt nn e enes 78
4.9 Autocorrelation of E and N components of GLONASS records of Fig. 4.8...........c.cccue..... 78

4.10 Comparison between two daily time series of GPS-only solution achieved with two
pairs of Leica and Trimble collocated receivers for the UK site on 05/03/2015.................... 79

4.11 (a) The visibility of BeiDou satellites that tracked by Leica receivers for 24h at the
UK site on 05/03/2015 and (b) the sky-plot of tracked satellites. ............ccccevvvrivevviivirernnnne 80

4.12 (a) The visibility of GPS satellites for the first hour at China site on 05/03/2015 and
(b) the sky-plot of tracked SAtEIITES. ........ceoiiiieieee e 81

4.13 GPS time series of the zero baseline records by four pairs of receivers at China site,
ON 057032015, ettt e st e e e b e e s b e e e s bt e e sa b e e s b e e e b e e eb e e e ebae e e bereeaeeeeaes 81



XV

Fig. 4.14 Autocorrelation of E and N components of zero baseline of GPS records of Fig. 4.13.

............................................................................................................................................... 82
Fig. 4.15 (a-c) the zero baseline components achieved with a GLONASS-only solution by

Septentrio and Javad receivers, (d) comparison of a number of valid satellites and (e)

the GDOP values produced for 24h at China site on 05/03/2015. ........cccocvivevvieecnieeienine 83
Fig. 4.16 (a) The visibility of BDS satellites for the first hour at China site on 05/03/2015 and

(b) BDS sky-plot of tracked Satellites. ..........cooiiiiiiiieiiic e 84
Fig. 4.17 Time series of BDS-only solution for three components and 3D residual at China

SItE ON 05/03/20L5.....cceee ettt sttt ettt ste s et sre et e neetenreenee it 84
Fig. 4.18 Autocorrelation of U-components of zero baseline of BDS records of Fig. 4.17. ........... 85
Fig. 4.19 Time series of U-components of GPS-only at China site (a) apparent solution (b)

refinement solution after excluding weak satellites. ........c.cccoovviviiiiiiiicci e, 86
Fig. 4.20 Analysis to detect the problematic and weak satellites along the interval 12:00-13:00

at China site (a) time series of U-components of GPS-only (b) valid observed satellites

(c) corresponding elevations of satellites (d-e) residual analysis on L1 (f) SNR1 (g-h)

residual analysis on L2 and (i) SNR2. .......ccoovi it 86
Fig. 4.21 Sequential improvement of time series of U-components of GPS-only at China site

(a) apparent solution (b) Excluding GO1 satellite (c) Excluding G01, G04 and G11

T 1] LSRR 87
Fig. 4.22 The time series of GPS-only at China site (top), valid satellites (middle) and elevation

angles and SNR2 of valid satellites (DOttOM). .........ccooiiiiiriiiece s 87
Fig. 4.23 Daily time series showing GPS-only (left), GLONASS-only (centre) and combined

GPS + GLONASS (right) with Rec. UK1 receiver (UK site) on 05/03/2015. ..........cccvenee.e. 89
Fig. 4.24 Comparison between GPS-only and combined GPS + GLONASS for 1-h duration

at the UK site (Leica receivers) on 05/03/2015. .......ccoiiiiriiineieicesese s 91

Fig. 4.25 Comparison between achieved precision (STD) with different GNSS solutions of
Fig.5.23 on CDF analysis using the same daily data of Leica receiver on 05/03/2015. ........ 91

Fig. 4.26 (a) Availability and (b) precision expressed as RMS at the UK site over the 12 days.

Fig. 4.27 Analysis the geometry of specific GLONASS intervals (left and middle) weak
geometry with six satellites and (right) five satellites with good geometry in China site
(05/03/2015). ..ttt ettt et 94



XVi

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

4.28 Sky plots of specific intervals of the weak geometry of GLONASS satellite
constellation: (a) six satellites with the reference one of elevation under 50° and (b) five
satellites with overlap between two of them in China site (05/03/2015). ........ccccvvrervernennne. 94

4.29 Daily time series with GPS-only (left) GLONASS-only (centre) and BeiDou-only
(right) with Septentrio receivers in China site on 05/03/2015. .........ccoeieiiininiinneeees 95

4.30 Comparison between two daily time series of BDS-only solution achieved with two
pairs of Septentrio and ComNav collocated receivers at China site on 05/03/2015. ............. 96

4.31 Comparison between achieved precision (STD) with different GNSS daily solutions
by using CDF analysis on 05/03/2015 (a) Septentrio receivers (b) ComNav receivers......... 96

4.32 Time series of E component along the apparent daily solution of GPS-only solution

for 12 consecutive days at China site with Septentrio reCeIVErS. .......ccccvvvvvveieieeiesesiese s 97

4.33 An achieved precision expressed at the China site with different GNSS daily

solutions over the 12 days (a) Septentrio receivers (b) ComNav receivers..........cccooeevverenens 98

4.34 The daily GPS time series extracted from Leica receivers (UK site) of (a) the
horizontal component, (b) the moving average of HDOP and the corresponding moving
standard deviation (c) the scatter of their liner correlation, (d) the U-component, (e) the
moving average of VDOP and the corresponding moving standard deviation, and (f) the

scatter Of their lINEr COMTEIATION. ........veeeei ettt e et e e et e e e e e e e 101

4.35 The daily GPS time series extracted from Septentrio receivers (China site) with
details similar to Fig. 4.34 0N 05/03/2015. ......ccoioviiiiiiie e 102

4.36 Linear correlation between moving average of the HDOP values and the moving
standard deviation of the corresponding horizontal component for GPS-only and
combined GPS/GLONASS solutions for (a) the UK site and (b) China site. .............ccc.c.... 102

4.37 Two representative cases of linear correlation for GPS-only (left) well correlated and
(right) no correlation at the UK SITe. .........ccooiiiiiiiiiice e 103

4.38 Comparison between the linear correlation of moving HDOP values and moving
standard deviation of the horizontal component of GPS-only, BDS-only and combined

GPS/BDS for (a) Septentrio receivers and (b) ComNav reCeivers.........cccocovevvevenvrenienenne 104

4.39 Time series and corresponding spectra of the hourly interval (17:00-18:00) along E,
N and U components for (G: GPS, R: GLONASS and combined G + R) solutions with
Leica receivers in the UK site 0n 05/03/2015. ..o 105

4.40 Time series and corresponding spectra of the hourly interval (17:00-18:00) along E,
N and U components for different GNSS solutions with Leica receivers in the UK site
ON 0570372015, ...ttt bbbt 106



XVii

Fig

Fig

Fig

Fig

Fig

Fig.

Fig.

Fig.

Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig

. 4.41 Time series and corresponding spectra of the hourly interval with Leica receivers in
the UK Site 0N 05/03/2015. ......ooieieieiieie ettt enenns 107

. 4.42 Time series and corresponding spectra at China site for (G: GPS, C: BeiDou and GC
combined GPS+BeiDou with ComNav receivers on 05/03/2015..........cccccoovieieieieinniinnnns 107

. 4.43 Different scenarios of blockage according to the different orientation of the blockage
AXIS. ettt ettt e e E e R e e R et e R R e oo R e e e R R e e aR R e e e R e e e eREe e e Re e e aRRe e e Ee e e aRneennreeearneennreeans 109
. 4.44 GPS-only and combined GPS/GLONASS performance at scenarios (a) and (b). ......... 109
. 5.1 The specification of the experiment of different short baselines. ...........cccccoovveverivinennne. 112
5.2 The specification of the experiment of different short baselines. ...........cccccooveveiivinnnnne. 113

5.3 Time series of positioning residuals showing a comparison between GPS-only and
combined GPS+GLONASS 0N 15/06/2016..........cceiueieriiinienienieieesesesese e essesnennens 117

5.4 The number of valid satellites for GPS-only, GLONASS-only and GPS+GLONASS
(top) and the associated GDOP values (bottom) on 15/06/20186. ............ccccoevvvvveveceenenne. 117
5.5 The scatter graphs of distributed residuals with different GNSS positioning. ................. 119
5.6 Histogram of distributed residuals with GPS-only and combined GPS+GLONASS....... 119

5.7 Time series of differences between the actual and derived length of baseline for
solutions of GPS-only and combined GPS+GLONASS. ..o 120
5.8 Evaluation of hourly positioning of GPS-only and combined GPS+GLONASS............. 120

5.9 Time series of GPS-only and combined GPS+GLONASS with a single frequency
() PO 121

5.10 Analysis of GPS-only with a single frequency (L1) at interval 21:00 — 23:00 GPS
(1] 01 SR 122

5.11 The periods of movement (top), GDOP values of individual GNSS constellations
(middle) and the number of valid satellites (bottom) in the experiment of moving arm. .... 123

5.12 The GPS-only time series represent the measured components of moving station Pi
for the initial 20 sec of movement (left) and the whole period of the experiment (right).
............................................................................................................................................. 124
5.13 The traced path of the GPS-only solution at the 1st session of movement..................... 125
5.14 The time series of differences between the GPS-only solution and another GNSS
positioning at the 1st $ession 0f MOVEMENL. ..........ccooieiiiiieiiiee e 126

. 5.15 Flowchart is summarising the workflow to assess the precision and accuracy of diff.
GINSS SOIULIONS. ...ttt ettt ettt sttt e seeer e beeneeneeneeeneeneas 127



Xviii

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

5.16 Fitting the recorded GPS data of the moving arm with surfaces of a sphere, 3D circle
and cylinder with histograms of derived residuals between measured and best-fit radius
1= Ul g o T SRS 129

5.17 The relationship between the measured and computed parameters. ..........cc.ccovvrererrennns 131

5.18 Results of residuals between the measured and estimated fitted positions for
recording data of moving arm during the first representative session of 36 min,
expressing as compared time series of GPS-only and other GNSS solutions, resulting in

E, N @nd 3D COMPONENTS.......eeiiiieiiierieitiesiesieeeeesteeee s e sseeseesteesaesteaseessesseessesseaseeseesseensessens 133

5.19 The number of valid satellites and the corresponding GDOP values (left) individual
constellations (right) combined GPS with other constellations compared to GPS-only at
FIFSE SUDSEL. ..ttt e bbb 134

5.20 Spectra of derived frequencies from the time series of the first dataset (10 Hz rate)

with a GPS-only solution along E, N and U COMPONENLS. ......ccccveiieiiiiieeieie e sie e 135

5.21 Spectra of derived frequencies from the time series of second dataset (20 Hz rate) ...... 135

6.1 Flowchart summarising the proposed monitoring procedure. .........coevveveveeeeneseernenneans 141
6.2 The Severn SUSPENSIoN BriAQE. ......ccciiiiiiie ittt st s 143
6.3 Locations of monitoring points upon the Severn Bridge. ........ccocoeevenveveie v, 144
6.4 The Leica AT504 choke ring antenna located on the main suspension cable................... 144
6.5 All observed stations of monitoring Severn Bridge with operated receivers’ types and

their operating durations over the four days of MONItOriNg..........cccceveiviiiiniininrecsee 146

6.6 Detecting cycle slips with visible satellites plot for base station (left) and monitoring
tower station T3 (right) 0N 21 JUly 2015. .......ccooiiiiiiiiiee s 147

6.7 Time series of GPS-only for a dataset of station T2 in Fig. 6.6 (left) apparent solution
(right) solution with clean data after excluding G15 on 21 July 2015. .........cccovviiiieniennen. 148

6.8 The results of detected multipath MP1 and MP2 and the corresponding SNR1 and
SNR2 of GPS-only for a dataset of station T2 in Fig. 6.7 on 21 July 2015. ........c.ccceeneneee 150

6.9 Coordinate transformation in the local horizontal system (BCS). ........cccooviviiiiiiincienns 152

6.10 E, N and U noise levels and associated GDOP values obtained from the zero baseline
measurements at the base station showing comparison between different GNSS
solutions (a) GPS (blue) & GLONASS (red), (b) GPS & combined GPS/GLONASS
(green) and (c) their achieved precision on 21/07/2015. ... iieeiee e 154



Xix

Fig

Fig

Fig

Fig

Fig

Fig

Fig

Fig

Fig

Fig

Fig

Fig

Fig

Fig

Fig

Fig

. 6.11 The availability of fixed solution for GPS-only and combined GPS/GLONASS from

different bridge stations and (b) the corresponding GDOP values. ..........cccccoevvvenviveennne. 155
. 6.12 Time series of derived vertical displacement at station T2 (left) the apparent solution

and (right) the improved solution after excluding G30..........cccooerveiiiiiiieriineneeeees 156
. 6.13 Comparison of derived displacement between GPS-only and combined GPS/GLO

solutions during 24h (a-c) at tower points T1 and T2 and (d) the corresponding GDOP

ValuES 0N 21/07/2015. ...ttt r et e 157
. 6.14 Analysis of derived positioning at a tower station T1 during hourly period-b at 01-

02h for (a) apparent deflection (b) corresponding geometry and a number of satellites

AN (C) the SKY PIOL. .. st re e b pe e nnas 158
. 6.15 (a) Different periods with discontinuity solution of GPS-only positioning (b)

corresponding sky-plot and (c) improved time series of the combined solution compared

10 GPS-0NlY At STALION T2.....iciiiiicie et sb e s reere e re s re e 160
. 6.16 Analysis of SNR and MP of GPS-only for three sessions in Fig. 6.16 at station T2

ON 2L/07/20L5. ..ottt b et bbbt ere s 161
. 6.17 Appearance of uncorrected cycle slips in the time series of station T2 on 21/07........... 161
. 6.18 The daily time series of derived displacement obtained from GPS-only and combined

GPS/GLO solutions at mid-span stations B and F on 22/07/2015..........ccccccvvevvvevccvenenne. 162
. 6.19 The recorded daily data of wind loading and temperature changes at Severn Bridge

ON 22/07/20L5 ...ttt et bbbt 162
. 6.20 Samples of derived displacements along the lateral and longitudinal direction of

bridge deformations detected on mid-span station B on 22nd July 2015. ..........ccccceeveinene 163
. 6.21 The derived time series of displacements along X, y and directions of bridge

deformations at mid-span stations B1 and F on 21st July 2015...........cccooovniiiniieicisinns 164
. 6.22 Comparison between time series of GPS-only and combined GPS/GLONASS of

station B1 at period 11:00 — 12:00 0N 21/07/2015........ccccuiiiiiniiieieicieesese e 164
. 6.23 FFT spectra of GPS data on tower station T1 at the period 17:00 — 18:00............ccco..... 166
. 6.24 Analysis of movement at tower station T1 (a) displacement time series (b)

logarithmic spectra of movement (c) linear spectra of the GPS-only solution and (d)

linear spectra of combined GPS/GLO SOIULION. ......cooiiiiiie it 166
. 6.25 Analysis of vertical movement at tower stations T1 and T2 at period 08:00 — 09:00

(0] 0 020 K S 2RSSR 167
.6.26 FFT spectra of GPS data on mid-span station B at the period 17:00 — 18:00................ 169



XX

Fig

Fig

Fig

Fig

Fig

Fig

Fig.

Fig

Fig

Fig.

Fig

Fig

Fig

Fig.

. 6.27 The spectra of GPS-only and the combined GPS/GLONASS at mid-span station B..... 169
. 6.28 The BeiDou and Galileo visible satellites observed at a base station (Rf) of
monitoring the Severn Suspension Bridge. ..o 170
. 6.29 The contribution of BeiDou and Galileo observed satellites at handrail station D1 (at
a Period Of 22:00 0 23:00. .......oiiireieieiei et 172
.6.30 The FOrth ROAA Bridge. ......cccoiveiiieiiiiir e 173
. 6.31 Locations of monitoring stations upon the Forth Road Bridge. ...........ccccoovvviiiincnnennne 174

. 6.32 Detected cycle slips on visible satellites of GPS (top) and GLONASS (bottom) at
the base station 0N 09th JAN. ........ccciiiiii e e s 175

6.33 The analysis of observed GPS and GLONASS satellites at the base station P1 on
DN JAN. ettt Rttt e Rt bbb et nreneas 176

. 6.34 The fixing rate availability of apparent GPS-only solutions at monitoring stations
(P2, P3 and P4) of Forth Road Bridge on 9th Jan. .........ccccceviiiiiiiicic e 178

. 6.35 The fixing rate availability of improved GPS-only and the corresponding combined
GPS/GLONASS solutions at monitoring stations (P2, P3 and P4) of Forth Road Bridge
ON QN JAN. 1. e ettt benn e e 179

6.36 Comparison between derived results from GPS-only and the corresponding
combined GPS/GLONASS solutions for (a) GDOP values with the number of satellites,
(b) and (c) the derived relative displacement at monitoring stations (P2, P3 and P4) of
Forth Road Bridge 0n 9th Jan 2016. .........ccooiiiiiiiieieeee e 181

. 6.37 Analysis of derived displacement in period ¢ at (02:00 — 03:00) for GPS-only and
the corresponding combined GPS/GLONASS solutions (a-c) at monitoring stations, (d)
the computed geometry and (e) the sky-plot of distributed satellites at this interval on
Oth JAN 2016, ...oeiiiiciiecie ettt et et e e et e e be e be e ehe e saae b e e be e be e reearaeareens 183

. 6.38 Analysis of derived displacement at p-period (15:00 — 16:00) for GPS-only and the
corresponding combined GPS/GLONASS solutions (similar to Fig. 6.37).......cc.ccccevvrnenne 184

. 6.39 Analysis of derived displacement at x-period (23:00 — 24:00) for GPS-only and the
corresponding combined GPS/GLONASS solutions (similar to Fig. 6.37)........cccccceeerenee. 186

6.40 Comparison between derived results from GPS-only and the corresponding
GLONASS-only solutions for (a) GDOP values with the number of satellites, (b) and
(c) the derived relative displacement at monitoring stations (P2, P3 and P4) of Forth
Road Bridge on 9th Jan 2016. .........coiiiiiiie et 188



XXi

Fig.

6.41 Comparison between dynamic displacements derived from GPS-only and
GLONASS-only at tower station P4 with the corresponding DOP values and a number
of satellites in (a) period u at (21-22h) and (b) period v at (22-23h) on 09th Jan 2016....... 189

Fig. 6.42 Identified dominant frequencies at monitoring stations extracted from the time series
of derived displacement in the interval () at (04:00 -05:00). ......cccovevrieriinerenereneeiens 191
Fig. 6.43 (a) Comparison between time series of derived displacement of different GNSS
solutions, (b-d) the corresponding defined frequencies by LNP technique. ...........c.co........ 192
Appendices
Fig. A.1 3D-circle with measured POINTS ........cceviiiiiieie e 222
Fig. A. 1 (left) 2D fitting circle in E-N plane and (right) rotation between two norm ................. 223
Fig. B.1 Comparison between displacement detected by GPS-only and combined

Fig.

Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

GPS/GLONASS AL TL. . 225

B.2 Comparison between displacement detected by GPS-only and combined

GPS/GLONASS AL T2. ..ottt et 226
B.3 Displacement detected by GPS-0nly at T3. .....cccoviiiiiiiiieeeee e 227
B.4 Displacement detected by GPS-0nly at T4. ........coooiiiiiiiieeeee e 228

B.5 Analysis of movement at tower station T1 for GPS-only compared to a combined
GPS/GLO SOIULION ...c.viice ettt et s e st be e be e beesbaesabeenbeereea 229

B.6 Another interval at tower station T1 for GPS-only compared to a combined GPS/GLO
0] 1V 1[0 RSP RRSRURRRUPTUP 229

C.1 Cycle slip detection at monitoring stations of Forth Road Bridge with GPS-only on
0/0L/20L6 ...ttt ettt eer et e re b e resr et e e et eneereas 231

C.2 Cycle slip detection at monitoring stations of Forth Road Bridge with GLONASS-
ONIY 0N 0970172016 ..ottt ettt sttt e et e et e s beess e besaeesresbaeeenras 232

C.3 Comparison of distributed GPS and GLONASS satellites at the Forth Road Bridge
ON 0970172016 ....veeeteeee bbbt 233

C.4 Daily time series of displacement compared between GPS-only and combined
GPS/GLONASS detected at Forth Road Bridge on 10/01/2016 ..........cccocveoeiencveneneeee. 234

C.5 Daily time series of displacement compared between GPS-only and GLONASS-only
detected at Forth Road Bridge 0n 10/01/2016 ........ccooeiiiieieiiee e 235



XXii




XXiii

List of Tables

Table 3.1 Comparison of the main characteristics of multi-GNSS implies GPS, GLONASS,
1] (=IO I TaTo B = T=T] 1o LU SRR 36

Table 3.2 Different central Frequencies of each GNSS constellation as encoding in RINEX
3.02 (Gurtner and Estey, 2013, IGS, 2015) ......cccceiiiiieiiieiie et 37

Table 3.3 The main GNSS biases caused by satellite or receiver hardware delay, modified
from (Hakansson et al., 2017).....ccociiiiie ettt sttt sttt nae s 52

Table 4.1 The converters used with different GNSS receivers and specifications of tracked

corresponding constellations in the experiment at the China site. .........cccocoeveviviviieiivciennne 73

Table 4.2 Comparison of statistical results of time series of zero baseline with GNSS solution
for 24h using collocated receivers at the UK site on 05/03/2015. ........ccccoevvvvevviveceninainnnnne 79

Table 4.3 Comparison of statistical results of time series of zero baseline with GNSS solution
for 24h using collocated receivers at the UK site on 05/03/2015. ........cccoevvvvevvinniennainniene 81

Table 4.4 Statistical results of BDS positioning derived from zero baseline measurements for
1h (00:00 — 01:00) using collocated receivers at China site on 05/03/2015. ............ccccveneenee. 84

Table 4.5 Results of the daily GNSS-solutions for the UK site (Leica 24-h) on 05/03/2015. ........ 90
Table 4.6 Results of the daily GNSS-solutions for the China site (Septentrio 24-h) on 05/03. ...... 93

Table 4.7 Results of the daily GNSS-solutions at the China site according to achieved

precision with two different sets of receivers on 05/03. ... 95

Table 4.8 Compared results of different scenarios when adopting GPS-only and Combined
GPSHGLONASS. ...ttt ettt s ettt e s et n et nennens 109

Table 5.1 The details of the collected data by different GNSS receivers located on the two
pillar stations and the platform of moving the arm on 15/06/2016...........c..ccceceevveveieenenne. 113

Table 5.2 The duration of the collected data at the rover station of a moving arm on

L5/06/20L6. ...ttt ettt ettt Rt ne e te et e teeteeteneeereenaeas 115
Table 5.3 RTKLib setting for processing of moving arm experiment. ..........cccoceeverereeneneereenne. 116
Table 5.4 The statistical results of different GNSS solutions for 24-h on 15/06/2016.................. 118
Table 5.5 The statistical results of different GNSS solutions for 24-h on 15/06/2016.................. 121

Table 5.6 The summarised results of derived components of the baseline on the first data set
according to different GNSS solutions on the experiment of moving rotating arm.( G:
GPS, R: GLONASS and C: BEIDOU).......cveiriiiiiniiniinie ettt 124



Table 5.7 The achieved STD of differences between GPS-only and other GNSS solutions......... 125

Table 5.8 The adjusted elements to define the circular trajectory of the moving arm with three
representative surfaces among different GNSS solutions of the first dataset....................... 130

Table 5.9 The achieved precision and accuracy of different GNSS solutions for 1st session........ 133
Table 6.1 Specifications of monitoring points upon the Bridge. ... 145
Table 6.2 The initial coordinates of monitoring stations in two SYStemS............ccceovvvrerenereennenn 152

Table 6.3 The availability of fixing rate solution for the first hourly duration for tower points
T1, T2 and on 21/07 and cable points at mid-span B, F on 22/07...........ccccoovonininencnnenn. 156

Table 6.4 Comparison between rates of fixed solution achieved with GPS-only and combined

GPS/GLONASS in different periods at tower stations T1 and T2 on 21/07/2015............... 159
Table 6.5 The derived dominant natural frequencies by FFT and LNP at tower station T1.......... 165
Table 6.6 The derived natural frequencies by FFT and LNP at cable mid-span station B. ........... 168

Table 6.7 The derived natural frequencies by LNP at period 03:00 — 04:00 on 22nd July 2015

.............................................................................................................................................. 169
Table 6.8 The visible BDS and Galileo satellites with different GNSS solutions at handrail

Station D1 0N 20t JUIY......oouei e e e e 171
Table 6.9 The geometry of different GNSS solution represented by mean DOP values at period

22:00-23:00 0N 20th JUIY....oooniiiiecc e e e 172
Table 6.10 The initial coordinates of monitoring stations of Forth Bridge. ...........c.cccccvvnerennne. 174
Table 6.11 Availability of fixing the rate at tower station P4 for every hour of a full day on

1IN o PSSO 178
Table 6.12 Availability of fixing rate ambiguity at a monitoring station in period c at (02:00

< 2100 TSRS 183
Table 6.13 Availability of fixing rate ambiguity at the monitoring station at p-period (15:00 —

G500 ) TR SRRSO 184
Table 6.14 Availability of fixing rate ambiguity at the monitoring station at x-period (23:00 —

B ) OO US PSSP PTSRPON 186

Table 6.15 Extracted frequencies provided by FFT and LNP techniques. .........ccccccooeiiviiinnnne 190



XXV

List of Abbreviations

AR
BDS

CDMA
DLL
DD
ECEF
E,N,U
ESA
FFT
FEM
FCB
FDMA
FOC
GIOVE
GDOP
GEO
GNSS
GPS
HW
HDOP
IGSO
ILS
ISB
IFB
IGS
ITRF
ISTB
LSA
LAMBDA
LNP

Ambiguity Resolution
Chinese Navigation Satellite System (BeiDou)

Code Division Multiple Access

Delay Lock Loop

Double Difference

Earth Centred Earth-Fixed

Easting, Northing and Up coordinate components
European Space Agency

Fast Fourier Transform

Finite Elements Models

Fractional Cycle Bias

Frequency Division Multiple Access

Full Operational Capability

Galileo In-Orbit Validation Element
Geometric Dilution of Precision
Geostationary Earth Orbit

Global Navigation Satellite System
Global Positioning System

Hard-Ware

Horizontal Dilution of Precision

Inclined Geosynchronous Satellite Orbit
Integer Least Squares

Inter-System Bias

Inter-Frequency Bias (GLONASS)
International GNSS Service

International Terrestrial Reference Frame
Inter-Satellite-Type Biases (BDS)

Least Squares Adjustment

Least-Squares Ambiguity Decorrelation Adjustment

Lomb Normalized Periodogram



XXVi

MEO
OTF
PCO
PCV
PLL
PDOP
PPK
PPP
RTK
RTS
RMS
SNR
SD
SHM
RINEX
TEC
TZD
uTC
WGS84

Medium Earth Orbits

On the Fly

Phase Centre Offset

Phase Centre Variation
Phase-Locked Loop

Position Dilution Of Precision
Post-Processing Kinematic
Precise Point Positioning
Real-Time Kinematic
Robotic Total Station

Root Mean Square

Signal to Noise Ratio

Single Difference

Structural Health Monitoring
The Receiver Independent Exchange Format
Total Electron Content

Total Zenith Delay

Universal Time Coordinate

Word Geodetic System 1984



Chapter-1 1

Chapter 1 : Introduction
1. 1 Background

Engineering structures are usually designed with certain characteristics, taking into account the
predicted loads. In reality, these characteristics are subjected to changes due to effects of various
loadings. These loadings produce deformations in the structure, which required monitoring to ensure
its performance and stability for safety purposes (Roberts et al., 2004b). The structural deformation
monitoring represents an essential procedure that is based on collecting data at specific parts of the
structure under loadings. The tracking of such deformation represents a vital aspect that is applied to
large structures such as dams, bridges, high-rise buildings and so on.

Structural health monitoring (SHM) requires precise techniques with high accuracy. One of the
conventional techniques is to analyse measurements that are taken from accelerometer readings to
identify structural vibrations. However, a double integration process is required to determine relative
displacements. This process might introduce bias in collected data due to the accumulated error. In
addition, the accelerometer has difficulties in measuring static and quasi-static displacements (Li,
2004, Moschas and Stiros, 2011). Moreover, it is difficult to detect displacements in slow vibrated
structures with a low frequency (Meng et al., 2007). Other techniques that could be used for structural
monitoring are terrestrial positioning systems, laser displacement sensors (Pera and Ferrando, 2017),
and photo/video imaging methods (Yu et al., 2018). Although these techniques have received
attention, they are still having limitations such as short monitoring distance and weather dependency
(Yu et al., 2014). Thus, the alternative technique adopted for structural monitoring is the Global
Positioning System (GPS) (Im et al., 2013).

In contrast to other techniques, a GPS can measure the 3D coordinate’s position directly with a very
precise corresponding time tag, even feasible for real-time applications. This ability encouraged to
monitor structure in a real-time domain. Different effects such as earthquakes, strong wind, moving
loads, temperature variation, and other factors can excite a structure (Psimoulis and Stiros, 2008).
Therefore, the excitation response could be static (permanent), semi-static or dynamic. It has been
proved that the GPS is capable of measuring dynamic characteristics and static displacement in

flexible structures on real-time (Im et al., 2013).

In the case of bridge monitoring, there are two distinct types of deformations; firstly the long-term
displacement, which can be related to the following excitation factors; foundation settlement, bridge
deck creep or stress relaxation. Secondly, the short-term movement or sometimes called a deflection
which is caused by dynamic factors such as wind loading, temperature variation and traffic loading
(Meng, 2002). Deflection could be categorised as (i) longitudinal, when directed along or parallel to

the main bridge span, (ii) lateral deflection (orthogonal to the main axes) and, (iii) vertical deflection,
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which refers to deflection in a vertical or altitudinal direction (Watson et al., 2007). Moreover, for
the torsional movement of the bridge span, it could be computed depending on the vertical
displacements and the distance between symmetrical stations (Guo et al., 2005).

In structural monitoring, one of the basic requirements is the selection of the sampling rate. More
specifically, a particular sampling frequency should be determined, covering the desired frequency
range. The frequency is generally defined by the Nyquist frequency, which states that information
with a bandwidth of ‘b Hz’ must be sampled at a rate of ‘2b Hz’ (Lovse et al., 1995). Therefore, the
sampling rate must satisfy the limitation due to the Nyquist frequency and cover the main

model/natural frequencies of the monitoring structure.

The GPS measurements are conducted in a kinematic mode to tracking the dynamic response of
bridge movement. Commonly, the relative GPS positioning is applied to collect data through
receivers attached to the bridge and corresponding to one or more reference stations in stable fixed
location. The GPS recorded data can be either processed in real time or post-processed. In either real
time or post-processed a special processing software is required (Roberts et al., 2006). Resolution of
a millimetre or better can be achieved using post-processed (ibid, 2006), while the nominal accuracy
of RTK technique is £1 c¢cm horizontally and +2 cm vertically (Ogaja et al., 2007), with some

algorithms in processing this can be improved.

Many features and restraints affect the achievable accuracy of GPS results (Meng et al., 2003). For
example, the quality of GPS data is related to the number of available satellites and the geometric
distribution of these satellites. Moreover, there are many causes of errors, e.g. clock and orbit errors
of satellites, ionosphere and troposphere delays, multipath, etc. (Tamura et al., 2002) that should be
taken into account. Therefore, the possibility of using GPS to achieve displacements precisely and

meet the basic requirements of monitoring is affected by the accuracy of this technique.

Although the use of dual frequency contributes to mitigating the effect of ionospheric delay, it is a
feasible tool for deflection monitoring. By using dual frequency, correct integer ambiguity resolution
can be achieved (Cosser et al., 2003). On the other hand, however, the length of the baseline in
structural monitoring is defined as short-baseline (i.e. <5 km); the error sources may be the same at
the two ends of baseline. Some errors (ionospheric & tropospheric delays and orbital errors) can be
significantly mitigated with double differencing. For tropospheric effect, however the reference
station and the rover have different heights, the effect will be insignificant due to short baseline.
Some other errors, such as multipath error and random noise, cannot be removed in the differencing

method because they are not the same in both ends of the baseline (Yu et al., 2014).

In bridge monitoring, even though GPS measurements can achieve displacements accurately, a

number of error sources, such as multipath error, random noise, cycle slips, etc. may limit these
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potentials. In addition, the limited number of visible satellites with weak geometry could reduce the

precision.

To overcome these limitations and achieve high accuracy of the displacement determination, various
studies have applied integration of GPS and other sensors such as an accelerometer (Meng et al.,
2003, Roberts et al., 2004b, Li et al., 2006, Meng et al., 2007, Yu et al., 2014). On the other hand,
other studies adopted a combination between two geodetic sensors which are GPS and Robotic Total
Station (RTS) (Psimoulis and Stiros, 2008, Psimoulis and Stiros, 2012), While Moschas and Stiros
(2014c) summarized a series of experiments to compare between results of GPS, RTS and

accelerometer.

Although the above studies succeeded to connect between results and balance between limitations
of each technique, they are restricted on specific cases of dynamic monitoring for short duration. The
accelerometer has difficulties in continuous monitoring and measuring static and quasi-static
displacements (Im et al., 2013, Yu et al., 2014), while the RTS in monitoring at high frequencies
leads to losing some cycles of recording and delimited for short distances (few hundred meters)

between RTS and reflector with clear sight (Psimoulis and Stiros, 2008).

The introduction of the satellite systems, apart from GPS, such as GLONASS, BeiDou and Galileo,
provides with an alternative solution to overcome limitations, by using additional observations from
the rest of the GNSS systems (GLONASS, Galileo, BeiDou and other regional systems). The
integration between different constellations is contributed to improving positioning accuracy,
reliability and availability (Chen et al., 2015b). Therefore, this research will adopt employing multi-
GNSS for structural monitoring to estimate the accuracy improvement of GNSS kinematic
coordinates and overcome the limitations when using individual constellation such as multipath error,

random noise, and cycle slips.
1. 2 Aims and Objectives

The principal aim of the current study is to identify an effective positioning technique for structural
monitoring that can detect the deformations in engineering structures precisely. Also, it has the
potential to overcome the limitations of GPS-only positioning that mentioned in the previous section
(Section 1.1) by examining the potential contribution of the recently developed or updated GNSS
systems (i.e. GLONASS, BeiDou, Galileo). The main objectives, which help to achieve such aims,

are outlined below;

1. To assess the impact of the satellite constellations on the accuracy of the GNSS positioning,
and how the GNSS accuracy can be improved by using additional systems (i.e. GLONASS,

BeiDou) for structural monitoring applications.
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2. To study the impact of other GNSS satellite constellations on the performance of GPS for
structural monitoring, focusing on the modelling of the noise in the GNSS measurements
and how this noise can be eliminated when additional satellite systems are used.

3. To conduct the GNSS measurement focusing on the analysis and the assessment of the
multi-GNSS constellations in China and the UK, in terms of achieved accuracy and
reliability. Two locations were selected in order to assess the impact of the BeiDou system
as well as the effect of multi-GNSS measurements for high-latitude locations, where GPS
measurements are of lower quality (see Chapter 4).

4. To investigate the impact of Galileo in the satellite constellation (depending on the
availability of the satellites). The investigation is focused on the bridge monitoring
application, in which real GNSS monitoring data is used.

5. Totest and examine the proposed methodology in real cases for monitoring the deformations
of long-span bridges by comparing the GPS-only with the combined GNSS solution, which
will lead to the assessment of the proposed technique.

6. To identify constellation problems/errors and to limit them by developing a method or a
strategy for finding the optimum satellite constellation of GNSS, before applying it to a real
structural monitoring with multi-GNSS.

7. To implement the knowledge gained from the different experiments to build a general
strategy that could be applied in real structural monitoring applications.

The key questions that need to be addressed in order to achieve the aim and objectives of the current

research are as follows:

1. How the use of multi-GNSS affects the GNSS data noise?

2. What is the impact of using a multi-GNSS on the availability of the solution of fixed
ambiguity resolution?

3. How is the data noise correlated with the geometry of satellite constellations?

4. How is the position availability affected by different GNSS constellations?
How can the multi-GNSS solution improve the performance of GPS/GNSS monitoring
under conditions of strong multipath or signal interference?

6. How the multi-GNSS solution is improved relatively to the GPS performance in high latitude
areas?

7. How the additional multi-GNSS constellations contribute in improving the performance and

the accuracy of the GNSS application for bridge monitoring?
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1. 3 Methodology

In this section, a brief summary of the methodology is described (note that, the detailed methodology
is discussed in relevant chapters). In order to achieve the final objectives and assess the accuracy
with multi-GNSS, which is the focus of this study; their main approaches were followed as discussed

below.

1. Zero-baseline experiments: in this approach, the research was focused on the processing of
the simultaneous data of zero-baseline in the UK and in China to investigate the noise
characteristic of these data with different GNSS constellations. The advantage of using zero-
baseline measurements is that most of the GNSS/GPS error sources are cancelled, with the
satellite constellation and receiver noise mainly remaining. In addition, the comparison
between the results of different types of receivers for different constellations enables to
identify the receiver’s noise. A preliminary study of multi constellations by sky-plots
provides an idea of the satellite constellation during the measurements time interval.

2. Short-baseline experiments, where the multi-GNSS performance was assessed for the
positioning precision and accuracy with different GNSS solutions, under similar conditions
to those of structural monitoring applications. In these experiments, the performance of
GNSS measurements has been examined for static and kinematic applications, in which the
monitored motion corresponds to that of flexible bridges response is measured and analysed.
The main aim is to assess and evaluate the estimated movement by using multi-GNSS
measurements. It will be useful to highlight the limitations to be considered in real cases
with actual scale. On the other hand, the effect of combining GPS with other systems on the
efficiency and reliability was also investigated.

3. Real applications of bridge monitoring, in which the GNSS measurements were assessed in
terms of the availability and accuracy and their impact on the estimation of the amplitude
and frequency of the response of the bridge against those estimated by using only GPS
measurements were also analysed. This research is also focused on the understanding of the
GPS/GNSS noise and how the GNSS measurements can be analysed to limit such noise.
Furthermore, the applications are based on bridges located in high latitude areas, where the
GPS performance has been proved to be of lower quality (Meng et al., 2003).

Thus, the zero baseline and short baseline are ways to assess the data and the applications on real
bridges are to assess the validity of the developed workflow. In each approach, the GPS-only solution
is compared with combined GNSS positioning to identify the positioning improvement with

enhanced performance.
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1. 4 Contribution to Knowledge

Although considerable studies have been conducted to study the positioning improvement by multi-
GNSS, the majority of these studies have been focused on the Precise Point Positioning (PPP) and
the improvement of the PPP multi-GNSS solution against the currently commonly used PPP GPS
solution. On the other hand, most of the applied studies that are based on the use of the new
constellations of BeiDou are directed to local cases. In addition, although some recommendations

related to applying multi-GNSS were addressed, they are still theoretical issues.

Moreover, few attempts focused on monitoring long-span bridges in particular and/or on combining
all constellation systems. This research will, therefore, be aiming to investigate and evaluate the
contribution of multi-GNSS in determining accurately the GNSS relative kinematic coordinates with
respect the GPS-only solution and how much be improved the accuracy and the availability of the
positioning solution. This study focuses on the application of GNSS in bridge monitoring and the
corresponding constraints and limitations, which are faced at this GPS/GNSS application (e.g.
obstructions, multipath). Thus, the investigation of the potential contribution of multi-GNSS aims to
resolve the reduced accuracy and availability of the GPS-only solution due to physical constraints of

the bridge engineering application. The main contributions of this research are:

e Toovercome the GPS-only limitations by combining GPS data with observations of other
GNSS constellations. The combined solution improved the satellite geometry with more
available satellites that contribute to obtaining the success rate of the fixed solution with
more reliable results.

e The detailed analysis of the advantage of GNSS over GPS in the UK with respect the
north-south component showing a significant improvement of a combined GNSS solution
is achieved in Northing component along with reducing the noise level in all components.

e Anew approach of correlating the noise level and satellite geometry is presented (Chapter
4). When correlating the mean DOP values and the precision of the noise that calculated
by standard deviation, a higher correlation is achieved at intervals of mean DOP values
higher than the daily mean corresponding values.

e The mathematical models of best fitting with related issues are derived to identify the
actual parameters of caused movement.

e A new proposed methodology is presented that can be applied in structural monitoring.
This strategy helps users to decide using either individual or combined GNSS solution in
structure monitoring, as well as it is a useful tool for those haven’t enough GNSS

knowledge to implement this strategy in monitoring.

The possibility of using the GLONASS-only solution as another alternative in structural monitoring

is also investigated to highlight the expected improvement of results in relatively high latitudes area.
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1. 5 Thesis Outlines

The thesis consists of seven chapters that are composed of two main groups, which are the theoretical
part that is covered by the first three chapters, followed by another three chapters of practical applied

aspects with analysis, the conclusions and recommendations are then given in the last chapter.

e Chapter-1: This chapter gives a brief introduction and background of structural
monitoring with related issues. In addition, the research aims and objectives, a
general/brief methodology and contribution to the knowledge of the current research were
all addressed and discussed in this chapter.

e Chapter-2: This chapter presents the literature review focusing on utilising the GPS
measurements for structural health monitoring. The previous experimental assessment
studies that are evaluating GPS performance in structural monitoring are discussed in
details in this chapter. The previous studies conducted on bridge monitoring are also
discussed to highlight the GPS-only limitations and the adopted techniques used to
overcome these limitations. Finally, the specifications of a combined GNSS as an
alternative proposed technique to overcome GPS limitations are defined and addressed.

e Chapter-3: This chapter is devoted to the technical overview of GNSS constellations,
which gives a concise summary of the four main GNSS constellations of GPS,
GLONASS, Galileo and BeiDou. It also contains the discussion of GNSS error sources
and evaluates in details some models to eliminate these errors. The observation equations
and mathematical models are described. In addition, the main elements of processing
GNSS data are also discussed in details, which concerning ambiguity resolution, cycle
slips, DOP factors and multipath.

e Chapter-4: the investigation of the noise level in multi GNSS measurements is given in
this chapter, which based on real simultaneous measurements of zero baselines with
different types of pairs of receivers at two locations in the UK and China sites. The
description of these experiments is provided, followed by a preliminary assessment to
determine which pair of available receivers has the most reliable performance to identify
the characteristics of GNSS positioning. At each location, the noise level of GPS
observation is evaluated, and the contribution of other constellations to mitigate the noise
level is assessed in a combined solution. Therefore, the GLONASS observations added
to GPS in the UK site, while BeiDou data combined with GPS for the China site to have
less noisy results. This chapter is focusing on evaluating the data quality of different
GNSS constellations, and how that affected the availability of fixed solution as well as

the achieved precision of these different solutions.
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A new approach to correlate the noise level with the satellite geometry is presented. In
addition, the spectral analysis of different GNSS solutions is discussed, then different
scenarios of satellite obstruction are analysed.

Chapter-5: The results of static and kinematic short baselines with multi-GNSS are
presented in this Chapter. This includes experiments to assess the positioning precision
and accuracy of different GNSS solutions. A static test is conducted on the known
stations, while the rover station of the kinematic experiment is performed using a GNSS
antenna attached on a rotating moving arm, to represent a simulated monitoring system.
Thus, it is possible to detect the simulated movement with real data as well as to achieve
the derived accuracy, which required the actual parameters of movement (real values). In
this chapter, the mathematical models of best fitting with related issues are derived to
identify the actually required parameters.

Chapter-6: this chapter is dedicated to actual cases of bridge health monitoring that
applied to the Severn Bridge and the Forth Road Bridge in the UK. In this chapter, the
new proposed methodology is tested by adopting combined GNSS solution with a
comparison to the GPS-only solution. The pre-processing analysis in the suggested
methodology is based on detection cycle slips and multipath to be taken into consideration
to obtain clean data. In addition, a noise assessment is presented to evaluate the noise
level along with the impact of satellite geometry. In addition to utilising GLONASS
observations in combined solution with GPS, a possibility of using BeiDou and/or Galileo
constellation is investigated in monitoring Severn Bridge, while the potential to use
GLONASS only is considered in Forth Bridge monitoring. Different durations are
analysed to show the impact of implementing the proposed methodology with combined
GNSS solution in detected displacements as well as the derived frequency of bridge
response.

Chapter-7: Finally, this Chapter presents the conclusions of the research and introduces
some recommendations for further work on the GNSS measurements for structural

monitoring.
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Chapter 2: Literature Review
2. 1 Introduction

Large engineering structures are subjected to various loads, which require accurate monitoring
process to secure their structural performance. Structural health monitoring (SHM) of engineering
structures under loading conditions can be used to evaluate the behaviour of structure for operational
safety. The evaluation is based on measurements from sensors attached to or embedded in the
structure. As a consequence, the analysis of the collected reliable data will enable to assess the
structures’ response regarding safety, strength, integrity and the performance of the structure which
allows identifying any damage or movement in the structure (Dong et al., 2010).

Traditionally, the monitoring system was based on records of a single sensor such as an accelerometer
that used since 1930°s (ONEN et al., 2014, Vagnoli et al., 2017), strain gauges, displacement
transducers and anemometer, in addition to different conventional sensors that may be used for
structural monitoring (Bisby et al., 2006). Moreover, the traditional monitoring techniques that based
on surveying equipment (theodolite, level, total station, etc.) have also been used (Yi et al., 2013b).
The significant disadvantage of conventional surveying techniques is the long durations between
measurements that required a clear line of sight which can be collected without connection to real

time.

This chapter discusses the literature review of GPS techniques for structural monitoring. In Section
2.2, the considerable preliminary studies of using GPS as a geodetic technique for monitoring large
engineering structures are introduced. In this section, the pioneer studies to detect dynamic
deformations at towers, high-rise buildings, bridges and dams are presented. To validate the GPS
measurements by investigating their performance in the preliminary assessment are described in
Section 2.3. The outcomes of these studies can be implemented to monitor the static and dynamic
response of structures. The investigation of long suspension bridges response represents the primary
focus of this study. Therefore the previous reviews to monitor bridges are conducted in Section 2.4.
The monitoring of these structures by GPS-only positioning has a number of limitations; thereby
Section 2.5 is devoted to describing the main limitations of GPS along with studies that adopted the
techniques to overcome these limitations. There are two main techniques includes (i) integration of
GPS with another sensor and (ii) digital signal processing by filtering techniques. To highlight the
possible improvements that can be achieved with the combined GNSS solution, Section 2.5.3
demonstrates the improvements in these solutions. Therefore, the proposed alternative technique is

to apply the multi-GNSS constellations, which will adopt in this study.
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2. 2 GPS Measurements for Structural Monitoring

Although there are various monitoring techniques used in structural monitoring, Global Positioning
System (GPS) has been widely used as a geodetic technique in monitoring different engineering
structures. Preliminary studies have proven the technical feasibility of using GPS to monitor the
continuous structural deformation of large structures. Deloach (1989) reported that GPS has the
potential to detect movements with high accuracy in three dimensions when short baseline have been
used. The pioneer studies on utilising GPS in structural monitoring started in the mid-1990°s (Yu et
al., 2014). Lovse et al. (1995) tested a specific application of using GPS receivers to detect the
dynamic deformation of the Calgary tower (160 m. high) in Canada as illustrated in Fig. 2.1a. They
used two single frequency receivers relative to fixed base station collected the field observations with
1 Hz sampling rate. A differential GPS carrier-phase was used to obtain mm-level accuracy. The
post-processing of the GPS data was based on the least squares method and On the Fly (OTF)
technique to resolve the carrier-phase ambiguity. They found that the tower was vibrated by wind
loading showing a displacement of £ 16 mm with a frequency of 0.3 Hz.
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Fig. 2.1 (a) Calgary Tower (Lovse et al., 1995) and (b) a high steel tower (Tamura et al., 2002).

The wind-induced response includes a static component (i.e. mean value) and a dynamic component.
It is difficult to measure the static component by the accelerometer, while GPS has the potential to
measure both components efficiently. This was demonstrated by Tamura et al. (2002) when they
investigated the feasibility of RTK-GPS measurements to monitor the response of building (steel
tower of a 108 m high, Fig. 2.1b) under loading conditions. They reported the feasibility of 10 Hz
RTK-GPS measurements to detect a 4-cm of static displacement caused by typhoon and a 4-cm

deformation from temperature variations. In addition, they extracted the peak frequency of 0.57 Hz
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that was detected from GPS and accelerometer data. These findings were also achieved by Li et al.
(2006).

To highlight the possibilities of using GPS to detect small displacements in oscillating high-rise
structures, Breuer et al. (2002) conducted two field tests before monitoring. The purpose of these
tests was to evaluate the accuracy of GPS by analysing the noise of signals in a specific station. They
proved that the recorded noise in the North-South direction is higher than that in the East-West
direction (Fig. 2.2a), due to a limited satellite in N-S direction at (Lat. ~49°). In addition, they found
that the geometry and the number of satellites are the most effective factors on the final precision.
On the other hand, to achieve accurate positioning, it is better to resolve the ambiguity with minimum
duration. Therefore, 100-300 data points were required to resolve the ambiguity in these tests. When
monitoring Stuttgart TV tower and the industrial chimney of the Opole Power station (Fig. 2.2), they
found that the recorded displacement at wind velocity of 7 m/s was 2.5 cm on both cross-wind and

along-wind direction with the derived frequency of 0.2 Hz.

Fig. 2.2 (a) Data points of 16-h measurements (1cm/30s), (b) Stuttgart TV-tower and (c) industrial chimney of
Opole Power station (Breuer et al., 2002).

The GPS measurements have been used in many studies to monitor the dynamic response of high-
rise buildings and validate their performance against design criteria. For example, Brownjohn (2005)
tested the capability of GPS to resolve the relatively small deflections of the dynamic behaviour of
the Republic Plaza Building (280m high) in Singapore (Fig. 2.3a). He found that the GPS
measurements success to identify the long-term drift in model properties of this building for long-
term monitoring (between Nov 2001 and Jan 2005 (Brownjohn et al., 2005)). In the same study,
Brownjohn et al. (2005) used the RTK-GPS measurements to track displacement and identified the
slowly varying quasi-dynamic component of wind induced response to compare with seismic effects
on this building.
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Fig. 2.3 (a) View of the Republic Plaza Building, (b) GPS results of estimated displacement and the
corresponding power spectral density and (c) accelerometer results (Hristopulos et al., 2007).

When investigate the response of the Republic Plaza Building to wind loading for a short duration
(i.e. about 34 min), Hristopulos et al. (2007) indicated that the spectrum response of this building
obtained from filtered GPS data shows a dominant frequency at 0.1875 Hz, which coincides with the

peak frequency obtained from accelerometer data (Fig. 2.3)

GPS technique was also adopted to monitor long suspension bridges in a real-time (Ashkenazi and
Roberts, 1997). They have used Kinematic GPS to monitor the deformations of the Humber
suspension bridge in the United Kingdom (with a total length of 2220 m, and mid-span of 1410 m
supported by two towers of 155.5 m high). Before they collected the data, the initial zero-baseline
test was carried out to check receiver performance. Consequently, the resolutions of analysis were
within £ 1mm and = 3mm in horizontal and vertical directions, respectively for static data. Then the
real-time monitoring was carried out with Ashtech Z-XIlI GPS receivers of dual frequency. The
antennas were mounted on specific points at the bridge deck and the support towers as monitoring
points referred to the reference station. The maximum displacement was expected at the mid-span of
the bridge. To avoid the effects of passing vehicles, the deck’s antennas mounted on poles. However,
the vibrations of these poles by winds may also create a problem at the time of measurements in the
horizontal direction. Therefore, the movement of these poles resulted in apparent accuracy within 1-
2 cm for RTK, instead of a few millimetres.

From the above studies, the success in adopting the GPS technique for monitoring applications leads
to extending this technique to be used in various other applications such as; recording the movements
of bridges, and other engineering structures. Therefore, GPS positioning is one of the promising tools
that can be effectively used in structural health monitoring applications. Monitoring structures’
behaviour can also be implemented to monitor the dynamic response of long-period structures
(Kijewski-Correa et al., 2006). The GPS technology has also been used to monitor the deformations

in tall flexible buildings (Kijewski-Correa and Kareem, 2003, Kijewski-Correa and Kochly, 2007,



Chapter-2 13

Hristopulos et al., 2007, Seco et al., 2007). It also utilised in long span suspension bridges
(Nakamura, 2000) and cable-stayed bridges (Ren et al., 2005, Watson et al., 2007, Lepadatu and
Tiberius, 2014, Montassar et al., 2015), as well as monitoring the displacements of large dams (Behr
etal., 1998, He et al., 2004).

2. 3 Experimental Assessment of GPS Accuracy for Structural Monitoring

Originally, GPS was introduced to be used for navigation purposes. However, due to its high
accuracy and reliability, it was then applied for geodetic positioning (Nickitopoulou et al., 2006). It
is essential that the GPS should be validated (through simulation, to test their accuracy) before it can
be deploying in full-scale applications. Considerable researches have been conducted to perform this
validation such as (Celebi, 2000, Celebi and Sanli, 2002, Tamura et al., 2002).

To investigate the feasibility of implementing GPS measurements to monitor the static and dynamic
response of structures; different experiments have been conducted in previous studies. These
experiments focused on the assessment of GPS performance to meet the monitoring requirements
through its positioning ability to record the rapid movements with high-level of accuracy, as well as
the potential of GPS to detect and identify the modal frequencies of structures. Each study was based
on experimental device, simulating the motions of the response of the structure, which was recorded
by GPS receiver(s). The GPS data were analysed in order to assess the accuracy, precision and
reliability of the GPS receivers in monitoring the amplitude and frequency of the motions.

For instance, to study the dynamic response of long-period structures, Celebi and Sanli (2002) tested
a simulated model of the flexible structure before investigating the actual deployment on the tall
building. The designed model consists of two stock steel bars specimens with specific dimensions
(length, width and thickness as shown in Fig. 2.4 to achieve a necessary period of about 4 s in the
weak direction to simulate a 30-40 story flexible building. Each bar was subjected to free vibration

and excited by pulling/ releasing force.
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Fig. 2.4 (a) Photo of the experimental model, (b) schematic of the test set up and (c) schematic of a full-scale
of building (Celebi and Sanli, 2002).
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A GPS receiver was attached at the top end of each bar to record the data of vibrated bar relative to
the reference receiver. The results indicate that accurate and clear displacement was derived from 10
Hz sampling rate of GPS measurements along with the identified frequency. The analysed results,
which demonstrated the changes in dynamic characteristics and computed the average drift ratios.
Therefore, the outcomes of this test encouraged extending monitoring to actual deployment at a 34-
story San Francisco building, which was equipped with GPS units and tri-axial accelerometers
deployed at two diagonal corners on the roof of the building and a reference station in other location
as illustrated in Fig. 2.4.

The GPS recorded data of 10 Hz was analysed to detect the wind-induced deformation of this
building. In addition, the relative derived displacement from GPS measurements agreed with the
computed relative displacement from the accelerometer. The results indicated that GPS provides
sufficient accurate measurements, which enable to obtain the relative displacement, and extracted

the corresponding frequency response accurately.

The accuracy of GPS to measure the sinusoidal displacements was investigated by Tamura et al.
(2002). They used an electronic exciter to generate sinusoidal vibrations, which occupied by RTK-

GPS antenna with a wire displacement transducer to measure the actual displacement (see, Fig. 2.5).
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Fig. 2.5 (a) Schematic of vibration test, comparison of detected displacement by RTK-GPS and actual one
measured by wire displacement transducer DIS in (b) y=2 cm for different frequencies and in (c) f=2.0 Hz for
different displacements (Tamura et al., 2002).

They found that the derived displacement from RTK-GPS was identical with the actual displacement
from exciter movement when the vibration frequency < 2-Hz and the vibrated amplitude > 2-cm as

shown in Fig. 2.5.
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To achieve the precision of kinematic GPS positioning and the dependence of baseline length, Breuer
et al. (2002) tested different lengths of baseline that connected between the fixed base and moving
rover points. They attached a Leica 300 GPS unit at the end of the horizontal bar that running with a
constant angular velocity in a circular horizontal path (R=24.4 cm) to represent the moving rover
point. They tested the tracking of kinematic positioning at different baseline lengths, from 10, 100,
250, 1 000, 5000 to 10 000 m. They applied a sampling data of 3 min for all distances and computed
the standard deviation, which was varied from 2 to 6 mm. From the investigated results, they
concluded that the number and geometry of GPS available satellites affected the achieved precision,

which independent from varying lengths of short baseline.

In the same manner, Nickitopoulou et al. (2006) conducted a large number of experiments to assess
statistically the accuracy of kinematic GPS positioning carried out at a simple simulating monitoring
system. They used prototype specimen consists of a rover GPS antenna that attached to a rotating

rod moving in predetermined circular orbit to simulate harmonic movements (Fig. 2.6a).
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Fig. 2.6 (a) Schematic of experimental device of rotating rod (Im et al., 2013), (b) comparison between real
and recorded orbit, plot of horizontal coordinates recorded by rotating rover versus time in (c) ideal cylinder
plot, while in (d) represent some detected outliers (Nickitopoulou et al., 2006).

To confirm the determined accuracy, the outlier GPS measurements (at 1.5% outlier level) were

detected, and the results showed that GPS data could identify displacement of harmonic motion
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at a standard accuracy of up to 15-mm and 35-mm in horizontal and vertical coordinates,
respectively. In addition, they reported that the harmonic frequencies could be successfully
determined in the range of 0.1 Hz and 0.5 Hz. The validated GPS results could help in modelling
various dynamic and quasi-static flexible engineering structures. Similarly, Casciati and Fuggini
(2009) investigated the accuracy of GPS measurements for static and dynamic tests by comparing
the real and recorded displacements, which caused by a linear movement of GPS antenna
(generated by an electromagnetic motor) along with a longitudinal direction. The researchers
concluded that the GPS detected displacements at the millimetre level of accuracy with frequency
motion up to 2 Hz. These findings agree with the achieved results presented in (Breuer et al.,
2008).

The GPS technique has been successfully applied to monitor and study the dynamic response of large
flexible structures with primary model frequencies <1 Hz (Ogaja et al., 2003, Kijewski-Correa and
Kareem, 2003, Kijewski-Correa et al., 2006). To investigate the potential of GPS to define the model
frequencies of oscillation structures (> 1 Hz), Psimoulis et al. (2008) designed an experimental
apparatus permitting computer-controlled oscillations (Fig. 2.7) to study the frequency response of
GPS records.
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Fig. 2.7 (a) Schematic and a photo of an experimental apparatus, (b) time series of derived displacements with
different frequencies and (c) frequency results by FFT (Psimoulis et al., 2008).

They attached the antenna of GPS rover receiver (having a sampling rate of 20 Hz) on the top of the
oscillation part of the apparatus. The PC-computer was used to determine the known characteristics
of oscillation (i.e. frequency, amplitude, etc.), which allow to compare them with the results of
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collected GPS data during oscillation. The outcomes of this study demonstrated that GPS is capable
of identifying the dynamic characteristics up to 4 Hz, which can be used to analyse the response of
relatively rigid structures. Also, they found that the results are more accurate when achieved up to 2
Hz and the displacement > 5mm (Fig. 2.7). Then Psimoulis and Stiros (2008) performed a further
analysis using the same experimental apparatus by adding both GPS and robotic total station (RTS)
technique, to assess the accuracy of each technique in order to detect and identify the characteristics
of oscillations. They compared the predefined characteristics (amplitude and frequency) with the
results of simultaneous recording of both GPS and RTS. The analysis showed that GPS could identify
oscillations and a minimum amplitude of 4 Hz and 5-10 mm respectively (with an accuracy of few
mm). On the other hand, RTS technique is capable of recording peaks oscillations with an accuracy

of sub-mm to a few mm; however, some cycles could be lost at high frequencies.

To assess the possibility of GPS technique to identify the dynamic displacement in monitoring stiff
structures (in applications where the model frequency is greater than 4 Hz), Moschas and Stiros
(2011) presented a study to analyse the collected GPS data in a steel short-span pedestrian bridge.
The bridge of 40 m length (Fig. 2.8) has the model frequency of 4.3 Hz and approximately 6 mm
oscillation amplitude. During their experiment, the GPS and accelerometer data were collected when

the load exerted by a group of pedestrians excited the mid-span of the bridge.
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Fig. 2.8 (left) photo and details of stell pedestrian bridge and (right) time series of vertical displacement
detected from GPS data (a-c), while (d) represent the recorded acceleration (Moschas and Stiros, 2011).

However, the GPS measurements are contaminated by noise; de-noising these geodetic
measurements can achieve the more reliable and accurate results. Therefore, they presented a new

technique to reconstruct the waveform of the detected dynamic displacement of the oscillating
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bridge. Their method was based on digital filtering of oscillated 10 Hz GPS data as illustrated in Fig.
2.8. Each filtering process was constrained and tested by independent accelerometer data. They
filtered the introduced time series of apparent vertical displacement to obtain the dynamic response
by sequential procedures. Firstly, they derived the long-period component (by moving average) that
represent the semi-static displacement, followed by extracted the short-period component by
applying supervised learning-derived filtering (1 level). The resulted short period represented the
dynamic displacement with noise. To assess the validity of filtering, the derived frequency of GPS
data was compared with that derived from the accelerometer. Then, to identify the dynamic
displacement alone, a Chebyshev band-pass filter was applied to the time series of apparent
displacement (2" level), which also assessed with accelerometer records. They extracted the model
frequency from filtered GPS data to be 4.28 Hz, which has a close agreement with accelerometer
data. From the outcome of this study, they confirmed the possibility of using GPS for monitoring

stiff structures.

Moschas and Stiros (2013) continued their studies to analyse the noise characteristics of GPS
measurements by conducting a series of experiments based on different types of stationary,
collocated and identical GPS receivers. They collected GPS data of 10 Hz along short duration (<100
s), and they found that the significant noise level that is affecting 10 Hz GPS, is mainly based on the
instrument itself even when same instruments are used. By investigating the spectral analyses of
recorded data, they reported that the coloured noise was dominant for frequencies below 0.2 Hz,

which was decaying and resulting to the white noise being dominant for frequencies above 2.5 Hz.

In structural monitoring for some applications (e.g. stiff structures), the monitoring process required
collecting data with high sampling rate. One of the primary development in GPS receivers is
increasing the sampling recording rate up to 100 Hz (Haberling et al., 2015, Bischof and Schon,
2016), which enhance the ability to analyse the recorded GPS measurements conducted in concerned
structures. To investigate the reliability and operating performance of GPS records with the high
sampling rate, Yi et al. (2013a) performed experiments by adopting two types of GPS receivers
(NovAtel-50 Hz and Javad-100 Hz). They aimed to assess the performance and characteristics of
GPS high rate recordings. Therefore, they attached the receivers and accelerometer (Lance
LC0161A) on a controlled steel frame model and collected high-rate data when the frame was
vibrated. They concluded that the high-rate GPS records could detect the sensitive displacements,

which can be then implemented to investigate the dynamic response of bridge structure.

Although the GPS receiver can record data with the high sampling rate, it is expected to increase the
noise level. Therefore, Moschas and Stiros (2014b) investigated the impact of increasing the
bandwidth of phase-locked loop (PLL) on the noise and their effect on correlated GPS measurements

at 100 Hz. They processed the collected data with different modes according to various PLL
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bandwidth values. They found that the increase in the PLL bandwidth reduces the correlations and
leads to increase in the frequency noise of 100Hz. Therefore, they suggested a combining of a band-
pass filter with a pre-set PLL bandwidth to obtain more optimal results.

To validate the use of high rate GPS sampling and expand their ability to detect the dynamic
deflections of stiff structures (> 6Hz), Moschas and Stiros (2015) succeeded to monitor stiff
Footbridge by 100-Hz GPS records. However, the derived vertical deflection was contaminated with
noise; they extracted the 6.5 Hz to be the natural frequency of the bridge.

It can be summarised from the above experimental studies that the GPS is a promising accurate

technique, which can be used in structural monitoring as reported by different researchers.
2. 4 GPS Measurements for Bridge Monitoring

Bridges are one of the main infrastructures that require monitoring as an essential part of Structural
Health Monitoring (SHM). The bridges are subjected to various external dynamic loadings such as
the wind (Han et al., 2016), temperature variation (Montassar et al., 2015) and traffic loading
(Karoumi et al., 2005), resulting in their response, which can be recorded by different techniques

employing various sensors.

Among different monitoring sensors, the GPS technique has been used to monitor the behaviour
movements of structures under loading. The main advantages of GPS are the ability to provide (i)
direct 3D displacement of the monitoring points, in an independent coordinate system (Psimoulis et
al., 2008, Haberling et al., 2015) and (ii) sampling rate which can reach up to 100Hz (Yi et al., 2013a,
Moschas and Stiros, 2015, Haberling et al., 2015). In addition, the continuous GPS measurements

can be taken in all weather conditions (Im et al., 2013).

Several experimental studies (see, Section 2.3) have proved that accurate GPS measurements can be
used to monitor the dynamic motion of a few mm amplitude (i.e. 4-5 mm; (Roberts et al., 2000,
Psimoulis and Stiros, 2008, Moschas and Stiros, 2014c). In addition, GPS has the potential to
estimate the motion frequency of the bridges up to 4-5 Hz (Psimoulis et al., 2008, Moschas and
Stiros, 2011), and thus it meets the requirements for monitoring the dynamic response of structures.
Therefore, it can be adopted for short and long-term monitoring systems (Meng et al., 2003, Kaloop
etal., 2017).

Many studies have been conducted, where GPS has been used successfully to measure not only the
dynamic response but also the static and semi-static behaviours (Moschas and Stiros, 2015). For
example, after the success monitoring of Humber Bridge by Ashkenazi and Roberts (1997), further
studies were carried out to study the bridge response. One of those studies focused on assessment of
the GPS data to monitor the twist and deflection of the bridge (Roberts, 1999) as well as the height
deflection (Roberts et al., 2000). During the latter study, the derived deflections from GPS
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measurements showed a close agreement with those predicted by Finite Elements (FE). The results
were achieved when five fully loaded Lorries (weighing about 160 tons) passed through the bridge
to detect deflections under loading conditions. Five receivers related to the reference station were
used to collect the data at a rate of 5 Hz. The precision of the processing procedure was within a few
millimetres. When they analysed 3D deflections and converted to distances, the deflection at mid-
span was 420 mm with GPS while it was predicted by finite element to be within 440 mm. Similar
trend about validation of GPS results and finite element analysis was proved by (Brown et al., 1999).

After opening London Millennium Footbridge (330 m length with mid-span of 144 m) in June 2000,
unpredicted lateral vibrations occurred by crowed pedestrians loading led to close this bridge for
extra treatment by placing dampers, and it was monitored again in November 2000. Thus, Roberts et
al. (2006) studied and monitored ‘London Millennium Footbridge’. They analysed the vibration of
the bridge by using five receivers connected to Leica AT504 choke ring antennas (at 10 Hz rate) that
are placed on the bridge handrail as illustrated in Fig. 2.9. The results showed good agreement
between the computed natural frequencies from GPS data and the predicted natural frequency by
finite elements models (FEM). The predicted frequencies of lateral dynamics at the mid-span are 0.5
and 0.95 Hz, while the actual frequencies from GPS are 0.55 and 0.95 Hz. The strange output was
found that the longitudinal deflection is larger than the lateral deflection. They attributed this to the
limitation of GPS geometry in the north-south direction (Roberts et al., 2004a).
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Fig. 2.9 The locations of the monitoring stations on the London Millennium Bridge (Roberts et al., 2004a).

To illustrate displacements in bridge structure for an extended period, Guo et al. (2005) have studied
Humen Bridge in China for five months period by RTK GPS. They investigated the vertical
displacement as a result of temperature variation and lateral displacement caused by wind loads.
Moreover, they applied the spectral analysis to estimate the frequency characteristic of that bridge.
As a result, the frequencies that computed by GPS are identical to that calculated by finite elements
(FE). The torsional displacement was also calculated at the symmetrical points on the deck of the

bridge.

The Forth Road Bridge in Scotland (a bridge that is used as the main case study for the current

research) was another bridge that monitored with several trials. In February 2005, continuous 46
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hours gathered data depending on two adjacent reference receivers outside the bridge and seven
receivers distributed upon the bridge in desecrating points were investigated (Roberts et al., 2005),
as illustrated in Fig. 2.10.
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Fig. 2.10 Schematic of the Forth Bridge and distributed points (Roberts et al., 2014).

In their study, two monitoring points were placed on the top of the bridge tower while the other two
locations were attached on both sides of mid-span. The rest of the monitoring points were located in
distances divided along the mid-span at %, %, and 3/8 of the mid-span length. Leica 530, 510 and
GPS1200 receivers were used with 10Hz sampling rates of recording data. Metrological data of wind,
temperature, and other factors were collected besides traffic loading. In the early hours of the
morning when the traffic was less congested, it was an excellent opportunity to pass two 40 tonne
lorries along the bridge to detect controlling loading effect. 400 mm deflected the bridge from 80-
tonne loading and the two symmetric mid-span points deflected by different magnitudes due to
torsional movement. The precision of the gathered data was within millimetres and post-processing
technique used was ‘on the fly’ (OTF) technique (Roberts and Brown, 2010). The data of deflection
components of the bridge was analysed and filtered by the pass-band filter using both Fast Fourier
Transform (FFT) and the Lomb Normalized Periodogram (LNP). The spectral analysis of FFT was
related to 0.08, 0.275 and 0.34 Hz at frequencies in the lateral direction, and 0.10, 0.20, and 0.26 Hz
in the vertical direction, while it was 0.17 Hz in the longitudinal direction. These results are identical
with that computed by LNP technique (Pytharouli et al., 2006). For more information on derived
frequencies, refer for example to (Brown et al., 2007, Roberts et al., 2012, Wang et al., 2015b).

Currently, the Forth Road Bridge has permanent structural health monitoring established as part of a
Geo-SHM project that sponsored by ESA (Meng et al., 2016). This project implies the use of GNSS
records, Remote sensing data and environmental information for effective integrated assessment of
concerned structure (ibid). The GNSS data are collected by four Leica receivers (two attached at the
mid-span and one at the top of bridge’s tower relative to reference one) as shown in Fig. 2.11. From
available collected data, it can correlate the response of the bridge with loading effects as well as the
environmental conditions to study the behaviour of the bridge. Therefore, Psimoulis et al. (2017)
implemented the GPS recorded data over a long duration (between 20/07/2016 and 21/08/2016) to
define the characteristic behaviour of the bridge response. They analysed the collected data at mid-

span stations by evaluating the response for every 10-min (compute the mean and standard deviation)
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during the long duration. They found that the daily cycle response was detected with the vertical
component of movement caused by variations in temperature and traffic. In contrast, the daily cycle
response did not exist in the lateral component, which showed the resulting response from the wind
load.
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Fig. 2.11 (left) Locations of attached monitoring stations at Forth Road Bridge and (right) the time series of
10-min mean response for vertical and lateral components (Psimoulis et al., 2017).

Likewise, Chen et al. (2018) analysed the GPS data collected at the monitoring station (SHM4 in
Fig. 2.11) of the southern tower of Forth Bridge. They investigated the vertical deformation of this
tower derived from GPS data (for every 10-min) during 33-months along with metrological data of
15 months, in order to detect the mechanism of vertical deformation. They reported that the
subsidence rate was within 4.7 mm/year, with the uncertainty of 0.1 mm.

M48 Severn Bridge in the UK (the second case study in the current research) was monitored by
Roberts et al. (2014). They monitored the suspension cable of the bridge by attached several antennas
directly onto the suspension cable. During three days in March 2010, nine receivers referring to two
reference stations collected GPS data. The sampling rate was 20 Hz for 5 points on cables and 10 Hz

for four tower points as illustrated in Fig. 2.12.

Different types of receivers were used including; Leica 530, Leica 1200, Leica SR510 and Leica
Viva receivers connected to Leica chock ring antennas. Because of the high resolution of the GNSS
carrier phase and implementation of chock ring antennas, the predicted precision will be within
millimetres. Moreover, the post-processing used was OTF technique. They found that the vertical
deflection could reach 0.3 m due to the mass of traffic in a specific point (Fig. 2.12). From their
analysis, the fundamental frequency was around 0.146 Hz derived from the vertical displacement of
mid-span station. Furthermore, the results showed the changes in external factors that affecting the

natural frequencies values.
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Fig. 2.12 (a) Monitoring points in Severn Bridge, (b) choke ring antenna attached to the cable, (c) time series
of apparent deflection and (d) detected frequency (Roberts et al., 2015).

2. 5 Limitations of GPS Measurements

Many studies have been conducted, where GPS has been used successfully to measure the response
of different engineering structures. More specifically, GPS is used to measure the deflection of the
top of the tall structures, while for the case of the long-span bridges it is mainly applied to the top of
the towers and other critical points at the main span (e.g. midspan). Even though, the response of the

suspension bridges is at least of cm-level, which is detectable with GPS measurements.

Although it is possible to meet the requirements of structural monitoring with GPS, some limitations
will affect the efficiency of this technique. The limitations are due to biases and errors that
contaminated the GPS measurements such as multipath, noise, cycle clips, ionospheric delay, etc. In
addition, the limited number of visible observed satellites is another limitation may lead to weak
geometry that introduced a low quality of derived positioning or no solution in some cases. Most of
these limitations can exist in conducted GPS measurements at a particular monitored structure along
different durations, which consequently affect achieving precise characteristics of the movements as

well as identifying accurate response with correct interpretation.

In bridge deflections monitoring by GPS, it is challenging due to multipath effects from towers,
cables and passing vehicles on the bridge as well as obstructions causing cycle slips in measurements
(Raziq and Collier, 2007), resulting in additional coloured noise and biases errors (Moschas and
Stiros, 2013). Additionally, the monitoring of the vertical response, which is crucial for the

evaluation of the bridge behaviour is often challenging due to the lower accuracy of GPS in the
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vertical component in comparison to the horizontal components (Meng et al., 2003, Raziq and
Collier, 2007).

Regarding multipath, the complexity of site environment that influenced by surrounding reflective
features with the limitation of the selected site make multipath a dominant unavoidable error source
in GPS measurements (Dodson et al., 2001). Since the GPS measurements of pseudorange and carrier
phase are contaminated by receiving direct and indirect reflected signals (i.e. multipath), the accuracy
and reliability of required precise positions will be degraded. Thus, the multipath effect could
maximise the amplitude of detected deformation to vary from several millimetres up to several
centimetres or even meters (Dodson et al., 2001). Different studies have been conducted as an attempt
to eliminate the effect of multipath in order to achieve accurate positioning as well as to improve the
detection of structural movement, such as (Roberts et al., 2002, Meng et al., 2004, Ogaja and
Satirapod, 2007, Moschas and Stiros, 2014a, Peppa et al., 2018). To illustrate the effect of dynamic
multipath, Moschas and Stiros (2014a) carried out experiments to investigate the impact of multipath
caused by passing trains nearby stations occupied by GPS antennas. They found that the derived GPS
time series was biased by errors caused by temporary blockage of some satellites and dynamic
multipath during the interval of passing trains (see Fig. 2.13). They concluded that the dynamic
multipath looked to be affected by satellite geometry and caused a shift in the derived time series.
Multipath has a systematic effect over a short time interval (few seconds) and periodic effect for a

longer time ( i.e. many minutes) (Amiri-Simkooei and Tiberius, 2007).
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Fig. 2.13 (a) Schematic of the experiment of passing train nearby GPS antenna, (b) the derived Up time series
at a specific event and (c) phase residual of observed satellites (Moschas and Stiros, 2014a).
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The second limitation of the GPS measurements is the noise that degrades the quality of derived
positioning. As a proper receiver gathers the GPS data, each receiver is characterised by a specific
type of noise that contaminated the measurements. Therefore, the derived displacement of structural
deformations always masked by different levels of noise, which affect the precision of derived
results. In addition, the accuracy of GPS positioning can also be affected by satellite availability and
their geometry, the quality of observations and resolution of integer ambiguity (Rabbou and EI-
Rabbany, 2015).

Even with the presence of the limitations mentioned above, GPS can be used in structural monitoring
by adopting methods and techniques to limit the GPS measurement errors and improve its
performance to achieve high precision positioning. The implemented methods and techniques can be
grouped into two main categories of considerable studies including (i) integration of GPS with
another sensor (e.g. accelerometer, Robotic Total Station RTS, Pseudolite or Locata) and (ii)
adopting different digital signal processing by filtering methods. In addition, the combined GNSS

observations as a suggested technique in this study.
2.5.1 Existing Solutions to GPS Limitations

2.5.1.1 Integration of GPS and Other Sensors

For specific applications that require high-rate sampling with high accuracy, GPS alone is not able
to provide accurate and reliable results. The accelerometer is used for dynamic monitoring, with the
high sampling rate (several hundred Hz), but with the requirement of a double integration of the
acceleration to derive displacement. Also, the acceleration reading will drift over time and cannot
detect low frequencies which is another limitation (Roberts et al., 2004b). Furthermore, the
accelerometer readings are insensitive to detect movements of long duration in monitoring
deformations of long-span bridges (Han et al., 2016). Therefore, the integration of GPS and
acceleration data is a common solution (Meng, 2002). The use of an accelerometer as a
supplementary could enhance the GPS data analysis and improve the quality of the GPS time series
(Moschas and Stiros, 2015). This integration will surpass limitations regarding improving the overall

system reliability and performance.

Many studies have been applied to this technique in dynamic monitoring. (Meng et al., 2003)
developed the hybrid system consisting of a GPS system and triaxial accelerometer. To have a correct
alignment of the accelerometer, one of its axes should be aligned with a known direction. Usually,
the bridge central axis and that was done manually by theodolite. The monitoring test applied to
Nottingham Suspension Footbridge under wind and pedestrian loading. The collected field data were
synchronised between accelerometer and GPS by a cross-correlation algorithm, with a rate of 10 Hz
for GPS and 200 Hz for the accelerometer. Finally, the model frequency was extracted by spectrum

analysis after post-processing. The hybrid system contains Leica CRS100 and SR530 GPS dual-
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frequency receivers combining with Kistler triaxial accelerometer. This procedure reflects the
possibility of utilising the integrated system to monitor deformations in small bridges with high
frequency providing millimetre accuracy. A set of trials demonstrated on this bridge to check the
validity of monitoring by integrated GPS and accelerometer (Meng et al., 2007).

Other studies for assessing the performance of utilising GPS and accelerometer had been performed
by (Li, 2004, Li et al., 2006, Moschas and Stiros, 2011). Recently, Yu et al. (2014) repeated
monitoring the Wilford Bridge in Nottingham by applied three GNSS data processing modes, which
are Real-Time Kinematic (RTK), network RTK and post-processing Kinematic (PPK). They used
multimode adaptive filtering (MAF) that combining the adaptive filter with Chebyshev highpass
filter to mitigate the GNSS measurement errors and to identify the dynamic displacements of the
bridge. They assessed the differences between measured displacements from two approaches either
GNSS or from the double integration of accelerometer data. Statistically, the standard deviation of
displacements differences between two approaches is less than 1mm, which satisfy monitoring
purposes. The results from GNSS data related to the sub-millimetre level of accuracy with an
amplitude of less than 8 mm and the model frequency were 1.690 Hz, in close agreement with the
accelerometer results. It could be concluded that the GNSS technique could detect the model

frequency less than 2 Hz with a sampling rate of 20 Hz.

Another geodetic technique could be integrated with GPS is Robotic Total Station (RTS). The RTS
has been combined with GPS in order to reduce the error of GPS data, mainly for dynamic motion
of a few mm amplitude or semi-static displacement (Psimoulis and Stiros, 2008, Psimoulis and Stiros,
2012) and mitigate the impact of the multipath effect in GPS time series (Moschas et al., 2013).

Psimoulis and Stiros (2008) proposed this type of combination to identify dynamic characteristics of
relatively rigid structures (model frequencies are up to 3-4 Hz) by simultaneous recordings of both
GPS and RTS. In their study, dual frequency receivers were used with a sampling rate of 20 Hz while
sampling rate of RTS was 10 Hz to supplement the missing data of GPS. The cross-correlation was
used to resolve the phase difference between both independent records. The resulting time series
were analysed to determine the amplitude and frequency of oscillation by implementing Spectral
analysis. It was found that the noise seems to increase when frequency increased, and cycles were
lost from RTS recordings in high frequencies. The precise quality of results obtained when getting

higher amplitudes and lower model frequencies.

For high-frequency oscillations of civil engineering structures, Psimoulis and Stiros (2012)
developed a computer-based algorithm that computes the mean amplitude of small scale. This
algorithm is based on a peak-picking filter, which is a function of the oscillation frequency. This
algorithm minimises the noise of high-frequency GPS and RTS recordings. The application of this

method could be demonstrated in monitoring short-span bridges.
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However, inconsistencies between GPS and accelerometer data (Psimoulis et al., 2015), and the main
weaknesses of RTS, such as non-constant sampling rate (Stiros et al., 2008) or monitoring distance
up to few hundred meters (Psimoulis and Stiros, 2013), reduce the applicability of integrating GPS
with other sensors. Thus, the combination of GPS with other sensors cannot improve the achievable
accuracy of GPS positioning which partly depends on the number of valid satellites and their
geometry.

Pseudolite is another possibility to augment GPS signals and aiming to improve the satellite geometry
(Dai et al., 2002). The pseudolites (i.e. pseudo-satellites) transmit signals from the ground, which
can provide additional and continuous signals (pseudorange and carrier phase) to GPS users (Saka,
2008). Thus, the added signals contribute to improving the geometry and positional accuracy,

especially in urban canyons and other applications with limited available satellites.

Barnes et al. (2003) have demonstrated that the positioning precision of the vertical GPS component
can be improved by implementing pseudolites with GPS. They conducted a trial to monitor the
Wilford suspension Bridge in Nottingham, UK. They reported that a sub-cm level of accuracy could
be achieved in both horizontal and vertical positioning components by applying this integrated

technique.

In the same context, a Locata is another terrestrial positioning technique that emerged from the
concept of psedolite. This technique can be integrated with GPS to overcome the limitation of GNSS
under challenging areas (i.e. urban canyons) and provide cm level accuracy (Bonenberg et al., 2011).
Also, it can be used in the same difficult areas to solve the challenges of dense multipath (Montillet
et al., 2009).

Meng et al. (2003) have also used pseudolite that integrated with GPS and accelerometer to develop
a hybrid monitoring system that can be used to detect the bridge deflections. When they monitored
the deformations at Wilford Bridge, they investigated the impact of GPS satellite geometry on the
achieved derived precision. They demonstrated that a hybrid monitoring system was feasible to

perform a millimetre 3D positioning precision.

Meng et al. (2004) have continued their study by analysed the 3D GPS positioning accuracies for
monitored structure into horizontal and vertical directions. They have mentioned that installed
pseudolite on the northern side can reduce the limitation of northing GPS component due to limited

satellites in N-S direction for areas (¢p>45°).

However, the location of pseudolite with respect to the antenna of GPS receiver can be critical, which
required optimisation approach to achieve the aimed improvement. Furthermore, the selection of cut-
off elevation angle can be a constraint in the location of pseudolite (Saka, 2008, Shan et al., 2013).
In addition, the pseudolite transmitted signal has frequency similar to that of GNSS, which requires

licences to use (Hancock et al., 2016).
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2.5.1.2 Digital Signal Processing by Filtering Techniques

Another approach to reduce GPS limitations and improve its performance with more precise
positioning is applying digital signal processing based on filtering techniques. Several types of filters
can either be used to time series of GPS-only results or implemented to results of integrated GPS

with another sensor (as discussed in the Section mentioned above).

In structural monitoring, the multipath noise could appear as a low-frequency movement (Dodson et
al., 2001). Therefore, filtering technigues can be used to mitigate the multipath errors. Dodson et al.
(2001) have investigated the adopting of spectrum analysis to detect the characteristics of multipath
and applied an adaptive filter (AF) to mitigate the effect of multipath. They have analysed the results
of Wilford footbridge monitoring and separated the real bridge deflections from multipath and
receiver noise. Similarly, Roberts et al. (2002) have developed an adaptive filter to isolate the
multipath effect from the derived contaminated GPS time series of detected displacement, which was
also used by (Cosser et al., 2003, Cosser et al., 2004). Further studies were implemented an adaptive
filter to mitigate the multipath effect in structural monitoring such as (Meng, 2002, Chan et al., 2005,
Yuetal., 2014).

The wavelet transform filter can be used to decompose GPS positioning data and mitigate the noise
errors, which leads to more accurate GPS data and estimation of frequencies (Mosavi and
EmamGholipour, 2013). The more precise data is essential to obtain a correct interpretation of

structure movement and reduce the events of false alarm (Ogaja et al., 2003).

Yu et al. (2006) have used wavelet analysis to eliminate the high-frequency noise in the results of
dynamic GPS deformation data of bridge monitoring (bridge on the Yangtze River in Wuhan, China).
They reported that the noise was effectively removed from the derived time series of bridge

deformations with wavelet, and the frequency response was extracted (0.25 Hz).

Souza et al. (2009) have constructed a mathematical model based on Kalman Filter to eliminate most

of GPS errors, and they applied wavelet technique to mitigate the multipath error.

Kaloop and Li (2011) have analysed the using of GPS observations, and wavelet transforms to study
the movements and damage detection in cable-stayed Yonghe Bridge, China. They found that the
GPS measurements with wavelet analysis were a reliable tool for damage detection technique. It has

been proved that wavelet filtering is effective as de-noising procedure (Kaloop and Kim, 2016).

In GPS measurements, as the errors are cover up the required signals, the apparent displacement may
not show the dynamic response. In this case, the de-noising of the derived displacement can lead to
extract the dynamic movement. Moschas and Stiros (2011) have adopted a sequential filtering
procedure with external constraints in each step. As explained in Fig. 2.8, they applied two steps to

extract the final dynamic response of the stiff structure. They based on the supervised-learning
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derived filter (from the high-pass filter), then used a Chebyshev band-pass filter. They assessed the
validity of filtering in each step according to accelerometer records. From the resulting time series,
they identify the dynamic characteristics.

Moving average is an ideal filter to reduce the long period noise of GPS measurements, which also
preserve the whole trend of time series that represent the deflection in structural monitoring (Moschas
and Stiros, 2015).

However, different filtering techniques may enhance the results; they might lead to excluding real
signals that are essential to define the actual response of monitored structure or introduced biases in
some cases (Psimoulis et al., 2008). Therefore, the alternative technique is a combined GNSS

observation.

2.5.2 The Suggested Technique of Combined GNSS to Overcome GPS

Limitations

The introduction of other Global Navigation Satellite Systems (GNSS) such as the Russian
GLONASS, European Galileo and Chinese BeiDou provides an alternative and complementary
solution to overcome GPS limitations and enhance the positioning solution. The combination of GPS
with other GNSS constellations is contributed in improving satellite geometry because of increasing
number of valid satellites (Truong and Ta, 2013, Yu and Gao, 2017, Abd Rabbou et al., 2017). This
will contribute to improving positioning accuracy (Cai and Gao, 2013, Li et al., 2015a, Cai et al.,
2015), reliability and availability solution for deformation monitoring. The derived GNSS data can
be used to identify the permanent displacements of the structure and evaluate its dynamic response
(Lepadatu and Tiberius, 2014).

A number of studies have generally shown that the contribution of combined GNSS constellations
improves the positional accuracy and increase the rate of fixing ambiguity solution (Teunissen et al.,
2014, Zhao et al., 2014). For example, according to Cai and Gao (2007), they have assessed the
positional accuracy and reliability of integrated GPS and GLONASS observations in a combined
solution. They have indicated that an improvement in the positional accuracy was achieved with
combined GPS/GLONASS solution as compared with GPS-only positioning. This improvement was
realised when satellite geometry improved. Grelier et al. (2007) demonstrated the geometry

improvements with simulated results of combined GPS with BeiDou and/or Galileo.

Ong et al. (2009) have investigated the expected positional improvement when adding GLONASS
measurements to GPS observations in a combined RTK solution. They indicated that the horizontal
accuracy of single frequency combined solution was better than that achieved with the dual frequency

of GPS-only solution (1 cm vs 2 cm RMS). In addition, the dual frequency combined solution
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provided more accurate results than GPS-only with dual frequency. They also reported that the

combined solution enhance the positioning availability in urban canyon areas.

While the BeiDou system was in its initial stage, Yang et al. (2011) conducted a simulation study to
assess the contribution of the BeiDou constellation for both local and global positioning performance.
The combined GPS/BDS results showing enhancement in the satellite visibility, the availability and
the DOP values. They reported that GDOP and PDOP factors were improved by 50% when including
BeiDou data to GPS observations.

For real data of GPS/BDS combination, He et al. (2014) have analysed the conducted data of RTK
positioning at a short baseline of 8 km. They found a significant improvement of the combined
solution in comparison with a GPS-only solution, which permitted enhance the fixing rate and
reliability of ambiguity resolution. The improvement in positioning accuracy of RTK combined
solution relative to individual GPS positioning was 23% and 4% with two trials of short baselines

respectively.

Thus, since the signals of multi-GNSS became available, different studies have been conducted to
analyse the performance of combined GPS and other GNSS constellation, which compared with a
GPS-only solution to illustrate the expected positional improvements. The results of considerable
studies can be addressed for both precise relative positioning as well as absolute precise point
positioning (PPP). The presented results of combined GNSS positioning systems can be found in
(Teunissen et al., 2014, Deng et al., 2014, Paziewski and Wielgosz, 2014, Tokura et al., 2014, Gao
et al., 2016, Liu et al., 2016, Odolinski and Teunissen, 2016, Paziewski and Sieradzki, 2017,
Paziewski et al., 2018) and others for relative positioning. Whereas the results of combined GNSS
positioning for PPP were presented in (Anquela et al., 2013, Cai and Gao, 2013, Cai et al., 2015,
Wang et al., 2015a).

However, there is a limited improvement can be realised when a sufficient number of GPS satellites

with proper geometry are available (Alkan et al., 2015).

Although the combined GNSS has been applied in different positioning applications, there has been
a limited number of studies using combined GNSS solution for structural monitoring. Therefore, the
current study aims to investigate the improvements of combined GNSS to overcome the GPS

limitations and enhance the positioning performance towards an efficient monitoring technique.
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Chapter 3: An Overview of the Global Navigation Satellite
Systems (GNSSs)

3. 1 Constellations of Multi-GNSS

Global Navigation Satellite System (GNSS) is the collective term for those navigation systems that
providing positions by orbiting satellites (Groves, 2013). These systems include; GPS, GLONASS,
Galileo and BeiDou. GPS and GLONASS received full attention in the past, and they are currently
in full operation, while Galileo and BeiDou are still under development and would be expected to be
fully global coverage/operation in 2020. This development of the GNSS constellations focuses, for
example, on introducing additional frequencies along with increasing the number of operating
satellites, improving instantaneous positioning and evaluating the reliability of the system (Wu et al.,
2015, de Lacy et al., 2011).

Each GNSS system comprises three distinct segments: (i) Space segment, (ii) Operational Control
segment and (iii) User segment. The space segment consists of a number of operating satellites,
which broadcasting radio signals to the user. The control segment operates the system by a network
of ground facilities that monitor the status and health of satellites, track the satellites in their orbits,
and responsible for determining the required data of predicted ephemerides and clock corrections
transmitted by the satellites. The users receive the transmitting signals from the satellites, thereby the
ranges between the user’s receiver and the simultaneously observed satellites can be determined to
obtain the positioning. The position is calculated from recorded GNSS observations and broadcast
data. In addition to the 3D Position, the GNSS technique can provide Velocity and Time information
(PVT). For more details, the interested reader can refer to textbooks such as (Misra and Enge, 20086,
Hofmann-Wellenhof et al., 2008) and (Xu and Xu, 2007).

3.1.1 The Global Positioning System (GPS)

The Global Positioning System (GPS) is a space-based radio navigation system developed by the
U.S. Department of Defence. The first satellite of Block-I generation was launched in Feb. 22, 1978
and reached Full Operational Capability (FOC) in July 1995 (Kaplan and Hegarty, 2005, Hofmann-
Wellenhof et al., 2008). Through the developments of the GPS, several sets of Blocks (i.e. Block II,
1A, IR and so on) have been established over a few decades. The modernised GPS constellation has
more satellites that broadcast newly improved signals with the more efficient transmission. However,
the initial GPS constellation was designed to include 24 evenly distributed satellites across six orbital
planes; the current constellation consists of 32 satellites (Su et al., 2018). The GPS uses a Medium
Earth orbits (MEO), which are arranged in equally separated by 60° planes at the equator, and each

orbital plane inclines 55° concerning the Earth’s equator. The GPS satellites are placed in their orbits
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at an altitude of 20,200 km. The nominal semi-major axis of GPS satellites’ orbit is about 26,560 km
from the centre of the Earth. One complete orbit takes about 11h 57min 28s or almost one-half of a
sidereal day. Therefore after two rotations, each satellite rises roughly from the same original
location, which means repeated geometry period, but approximately four minutes earlier than the day
before (Bhatta, 2011). These satellites broadcast ranging signals and navigation data message to the

users.

Even with more than 24 GPS satellites, the possibility of a limited number of satellites can occur at
specific regions. Although the best coverage of the GPS constellation can be expected at mid-
latitudes, the less coverage could be at the poles and higher latitudes due to the GPS design (Subirana
etal., 2013).

Each GPS satellite transmits signals of data centred on two microwave frequencies: (L1=1575.42
MHz) and (L2=1227.60 MHZz) in addition to the third frequency (L5=1176.45 MHz) transmitted by
several satellites. Gao et al. (2009) mentioned that the first GPS satellite with L5 was launched in
March 2009. As the value of the fundamental frequency is (f,=10.23 MHz), therefore, the frequencies
are derived by multiplying the fundamental frequency by 154, 120 and 115, respectively (Xu and
Xu, 2007). The GPS uses Code Division Multiple Access (CDMA) technique with a unique code for
every satellite to send different signals at the same frequency.

For time system, the GPS uses the GPS reference time (GPST), which is a continuous timescale to
avoid leap seconds (T. Takasu, 2013). It is related to the atomic time system and is referenced to
Universal Time Coordinated (UTC) as maintained by the U.S. Naval Observatory, UTC (USNO)
that considered the 6™ Jan 1980 the initial epoch of this system (Hofmann-Wellenhof et al., 2008).
To define the positions, the GPS adopts the Word Geodetic System 1984 (WGS 84) as a reference
coordinate system, in which the positions are represented in Cartesian components concerning ECEF
(earth centred earth-fixed) system. The broadcast ephemerides and clocks parameters of GPS are
given in navigation messages as Keplerian elements of the orbit and correction elements (Hofmann-
Wellenhof et al., 2008, T. Takasu, 2013). Therefore, the GNSS receivers can decode, detect and
process the signals received from satellites in order to produce the data which include the code, phase
and Doppler observables (Xu and Xu, 2007).

3.1.2 GLONASS

GLONASS is the Russian counterpart of the American GPS that uses Frequency Division Multiple
Access (FDMA) technology. In other words, each satellite transmits signals at a particular frequency
within the band of the centre frequency. The first GLONASS satellite was launched on October 12,
1982, and then reached full operation in January 1996 (i.e. less than one year later than GPS). The
GLONASS system consists of 21 satellites placed in three MEO orbital planes, with three on-orbit

spare satellites (i.e. 24 satellites in total). An eight satellite will occupy each of the orbital planes,
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which are separated by 120° and inclined at 64.8° to the equator (this criterion enables GLONASS
to offer better coverage than GPS in higher latitudes areas)(Subirana et al., 2013).

The GLONASS satellites operate in nearly circular orbits with a radius of 25,510 km. This implies
that the GLONASS orbit is lower than that of GPS by 1,100 km. Also, the nominal orbit of
GLONASS is at an altitude of 19,100 km, and each satellite completes an orbit in 11h 15min 44s
(Hofmann-Wellenhof et al., 2008). The repeated ground track of the same satellites required about
eight sidereal days (i.e. a period of 17 orbits) to repeat the same geometry (Subirana et al., 2013).

Unlike the GPS, the GLONASS satellites transmit signals in the same code, but in a different range
of sub-band frequencies of FDMA technique. At present, the GLONASS system transmits FDMA
signals at two microwave L-band frequencies (denoted by G1 and G2), in addition to the third CDMA
signals obtained from some of the existing modernised GLONASS satellites with the L3 band
(denoted G3). In FDMA mode, each GLONASS satellite transmits on its own channel or sub-band,
which can be derived using the expression (1602 + n x 0.5625 MHz for L1 band) and (1246 + n x 0.
4375 MHz for L2 band), where the channel number, n= -7, -6, -5... 5, 6 (Geng and Bock, 2016).
Consequently, the sub-band of L1 spanning two sides of the nominal centre frequency of 1602.0
MHz, resulting range of frequencies from 1598.0625 to 1605.3750 MHz channelised with a spacing
of (9/16 or 0.5626 MHz). While, the nominal centre frequency of L2 is 1246.0 MHz, and the sub-
bands are ranged from 1242.9375 to 1248.6250 MHz, which are channelised with a spacing (7/16 or
0.4375 MHz).

Due to a limited number of frequencies (i.e. 14 frequency channels), every two satellites at antipodal
slots (separated by 180°) in the same orbit transmit the same frequency. However, it is impossible to
observe at a single station any pair of GLONASS satellites sharing the same frequency at the same
time (Henkel and Kiam, 2013). This will enable the receiver to detect and separate the incoming
GLONASS signals.

In comparison between GPS and GLONASS, the transmitted broadcast ephemerides and clock
parameters in GPS is the Keplerian elements while the navigation message of GLONASS is
transmitted as geocentric Cartesian coordinates and their derivations, velocity and acceleration of
satellites in ECEF (PZ90.02) system (T. Takasu, 2013). In addition, the coordinate and time systems
used in the GLONASS are different from that used with GPS. The GLONASS time is based on
Universal Coordinated Time, Soviet Union (UTC-SU), which is a Russian national reference
timescale and includes leap seconds (Lewandowski and Arias, 2011). The GPS, on the other hand,
is based on GPST. For the reference coordinate system, the GLONASS uses the Earth Parameter
System 1990 (PZ-90) which differs from WGS84 that used in GPS. For more details of
characteristics of PZ-90, see (Kaplan and Hegarty, 2005).
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3.1.3 Galileo

In parallel to GPS and GLONASS, the European Union (EU) and European Space Agency (ESA)
have developed an independent GNSS of Galileo for civilian use. The development of Galileo took
place in three phases. The first phase of Galileo system starts by launching two experimental
satellites; (i) GIOVE-A: Galileo In-Orbit Validation Element (which was brought into orbit in
December 2005) and (ii) GIOVE-B (which was launched on April 2008). For the second phase, a
pair of operational satellites were placed in their orbit on October 2011, while the next couple
launched on October 2012 and placed in the second orbit (Subirana et al., 2013). After the In-Orbit
Validation (IOV) phase, the Galileo system moved forward to the deployment of the last stage with
Full Operational Capability (FOC), which will be expected to be in 2020.

The full operating features of Galileo constellation will consist of 27 satellites and 3 inactive spares
distributed in three MEO orbit planes, which are separated by 120° and inclined by an angle of 56°
concerning the equator (Galileo-ICD, 2010). The nominal semi-major axis of Galileo orbit will be
29,600 km (3,000 km higher than GPS); the satellites are placed in their orbits with an altitude of
23,222 km above the Earth, which makes the orbital period Consequently, the repeated track with
the same geometry will take about 10 days (Subirana et al., 2013).

The Galileo System Time (GST) is adapted to be the reference time scale of Galileo constellation. It
starts at the epoch of 00:00:00 UTC on 22™ August 1999 as a continuous time scale that does not
introduce any leap seconds (T. Takasu, 2013). The difference between the GST relative to GPST is
defined as the Galileo-GPS Time Offset (GSTO) (Afifi and EI-Rabbany, 2015). The coordinates are
expressed in Galileo Terrestrial Reference Frame (GTRF), which designed to be compatible with the

International Terrestrial Reference Frame (ITRF2008).

Galileo navigation signals are transmitted in four frequency bands denoted by E1, E5a, E5b, and E6
(besides to E5, which is sub-divided into E5a and E5b). The Galileo’s E1 and E5a frequencies
coincide with GPS’ L1 and L5 respectively. Also, the signals transmitted in CDMA technique that
permit interoperable with GPS. The Galileo ephemeris parameters are Keplerian-like orbital
elements as in GPS ephemeris. Also, Galileo aimed to offer five different services to various users
(Galileo-ICD, 2010).

3.1.4 BeiDou

The fourth system of the GNSS constellations is the Chinese Navigation Satellite System (CNSS)
known as BeiDou (BDS), which is currently under development and intended to reach the full global
operation by 2020 (CSNO, 2013a). When BeiDou becomes with an entire operation, it will consist
of five Geostationary Earth Orbit (GEO) satellites, three Inclined Geosynchronous Satellite Orbit
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(IGSO) satellites, and twenty-seven Medium Earth Orbit (MEO) satellites (CSNO, 2013b, Bhuiyan
etal., 2014).

The construction of BeiDou system followed three stages, which are the initial demonstrated stage,
the regional stage and eventually the Global coverage stage. The initial phase completed in 2003
relied on the first generation of BeiDou-I satellites (2 GEO with one backup satellite) (Grelier et al.,
2007). Then, the regional stage was introduced with the launch of the first MEO satellite in April
2007, followed by a number of satellites placed in their orbits to provide local services with the
generation of BeiDou-Il (or Compass) (Yang et al., 2011, Montenbruck et al., 2013). The end of
2012 has completed the second stage (consisted of 5 GEO, 5 IGSO and 4 MEO satellites) (Li et al.,
2014, He et al., 2014). Since the BeiDou system introduced the third stage of development strategy,
additional satellites will be launched to its constellations that is foreseen to reach global operational
capability until 2020.

In contrast to other GNSS constellations, the BeiDou system is consist of three orbit types implied
three different sets of satellites as above stated (see Fig. 3.1). All GEO satellites are placed in a single
Geosynchronous Equatorial Orbit by an altitude of 35,786 km and located at fixed longitudinal
positions at 58.75°E, 80°E, 110.5°E, 140°E and 160°E, respectively (Yu and Gao, 2017). The altitude
of the IGSO plane is as GEO plane of 35,786 km, while the inclination of IGSO is 55°, which is
similar to that of MEO planes. The orbital period of IGSO is 23h 56min, which repeats the ground
track shaped like a symmetric figure of eight shapes (CSNO, 2013a). The third set of MEO satellites
are operating with an altitude of 21,528 Km in their orbits that incline with 55° to the equator and
complete an orbital period of 12 h 53 min. After a period of 13 rotations, the same constellation is
repeated within seven days (CSNO, 2013a).

1IGSO

Fig. 3.1 BeiDou system with various orbit types (Shi et al., 2013)
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The mixed orbits of BeiDou constellation structure can introduce a better observation geometry for
positioning compared to the current GPS and GLONASS, and future Galileo, especially in China
and the Asia-pacific regions. Referring to time, the BeiDou Navigation Satellite System Time (BDT)
is used as the reference time, which is a continuous time scale without leap seconds. The reference
epoch of BDT is starting at 00:00:00 UTC on 1% Jan 2006 to have zero second difference with UTC
(T. Takasu, 2013). The coordinate reference system that used in BeiDou is the China Geodetic
Coordinate System 2000 (CGCS2000) (Yang, 2009), which has the similar characteristics of Galileo
reference system (Deng et al., 2014).

The BeiDou satellites broadcast navigation signals and messages within three frequency bands,
which are B1:1561.098 MHz, B2:1207.14 MHz and B3:1268.52 MHz. The transmitted signals are
based on Code Division Multiple Access (CDMA) technique similar to that of GPS and Galileo. In

addition, the nature of broadcast ephemerides is also provided with Keplerian elements.

The BeiDou satellites broadcast navigation signals and messages within three frequency bands,
which are B1:1561.098 MHz, B2:1207.14 MHz and B3:1268.52 MHz. The transmitted signals are
based on Code Division Multiple Access (CDMA) technique similar to that of GPS and Galileo. In

addition, the nature of broadcast ephemerides is also provided with Keplerian elements.

To summarise the characteristics of each GNSS constellation and the main differences between them,
Table 3.1 presents such differences. Regarding full operational capacity, the Galileo and BeiDou are
still under development and would be expected to be fully functioning in 2020.

Table 3.1 Comparison of the main characteristics of multi-GNSS implies GPS, GLONASS, Galileo and

BeiDou.

Characteristic GPS (G) GLONASS (R) Galileo (E) BeiDou (C)
First launch Feb. 22,1978 Oct. 12, 1982 Dec. 28, 2005 April, 2007 (MEOQ)
Full operational capability | July 17, 1995 Jan. 18, 1996 Expected 2020 Expected 2020
Signal separation CDMA FDMA CDMA CDMA
. Planned:27+ 3 Planned:27 MEO +3
Number of satellites 32 24 active reserves IGSO +5 GEO
Orbital planes 6 3 3 3 (MEO)
Orbit inclination 55° 64.8° 56° 55° for (MEQ)
Semi-major axis of orbit 26,560 km 25,508 km 29,601 km 27,878 km (MEO)
Altitude of Satellites 20,200 km 19,100 km 23,222 km 21,528 km
Orbit plane separation 60° 120° 120° 120° (MEOQ)
Complete orbital period 11h 57min 28s 11h 15min 44s 14h 04min 45s 12h 53min (MEO)
Repeated same geometry | 1 sidereal day About 8 days About 10 days Within 7 days
Geodetic Reference WGS-84 PZ-90.02 GTRF CGCS2000
Time system GPS time, UTC GLONASS time, G_alileo System BeiDou System Time
(USNO) UTC(SU) Time (GST) (BDT)
Leap seconds No Yes No No
Satellite position, Keplerian Keplerian elements,
. Keplerian elements, elocity, elements, correction coeffic.
Broadcast Ephemerides - . N .
correction coeffic. [acceleration in correction
ECEF system coeffic.

In CDMA: Code is different for every satellite, while in FDMA: Frequency is different for every satellite, modified from (Hofmann-

Wellenhof et al., 2008).
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Regarding the frequency bands, each GNSS constellation has its frequency range, as illustrated
numerically and graphically in Table 3.2 and Fig. 3.2, respectively. It is clear from Fig. 3.2 that, B1,
L1 and E1 are sharing the same frequency band but with a different central frequency. In addition,
an overlap in frequency might occur as in L2 and G2.

Table 3.2 Different central Frequencies of each GNSS constellation as encoding in RINEX 3.02 (Gurtner and

Estey, 2013, IGS, 2015)

GNSS il Frequencies
Const. PEEILD il 2nd 3 4th 51
GPS Freq. L1: 1575.42 L2: 1227.60 L5: 1176.45
©) Band/Freq.
Observations.* C1,L1,D1,S1 | C2,L2,D2,S2 C5, L5, D5,S5
Freg. Gl1: G2: G3:
GL?F’;')ASS Band/Freq. 1602+k*9/16 | 1246+k*7/16 | 1202.025
Observations.* | C1,L1,D1,S1 | C2,1L2,D2,S2 | C3,L3, D3, S3
. Freq. . . . E5(E5a+E5b): | E6:
Gaz:él)eo Band/Freq. E1:1575.42 E5a:1176.45 E5b: 1207.14 1191795 1278.75
Observations.* | C1,L1,D1,S1 | C5, L5, D5,S5 C7,L7,D7,S7 | C8,L8,D8,S8 | C6,L6...
BeiDou Freq. B1:1561.098 B2:1207.14 B3:1268.52
© Band/Freq.
Observations.* C1,L1,D1,S81 | C7,L7,D7,S7 C6,L6, D6, S6

Observations.* which are Pseudo Range (C), Carrier Phase (L), Doppler (D) and Signal Strength (S).
For GLONASS k= -7.....+6, which is the satellite’s frequency channel number.

N

Lower L-Band

>

€— UpperL-Band =——2p
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ARNS: Aeronautical Radio Navigation Service RNSS: Radio Navigation Satellite Service

Fig. 3.2 Frequency bands for the four GNSS constellations (Subirana et al., 2013).

3. 2 GNSS Error Sources

The fundamental principle of GNSS positioning depends on the measured ranges between the
antenna of GNSS receiver and a number of GNSS satellites, which in turn differentiate from

differences between the times of transmitted and reception of GNSS signals. These ranges are
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subjected to different effects that caused a number of random errors and systematic biases. Therefore,
to achieve the required accurate positioning, it is necessary to identify the various error sources and
implement the proper technique to reduce them or cancel out. As the transmitted signals broadcast
from satellites to the user’s receiver through an atmospheric propagation medium, it can be
categorised the GNSS error sources into three main sets (as illustrated in Fig. 3.3), which implies the
satellite-related errors, propagation medium and receiver related part, which will be discussed in the

following sections.

Multi-GNSS
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Fig. 3.3 Sketch of GNSS error sources

3.2.1 Satellite Orbit and Clock Errors

The GNSS ephemerides and clock corrections are calculated and predicted by the ground control
segment, then uploaded to satellite constellations periodically to be delivered continuously as
navigation messages to the users in real time. Therefore, the GNSS receiver can estimate the
predicted satellite’s position in real time from broadcast navigations. Thus, the deviation between
the predicted and the actual pre-calculated position of satellite represents the satellite position error,
which has an impact on the accuracy of the derived solution. The satellite position differences are
defined relative to the satellite orbit in three orthogonal components, which are radial, cross-track

and along-track components (Nicolini and Caporali, 2018).
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Based on the global network of receivers, the information of satellite orbit and clock corrections can
be estimated and distributed by the provider (e.g. the International GNSS Services IGS or others) to
the users with different levels of accuracy (Dow et al., 2009). For example, the IGS determines the
satellite positions in orbit for every 15 min; thereby the location of the satellite at transmission time
can be determined by interpolation.

As above mentioned in Section 3.1, that the navigation message for each GNSS constellation of GPS,
Galileo and BeiDou are given in Keplerian orbit elements and clock correction parameters. Based on
these broadcast parameters, three elements can be calculated which are (i) satellite position in ECEF
system, which represent the antenna phase centre position of the satellite, (ii) the satellite clock bias
and (iii) the clock drift. In contrast to other GNSS, the navigation message of the GLONASS system

is broadcast the satellite position, velocity and acceleration in EFEC of PZ90.02.

Recently, the quality of GNSS broadcast ephemerides of orbit and clock products have been
improved with the developing of new generations of GNSS constellations and their new signals,
especially with remarkable progress with GPS and GLONASS observations (Montenbruck et al.,
2015, Griggs et al., 2015). This is reflected in increasing the ground monitoring stations of control
segment by established newly sites that provide better global distribution, in addition, to increasing
the frequently updated information along the day (Montenbruck et al., 2017). Furthermore, to
enhance the accurate position of satellites at the time of signal emission, the broadcast corrections
from Satellite Based Augmentation Systems (SBASS) in geostationary orbits such as (WAAS and

EGNOS) can be used along with the navigation ephemerides to reduce the measurement errors.

The other parameter is the satellite clock bias, which defined as the difference between the in-satellite
clock and the reference GNSS time-scale, due to clock synchronisation errors. The corrections of
satellite clock are given in the form of polynomial coefficients related to reference epoch (to) in the

broadcast navigation message, which can be expressed in clock model as (Qing et al., 2017):
85t5 = a, + a,(t — t,) + a,(t — t,)? (3.1

where a,, a; and a, are the polynomial coefficients describing the clock phase offset, frequency

offset (drift) and linear frequency drift (drift rate) respectively.

In CDMA systems (i.e. GPS, Galileo and BeiDou), the coefficients of second order polynomial are
given with a,, a, and a, . For GLONASS only considered a first order polynomial, which including
the clock offset (a,=-7,) and the relative frequency offset (a,=y;,) (Subirana et al., 2013, T. Takasu,
2013). However, the broadcast time transmitted by satellite will be with the order of nanoseconds,
while the satellite clocks of precise GPS and GLONASS constellations are within 0.1 ns or less (i.e.
the error of 1 ns can caused error range of 30 cm). For more details about the precise orbits and clocks

verification see (Hadas and Bosy, 2015).
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When comparing the broadcast ephemerides with the precise orbit (final orbit) and clock products
provided by IGS for all available GNSS constellations, Montenbruck et al. (2015) assessed the
accuracy of broadcast ephemerides by analysing the signal-in-space ranging errors (SISREs) for data
of one year period with a near-global receiver network. They found the global average of SISRE
values for every GNSS constellation to be (0.7 £ 0.02 m for GPS), (1.5 £ 0.10 m for BDS), (1.6 +
0.30 m for Galileo) and (1.9 £ 0.10 m for GLONASS). These results reflect the progress and
development of the modernised performance of GNSS constellations.

e Other Satellite-Receiver Errors

In addition to above-discussed errors that related to satellite effect, other errors need to consider into
account to provide precise positioning. The satellite’s antenna is identified with two variables to
express the antenna phase centre errors contain a satellite Phase Centre Offset (PCO) and satellite
Phase centre Variation (PCV) (IGS, 2015). The PCO represents the offset between the phase centre
of GNSS satellite and their centre of mass, while PCV term related to variation dependent upon the
direction between the satellite and the relative station include the azimuth and nadir angles (T.
Takasu, 2013). Both PCOs and PCVs are corrected by the 1GS08 absolute antenna model (Guo et
al., 2017), which also provided the ANTEX file by IGS (international GNSS service).

Similarly, at the receiver side, The incoming GNSS signal is received at a specific point of the
antenna phase centre, an error of antenna phase centre offset (d, ,c,) can be produced when the
antenna phase centre does not coincide with the geometric centre of the antenna. The magnitude of

this error is depend on the antenna type.

The Fractional Cycle Bias (FCB) errors are mainly related to satellite and receiver hardware biases
over a network of reference stations, which affected fixing the ambiguity resolution in Precise Point
Positioning (PPP) (Geng and Bock, 2016). However, for precise relative positioning, the FCBs are
cancelled by double differencing (Ge et al., 2008). In PPP solution, the FCB is well defined with
CDMA signals, while it is complicated with GLONASS FDMA signals (Geng and Li, 2016).

The antenna phase wind-up is another error caused by the relative rotational motion between the
satellite and the receiver antenna that created a change in phase measurements (Dilssner et al., 2011).
Most of these errors are significant for PPP applications or precise global network adjustments.

Therefore the detailed discussion of these effects is beyond the scope of this study.
3.2.2 Atmospheric Errors

The GNSS signals from a satellite to a receiver propagate with the constant speed of light in a vacuum
passing different atmospheric layers that affect the velocity of propagated signals (speed and

direction). Due to the variation in physical properties of these layers of gases, the atmosphere refracts
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the GNSS signals through the ionosphere of charged particles and at the neutral atmosphere with
water vapour of the troposphere. In signal path, the ionosphere represents the upper part of Earth’s
atmosphere that affects the characteristics of GNSS signals, while the troposphere is the lower layer
that influences the GNSS signals. As above mentioned that the GNSS positioning depends on range
measurements that derived from accurate transit time with constant speed, thereby the velocity of
propagated GNSS signals will be changed at the atmospheric part. This consequently introduces
systematic errors (biases) in GNSS measurements due to the effects of the non-homogenous physical

medium.
3.2.2.1 lonospheric Bias

The ionosphere is the upper part of the atmosphere’s region that situated between 70 and 1,000 km
above the Earth’s surface. This region of the dispersive medium consists of ionised particles that
affect the GNSS signals in frequency dependent and cause a significant range error. Solar radiation
causes the ionisation when ultraviolet and x-ray radiation emitted from the sun interact with the gas
molecules resulting in free negatively charged electrons and positively charged particles (Kaplan and
Hegarty, 2005).

The behaviour of the propagated GNSS signal through the ionospheric medium depends on the
refraction index (n) of that medium, which defined as a proportional ratio of speed of light in the
vacuum (c¢) to the speed of light in that medium (v) as expressed in equation (3.2) (Subirana et al.,
2013).

n=c/v (3.2)

When the propagated GNSS signals passing the dispersive medium of the ionosphere, the change in
velocities of these signals will differ according to observables type measurements. For the code
pseudorange measurements, the ionosphere delays the signal propagating velocity from the speed of
light in a vacuum (group delay); while the velocity of propagated signal advances in the carrier-phase
measurements (phase advancement). These effects resulting from two refractive indices n, and ng,
for carrier-phase and code measurements, respectively, which can be represented by (Kaplan and
Hegarty, 2005):

I I I
np—1+f—12+f—23+f—i+~~.. (3.3)
I I I 34
O 34)

Where the coefficients I;, I, and I; are a function of electron density (N,) along the range path of

transmitting signal from the satellite to user receiver, where f is the frequency of transmitted GNSS
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signal. It is clear that the two factors (i.e. electron density (N, ) and the frequency of the GNSS signals)
affected the magnitude of ionospheric delay. In addition, I, represents the first-order ionospheric
effect, while I, and I; are the second and third order ionospheric effect, respectively.

By taking the first-order term, it can compute the approximate index of the ionosphere by the
following expression (Hofmann-Wellenhof et al., 2008)

40.3

Tlp ~ 1 +? .Ne (35)
40.3

Tlgzl—?.Ne (36)

N, is the local electron density and given in units of electrons per cubic metre (e~ /m3)

From definition in equation (3.2), and the approximate value of refraction index in equations (3.5)
and (3.6), it can compute the velocity of the propagated signal in the ionosphere medium as:

c c 40.3
n=- then v,= 303 =c.(1+—5*N)" (3.7)
v 1+ 224N, f
f
c c 40.3
n=-— then v, = 303 =c.(1——5*N)" (3.8)
v 1- T e N, f

From equations (3.7) and (3.8), it has been proven that the phase velocity of the propagated signal
vy, in ionosphere medium is exceeding to be faster than the speed of light in vacuum, whereas the
code velocity v, of the code measurements slows down by the same amount. Consequently, the

satellite-receiver distance of carrier-phase will be shorter than the actual distance, while the vice

versa manner will be with the code distance.

Hence, it is possible to estimate the ionospheric bias from phase advance (I,,) or code delay ( I,),
which are in the same amount with opposite signs. By taking the integration of the excess phase
velocity over time and its variation along the signal transmitting path, which can be given in metres
by (Kaplan and Hegarty, 2005):

40.3 xc 40.3 xTEC
e TS e
f path f

where TEC denotes the Total Electron Content. The TEC referred to the number of free electrons
(electron density) contained in a unit area (1 m?) normal to the path of the GNSS signals under
consideration. It is used to calculate the effect of the ionosphere on these signals and expressed in

units of electrons per square metre (e~ /m?) or TEC units (TECU) that equal to 106 e~ /m?2.
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The TEC is affected by the solar activity, diurnal and seasonal variations, and the earth magnetic
field (Hofmann-Wellenhof et al., 2008) along with the user location and satellite elevation angle.

From above equation 3.9, it can define the following characteristics of the ionospheric bias:

It is determined from the first-order ionospheric term, which represents 99.9% of the total
ionospheric delay (Yang et al., 2016).

The ionospheric bias is in direct proportional to the number of free electrons (TEC), and it is
proportional to the inverse of the squared frequency. Therefore, the ionosphere less affects the GNSS

signals of high frequencies. For the same reason, the L2 has more delay than L1.
It will be in a negative value for carrier-phase measurements.

It will be expected a large ionospheric delay for low elevated satellites, due to crossing long distances.
Typically the magnitude of delay ranging between 1 to 50 m (Kedar et al., 2003), which can reach

more than 150 m for periods of extreme solar activity (i.e. midday and near the horizon)

For single frequency users, the ionosphere delay can be reduced by applying an ionospheric delay
model (e.g. Klobuchar ionospheric model (Klobuchar, 1987, de Ponte Muller et al., 2013). This
model can reduce 50-60 % of the ionospheric delay (Paziewski et al., 2013). To calculate the
ionospheric path delay, the broadcast navigation data of GNSS constellations contain the Klobuchar
ionospheric model parameters that can be formulated (e.g. for GPS and QZSS (T. Takasu, 2013), as
well as for BeiDou (Bhuiyan et al., 2014)). In addition to corrections for the ionospheric delay that
broadcast by SBAS data.

The ionospheric bias can be eliminated substantially in the GNSS signal measurements when
applying dual-frequencies and form a linear combination (LC) of ionosphere-free (IF) in data
processing for the same receiver at the same station. This could be valid for both the code and carrier

phase measurements (Dach et al., 2007).

For example, when using observables of dual frequencies f; and f, belonging to any GNSS system,
it can be formed ionosphere-free observables of frequency f; as given by (T. Takasu, 2013):

PPz =GPy + GPy, (3.10)

Prs =C1P7, + CP; (3.11)

’ —f7 3.12

¢, = 2f1 i ,C2=2f22 (3.12)
fF=f =1

Where P?,, P?, are the pseudorange observables for f; and f, ,respecti vely.

@7 ,, 7, denote the carrier-phase observables for f; and f, , respectively.
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PZ5, @; 5 are pseudorange and carrier-phase of ionosphere-free, respectively.
C,, C, are coefficient of the linear combination (LC) of ionosphere-free.

Since the system is represented by a first order system, approximately 99.9% of the ionosphere
effects can be reduced by applying the ionosphere-free model (equations 3.10 to 3.12). (Hofmann-
Wellenhof et al., 2008). Although the ionosphere-free model eliminates the ionospheric bias, it

magnifies the noise level.

The utilisation of triple frequencies of GNSS measurements can mitigate the first and second order
ionospheric delays by forming a linear combination of triple frequency in data processing (Hoque

and Jakowski, 2008) and also contribute in cycle-slip detection.
3.2.2.2 Tropospheric Delay

In GNSS aspects, the lowest part of Earth’s neutral atmosphere is commonly referred to as the
troposphere, which is a non-dispersive region (non-ionised and frequency independent medium).
The troposphere is extended between Earth’s surface and an altitude of about 60 km (Subirana et al.,
2013). The travelled GNSS signals along satellite-receiver distance will be subjected to the
tropospheric delay. Therefore, the speed of the propagated signals in the troposphere becomes lower
than that in a vacuum. This effect caused an excess in the observed length of satellite-receiver range
and resulting in a range error in the same magnitude of delay for both code and carrier-phase

measurements. The effect of the tropospheric delay is considered to comprising two components:

(i) The hydrostatic (dry) delay component, which represents about 90% of tropospheric delay
at any given site that caused by the majority of dry neutral gases. The dry component can
be modelled accurately by predicted models such as Saastamoinen, Hopfield and other
models (Misra and Enge, 2006). For satellite at zenith and the user at sea level, the
magnitude of the tropospheric delay is about 2.3 to 2.4 m, which increases with the increase
of zenith angle to track satellite to be within 25 m for a satellite at about 5° elevation angle
(Kaplan and Hegarty, 2005).

(ii) The wet delay component that contributes about 10% of tropospheric delay that mainly
caused by the atmospheric water vapour. Unlike the dry delay, it is not easy to model the
wet delay due to the variation in the density of water vapour and its dynamic distribution
(Rohm et al., 2014). The magnitude of this delay varies from few mm in the polar region

to 40 cm in the tropical region estimated at zenith direction (Zheng et al., 2018).

The Total Zenith Delay (TZD) is computed as a sum of a common effect of both hydrostatic and wet
delays at the local zenith direction. The GNSS signals from low elevated satellites take a longer path
through troposphere than those of high elevation angle. Consequently, the troposphere delay is

minimised at the user’s zenith and maximised near horizon (Xia et al., 2013). Thus, the elevation
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angle of the observed satellite plays a fundamental role on the magnitude of tropospheric delay when
the GNSS signal penetrates the troposphere. To describe how the oblique (slant) troposphere delay
differs concerning satellite elevation angle; a mathematical expression of a mapping function can be
used (i.e. to convert a zenith delay into slant path delay). Different formulations are expressing the
mapping functions that achieve the tropospheric delay, which is beyond the scope of this study. For
example, a separate mapping function for dry and wet delays are given in (Misra and Enge, 2006) or
(Xu and Xu, 2007). It can be noted that either a proper mapping function can be used in modelling
of ionosphere or troposphere delays, due to both delay effects are dependent upon the elevation angle

of observed satellites.

e Tropospheric Delay Modelling

A number of tropospheric delay models have been proposed, which are different in the assumptions
made on the refractivity profiles of zenith direction and the mapping functions. They can classify
into two main groups (Subirana et al., 2013): geodetic oriented (i.e. Saastamoinen, Hopfield and
others) and navigation oriented. Although the geodetic models are more accurate, they are more
complex and required surface metrological data. Therefore, the achieved accuracy is affected by the
quality of metrological data. In contrast, the navigation models are not needed metrological data that

provide less accurate results.

The simplest and most common model for the tropospheric delay is the Saastamoinen model, which
have been used in this study to investigate the tropospheric effect in structural monitoring (see
Section 6.4). Therefore, the details of this model are given here to be an example of tropospheric

models.

The assumption of Saastamoinen model depends on the change in refractivity from gas laws
regarding the change in pressure, temperature and humidity with height (Hofmann-Wellenhof et al.,
2008). The metrological data can be applied in the standard model from the nominal set or can be
obtained from actual surface measurements. As the RTKLIB is the main tool for processing in this

study, thereby the mathematical expressions of this software are used here.

The standard atmospheric model can be expressed as (T. Takasu, 2013):

P = 1013.25 * (1 — 2.2557  10~5h)52568 (3.13)
T = 15.0 — 6.5  10-3h + 273.15 (3.14)

~ 17.15T — 4684.0y Ry (3.15)
e= 6108+ exp{ T — 38.45 }* 100
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where P is the total pressure (in hectopascal units (hPa)), T is the absolute temperature (in Kelvin
(K)), h is the geodetic height above Mean Sea Level (MSL), e is the partial pressure (hPa) of water
vapour and h,.; is the relative humidity.

The Saastamoinen model to calculate the tropospheric delay T;° (in m.) can be expressed with

P, T and e derived from the standard atmosphere as (T. Takasu, 2013):

0.002277 1255
TS = {P + ( + 0.05) e— tanzz} (3.16)
cosz T

where z is the zenith angle in (rad) as (z = % — EL3), EL; is the satellite angle between the line of

sight (receiver-to-satellite) and the receiver local horizon. In addition, there is also an expression of
a modified Saastamoinen model T,°"(Xu and Xu, 2007) by adding corrections of B that depend on
the height of the station (H) and §R term based on z to be:

., 0.002277 1255 )
TS = {P + ( + 0.05) e — Btan z} + 6R
cosz T

(3.17)

Eventually, the tropospheric delay errors have to be taken into account for most GNSS

measurements, which mainly affects the height component of the solution (Xia et al., 2013).
3.2.3 Receiver and Site Dependent Errors

The GNSS measurements obtained by the geodetic receiver are subjected to errors due to the
imperfection of a receiver and the connected antenna, in addition to the multipath effect that produced
by the site environment where the receiver antenna is located. Practically, the most inherent errors
that affected GNSS measurements are the receiver’s noise and the multipath effect. Furthermore,
receiver clock offset, the antenna phase centre offset, variation inherent inter-channel biases, and
phase wind-up can also be considered as relatively minor GNSS errors. Moreover, for some
applications that required more precise positioning, additional corrections should be applied, which
are related to site displacement errors that including ocean loading, solid earth tides and polar tides.
(Banville and Langley, 2010)

3.2.3.1 Receiver Measurement Noise

The GNSS receivers cannot measure the code and carrier-phase measurements correctly with infinite
precision (Langley, 1997) due to the imperfection of these devices. In other words, the receiver could
not follow the changes that might occur in signals/waveforms in a perfect way in which there are
considerable delays and distortions at each epoch (Misra and Enge, 2006). This will introduce a
certain level of random noise in addition to other error sources that affect the precision of these
measurements. Although the major cause of the noise error comes from the receiver itself, other error

sources (such as connected antenna and cables) also exist.
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After the reception of incoming GNSS signal and acquisition at the antenna receiver front end, the
sensed signal is converted from analogue to digital form by the AD converter. The signal processor
in the receiver is responsible for generating the code and carrier replica signals and performing the
necessary correlations, in addition to time synchronisation and other functions. Therefore, the GNSS
receiver provides the pseudorange measurements as an output of code tracking loop that entitled the
Delay Lock Loop (DLL), while the carrier-phase observations are obtained from the tracking loop
called Phase lock loop (PLL) (Aquino et al., 2009). The DLL continuously adjusts the alignment
between the local replica code and the received satellite signal, and try to reduce the estimation error
of the delay between them (Hofmann-Wellenhof et al., 2008, Tran et al., 2018). In addition, the PLL
tracking aims to match the phase of the incoming carrier with the locally generated carrier. Thus, the
receiver noise error is the result of delay and distortion in GNSS tracking loop. The source of this
noise is typically thermal noise jitter, and in some cases occurred from radio interference (Kaplan
and Hegarty, 2005).

The noise error is influenced by different factors that are varying from receiver to another depending
on receiver design and its performance. These factors include the signal strength, the antenna design
and the adopting method to convert the GNSS signal from analogue-to-digital form, the
characteristics of the receiver detector and correlation process. This makes the randomly fluctuating
noise from GNSS measurements to be independent for each receiver and each signal, which is
inevitable and cannot be cancelled by differential techniques (Subirana et al., 2013). Therefore, each

receiver is characterised by a specific type of noise called “self-noise” (Moschas and Stiros, 2013).

The tracking of GNSS signals represents the primary factor in determining the position of the receiver
(i.e. receiver’s antenna) and other parameters (e.g. user time and velocity), which are contaminated
by noise with a certain level of accuracy. When estimating the position and by applying a proper
technique in processing (i.e. Kalman filter or Least Squares), the noise level could be reduced to
achieve highly accurate positioning. It is worth mentioning that the precision of the pseudorange and
carrier-phase measurements can be specified by either carrier-to-noise density ratio (C/N,) or signal-

to-noise ratio (SNR). These parameters are used to measure the receiver signal tracking performance.

The noise level of code measurements is expected to be much higher than that of the phase
measurements. Therefore, the noise level of code measurements can be reduced by combining the
code and carrier-phase measurements in carrier smoothing with no cycle slips (Xu and Xu, 2007). A
detailed discussion of smoothing is beyond the scope of this study. However, for more details see for
example (Amiri-Simkooei and Tiberius, 2007) and (Zhang et al., 2017).

The modernisation of GNSS constellations with new signal structure leads to the development of
GNSS receivers with a lower noise level to meet the user requirements (Borio, May 2017). The

common assumption is to consider the receiver noise to be white noise and Gaussian in data
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processing, which means the noise is not correlated with time from epoch to another. White noise
can be measured efficiently by zero baseline test. In addition, to evaluate the noise level with different
receivers among various GNSS solutions, the most precise way is to perform zero baseline test, which
will be analysed in more details in Chapter 4. In zero baseline, a single antenna is connected to splitter
via cables into two or more GNSS receivers, to evaluate the noise level as well as to identify the
receiver performance and assess the effect of receiver noise on the precision of different GNSS
solutions. Ideally, the utilising of a single antenna with Double-Difference approach should lead to
the solution of zero length. However, the detected time series could show some

differences/fluctuations indicating the existence of noise in the system.

Short baseline test can also be used to evaluate the actual field performance of GNSS positioning to
account the noise components. In this test, the derived residuals might contain multipath errors, in
addition to positioning noise. Moschas and Stiros (2013) reported that the spectra of noisy records
could be characterised by coloured noise in low-frequency bands (<0.2 Hz) for the duration of short
recording, as well as white noise at a higher frequency. However, the long duration of GNSS records
could be free from coloured noise, which will be useful to study the dynamic effects of structural
monitoring (Moschasa and Stiros, 2012). For these applications, it is expected that the noise increases

with increasing excitation frequency (Psimoulis et al., 2008).

One of the remarkable developments in GNSS receivers is increasing its ability to record with high
sampling rate, e.g. 100Hz (Haberling et al., 2015). Analysing the behaviour of noise with the higher
sampling rate, for example, Moschas and Stiros (2014b) found that with increasing PLL bandwidth,

the observation noise level of GPS-only measurements is also increased.
3.2.3.2 Multipath

Multipath occurs when a signal from a specific satellite arrives an antenna via two or more paths.
This might, but not need to, include a direct signal (line of sight). The indirect path is introduced
when the satellite transmitted signal diffracted and reflected by a specific obstacle (i.e. reflecting the
structure, water surface, and ground) in the site where the antenna is located. Thus the antenna
receives both direct and indirect signals from the same satellite. The reflected signal is usually
delayed, attenuated and takes a longer path. Consequently, the interference by different arrival paths
of direct and reflected signals is generated, which increase the effective noise and reduced the signal
strength (C/No) (Kaplan and Hegarty, 2005). It is worth mentioning that the obstacle sometimes
might block the direct path of the signal and the antenna receives the only weak reflected signal, this
caused poor GNSS positioning of None-line-of-sight (NLOS) (Groves et al., 2013).

The multipath error depends on signal frequency and structure that affects both the code and carrier-
phase measurements, which degrades the accuracy of GNSS positioning. Therefore, the multipath

effect is a limiting factor to achieve high-precision positioning. For code measurements, the
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multipath error can be in the order of meters, while the theoretical maximum value for carrier-phase
measurements can be within a quarter of the wavelength, which means about 5 cm for L1 or L2 of
GPS signals. However, in the relative positioning of short baseline, multipath affects carrier-phase
measurements typically within 1 cm error with proper satellite geometry (Hofmann-Wellenhof et al.,
2008).

The magnitude of multipath in any GNSS measurements depends upon the reflecting environment
surrounding the GNSS antenna, the type of antenna used and its gain pattern, the receiver hardware
and firmware as well as the satellite/antenna geometry and signal characteristics (Su et al., 2018).
The more effective factor in geometry is the satellite elevation angle, where most reflected signals

are received from low elevated satellites, which are more vulnerable to multipath.

Due to different causes of multipath (i.e. surrounding antenna, low elevation satellite, SNR and
design of antenna and receiver), it is difficult to model them at the same time (Wang et al., 2016).
Notwithstanding the multipath cannot be removed by differencing observations or adopting the

model, but it would be possible to detect and mitigate its effect.

Different techniques can be used to mitigate multipath effect such as; (i) antenna-based mitigation,
(ii) the hardware of receiver or (ii) processing techniques (Ray et al., 1999). For antenna design, a
choke-ring antenna can be used to mitigate the multipath near or below the horizon of the antenna
station (Ray et al., 1999). By adopting a specific receiver structure with hardware correlator
technique, it is possible to limit the multipath (e.g. Narrow correlator, MEDLL approach and others)
(Irsigler, 2010). Regarding processing, the multipath can be reduced by digital filtering using wavelet
analysis (Satirapod and Rizos, 2005), Kalman filtering or other filters (Dong et al., 2016). Although
different methods have been developed to mitigate multipath, they are still limited and not ideal (Su
etal., 2018).

In precise static GNSS positioning, the observation times are relatively long; the interrupted short
periods of contaminated multipath may not affect the results. However, in a kinematic positioning,
the multipath is affected by the stability of the reflecting surface. When the diffracted signal received
from moving reflecting surface (e.g. passing vehicle) that caused randomisation of high-frequency
multipath that takes few seconds, up to 2-3 min (Ogaja and Satirapod, 2007), this can be identified
as dynamic multipath (Moschas et al., 2013). The dynamic multipath is dependent upon the geometry
of satellites (Moschas and Stiros, 2014a). However, the stationary antenna received contaminated
multipath signals from the stable reflecting surface leads to a very slow frequency fluctuation that
characterises the multipath error. For example, in bridge structural monitoring (i.e. as in the current
study), the multipath occurred from gradual changes in the satellite geometry is characterised by
frequencies <0.05 Hz (Moschas and Stiros, 2014a).
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In modernisation of GNSS signal structure to reduce the multipath effect, the GPS signal transmitted
from L5 has higher power than that of L2 with a greater bandwidth which in turns, contributes to
improving multipath resistance. For Galileo, new modulation process called Alternate Binary Offset
Carrier Modulation (AItBOC) and Multi Binary Offset Carrier Modulation (MBOC) have been used
to enable better distribution of the signal over the bandwidth. This can be achieved by modulating
E5a and E5b onto a single E5, which reduce the influence of multipath and tracking noise signal
(Subirana et al., 2013, Guo et al., 2017).

In severe cases of multipath such as urban canyons environment, highly reflective surfaces can cause
loss of lock or prevent fixing the ambiguity resolution, particularly when the single independent
GNSS constellation is implemented. For this reason, there is a real need to observe satellites using
multi-GNSS constellations, not to improving the availability only but also to improve the accuracy
(Truong and Ta, 2013).

3.2.4 Other GNSS Errors (Satellite and Receiver Hardware)

In GNSS positioning, the limitations in satellite and receiver hardware lead to biases. These biases
are introduced when the delay occurred between two events that supposed to be instantaneous in an
ideal situation. For instance, the timing delay between L1 and L2 of dual frequency transmission
produces bias originating in the satellite. In addition, the receiver should receive the two signals
instantaneously, however, due to the bias error, there will be a delay in receiving signals. Such biases
have an impact on the derived position and would affect other calculated quantities (Hakansson et
al., 2017).

The imperfect synchronise between transmission of different signals through the satellite hardware
to the satellite antenna might produce this delay, which can be related to satellite code bias or satellite

phase bias depending on their observables (Kaplan and Hegarty, 2005).

In the same manner, the delay could occur in the travelling signal between the antenna and the
receiver hardware, which, in turns, caused the receiver code bias and the receiver phase bias. This
delay will be the same for all signals simultaneously received from different satellites; therefore,

these biases could be eliminated in relative positioning.

For GLONASS with FDMA approach, each received signal from a specific satellite has its unique
frequency that processed differently in the receiver channels and causing different delays in the
receiver according to different frequencies (Hakansson et al., 2017). Because of each signal received
from GLONASS has its frequency dependent-delay, an additional error might be introduced (i.e. the
clock errors which are scaled by different frequencies). This error is known as GLONASS inter-
frequency biases that relate to both code and carrier-phase observables, which depend on the

firmware of receiver type and antenna used (Reussner and Wanninger, 2011). Unlike the carrier-
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phase inter-frequency bias that can be modelled in a linear function, the code inter-frequency biases
are a non-linear character and more challenging to handle (ibid). The Carrier-phase inter-frequency
biases are very similar (identical) on homogenous receivers (i.e. for the same type or the same
manufacturer), which cancelled out in relative positioning (Wanninger, 2012). On the other hand, it
is complicated to fixing the integer ambiguity resolution for heterogeneous receivers of different
types (Wanninger, 2012, Al-Shaery et al., 2013). For more details of IFBs, see (Hakansson et al.,
2017, Sleewagen et al., 2012).

For GLONASS compatible receiver, the channel design requires a wider bandwidth in order to
accommodate various GLONASS frequency ranges. This will produce noisy observations, which

has a negative influence on fixing the ambiguity resolution.

The emergence of new GNSS constellations encouraged adopting a combined GNSS solution to
improve positioning performance. In a combined solution, the observations are belonging to different
GNSSs, which required transformation between these systems (i.e. varying in reference frames and
time scales), to represent a solution in one positioning system. In addition, the receiver-specific biases
of interoperability of different GNSS need to be calibrated (Nicolini and Caporali, 2018). The most
significant part of Inter-system Bias (ISB) between receivers with different constellations is related
to receiver hardware that is dealing with various signal structures. For example when combined GPS
and Galileo systems, it is possible to form double differencing between receivers by differencing
Galileo code as well as the phase observations relative to the counterpart observations of GPS
reference or pivot satellites (Odijk and Teunissen, 2013). The impact of ISB on fixing the ambiguity
was investigated by Odijk and Teunissen (2013). They reported that the ISB could only be effective
when different receiver types in relative positioning (i.e. heterogeneous configuration) are used,
while the corresponding ISBs are insignificant with homogeneous receivers. These findings agree
with (Paziewski and Wielgosz, 2015).

When employing relative combined solution between different systems of identical frequencies, the
differential ISBs can be calibrated by selecting one common pivot satellite for inter-system ambiguity
resolution at that specific frequency (odijketal., 2017). Odijk et al. (2017) used multi-GNSS with a single
frequency and compared fixing the ambiguity resolution of the combined solution with pivot satellite
and with independent reference satellite for each system. They found that the fixing results were

improved when applying common pivot satellite.

For BeiDou system (BDS), the receiver detecting various BDS signals from three types of BDS
satellites that contain GEO, IGSO and MEO satellites. Nadarajah et al. (2013) studied the receiver-
dependent biases among the three types of BDS satellites. They assumed the existence of
delays/biases caused by receiving different BDS signals by different receiver types of what they

named “inter-satellite-type biases” ISTBs. They analysed the impact of these biases on mixed
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receiver attitude determination by using real data from zero-baseline experiments. It was observed
that the ISTBs could affect fixing the ambiguity resolution when using mixed receivers. The
occurrence of these biases is expected when GEO is combined with either IGSO/MEO BDS satellites
(Odijk et al., 2015). It is worth mentioning that the adopting of homogenous receives with double-
difference DD technique could minimise the effect of these biases as discussed in details in the
following chapters.

To summarise the GNSS hiases mentioned above, Table 3.3 listed the main biases that introduced as

a result of the delay in satellite or receiver hardware.

It can be noticed from Table 3.3 that most of the biases are related to receiver hardware delay, which
can be eliminated with relative positioning technique (the technique used in this study). Although
these biases are creating and affecting fixing the ambiguity when implementing different receiver
types in relative positioning, they are eliminating and cancelling out with relative positioning with

identical receivers.

Table 3.3 The main GNSS biases caused by satellite or receiver hardware delay, modified from (Hakansson et
al., 2017)

Bias type Origin HW* Relative positioning Other Effect
Satellite code bias Satellite HW
Satellite phase bias Satellite HW
Eliminated
Receiver code bias Receiver HW
Receiver phase bias Receiver HW

GLONASS Inter-Frequency bias (IFB) code Receiver HW

GLONASS Inter-Frequency bias (IFB) phase | Receiver HW Has an impact
. . on fixing the
Inter-system bias (ISB) code Receiver HW Eliminated for receivers | ambiguity when
Inter-system bias (ISB) phase Receiver HW of the same type employing
different
BeiDou inter-satellite type bias (ISTB) code Receiver HW receiver types.

BeiDou inter-satellite type bias (ISTB) phase | Receiver HW

HW=*: Hardware delay
3. 3 GNSS Observation Equation

The GNSS observations provided by the receiver represent the measurement of apparent geometric
range from the satellite to the receiver that embedded by several errors and biases. The apparent
geometric range can be expressed either as a pseudorange for code measurements or phase-range for
carrier-phase measurements. Therefore, the relationship between the errors mentioned above and the
measurements can be modelled by the general observation equations given below (Hofmann-
Wellenhof et al., 2008, T. Takasu, 2013):
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For Pseudorange;
P =c(t, —t°) (3.18)
Py =pi+clot, =St + I, + TP+ M, +Q;; +B,o; —By; &, =M +0Q;; (3.19)
And, for the phase-range;
bri = bri(ty) — P5(°) + N7 + g4 (3.20)
= }%(tr —t5)+ /% [6t, — 6t°] + [N, + byo; — by ] + € (3.21)
5 = Al (3.22)
= p; +c[0t, = 6t°] = I3, + TP+ A;(NSi+byg; — b)) + my; +a7; g =m5; +q;; (3.23)

where:
() :isthe satellite index for a specific frequency (f;).
P?; . is the pseudorange distance between receiver-r and satellite-s (m).

¢;; - is the carrier-phase measurements of a signal (cycle).

®; ; . is the carrier-phase measurements of a signal (m).

c :isthe speed of light (i.e. 299792458 m/s).

t,. :isthe time of the received signal at the receiver (s).

t5 :is the time of the transmitted signal from satellite (5).

ps . is the geometric range of satellite-receiver antennas (m).

&t, :is the receiver clock offset at time t (s).

5ts : is the satellite clock offset at time t (s).

I7; :isthe ionospheric delay (m).

TS :is the tropospheric delay (m).

g, represents the measurement errors of pseudorange (m).

gy - represents the measurement errors of carrier-phase (cycle).

ep . represents the measurement errors of carrier-phase (m).

M;; . is the multipath error for code measurements on frequency f (m).
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m:, . is the multipath error for carrier-phase measurements on frequency f (m).

T,

Q;; :listhe noise error for code measurements on frequency f (m).

q;; - isthe noise error for carrier-phase measurements on frequency f (m).
N, :is the carrier-phase integer ambiguity (cycle).

A; :isthe carrier wave length (m).

B, ,; : represent the receiver code bias (m).
B§,; : represent the satellite code bias (m).
b, : is the receiver Fractional cycle bias (FCB) (cycle).

b§; is the satellite Fractional cycle bias (FCB) (cycle).

3. 4 GNSS Relative Precise Positioning with Double-Differencing

Two main techniques can be applied to determine the precise GNSS positioning with a certain level
of accuracy. The first technique is the absolute precise point positioning (PPP) which depends on
undifferenced measurements from an adequate number of satellites to a single receiver. The second
technique is the precise relative positioning, in which the unknown position is determined at the rover
receiver with respect (i.e. relative) to another base receiver that occupied at a reference station with
known coordinates. In other words, the base and rover receivers recorded simultaneous observations
to similar tracked satellites, and the differencing measurements approach typically implemented to

improve the positioning accuracy.

In most applications, there is a single reference station, which almost fixed and stationary, while one
or more rover stations could be in static or kinematic manner. One of the main factors that affect the
achieved accuracy is the length of the vector between the base and rover stations (i.e. the length of
the baseline). The precision of short-baseline lies in the order of centimetres or even better when

using carrier phase measurements, depending on the correct fixing of ambiguity resolution.

To achieve precise positioning, the carrier-phase measurements as well as the code observables are
performed, which might contain several errors as discussed in Section (3.3). The typical approach in
relative positioning to eliminate these errors is to implement Double Difference (DD) technique,

where the observables are linearly differenced in data processing.

Double differencing involves a linear combination of four undifferenced observations as shown in

Fig. 3.4, forming by two receivers (base ‘b’ and rover r) to two satellites (j and k). The DD represents
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a pair of Single Differences (SD) (i.e. between two receivers to single satellite), which can be then

subtracted from each other to minimise the common error.

Satellite

Satt?:gite %" %" )

p}

Receiver
(b)

Receiver
(N

Baseline

Fig. 3.4 Double difference between receivers "r" and "b" to two satellites "j" and "k".

As a consequence of the DD in relative positioning, the common biases and errors are eliminated
from the observation equation. When the distance between the rover and the base station is short
enough (<10 km) (T. Takasu, 2013), it can be assumed that the simultaneous observations collected
at the base and rover stations affected by similar magnitude when tracked at the same satellites. In
more specific, the residuals of DD-ionospheric, DD-tropospheric and orbit errors are small after
differencing. However, the correlated errors (i.e. orbit errors, tropospheric and ionospheric errors)

can be eliminated, while the uncorrelated errors (i.e. noise and multipath) cannot be reduced.

According to Equations (3.19) and (3.23) in Section 3.3, the single difference can be formed between
two receivers b and r to single satellite j (as shown in Fig. 3.5), which can be defined for code and

carrier observables as:
SDjb,i(') = (. )1]”.,i - ){;,i (3.24)

pJ

_pl _ pl
rbi — Pr,i Pb,i

= (p] +c[8t, =S+ 1L, + T+ ML, + Q) ) — () + c[St, — S+ 1), +T) + M), + Q) )
= (pi —pp) +c(8t, = 8t,) + (I}, =L )+ (T} =T)) + (M, —M,) +(Q); — Q)

. ) ) ) ) . 3.25
= pp + c(8typ) + L7+ T + M), =M )+ QL — Q) (329

@’

Tb,i

= (Drj,i - (le.i (3.26)

= {p} + cl6t, = 6t = 1, + T/ +2; (N +byo; — b)) +m), +4),} -

{p] +c[8ty — 8t — 1], + T/ +4; (le‘i+bb‘o,i —bj)+m), + q;_i}
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= (Pgb) +c(8typ) _/%"' ;rjb/-l_li(Nrj,i - Nlj,i) + (mi,i - mi;,i) + (qi,i - qg,i) (3.27)
where SD;'TJ(.) denotes the single difference SD for a specific frequency (), Prf;_i is the SD-

pseudorange and @/, ; is the SD-carrier phase. It can be noticed that the satellite clock error is

cancelled after single differences between receivers. In addition, the fractional cycle biases are

removed in carrier-phase observable.

Applying the same SD technique between two receivers and satellite k allows the forming pair of

SD to be subtracted from each other. As a result, the DD can be obtained. The DD is expressed by;

DD}y () = SD}, () = D, () (3.28)
pik —pl  _ pk
br,i rb,i Th,i (329)
= ply +c@thy ) + Iy + Th + (M =MD+ ff - ol
.k .
(pljr,i = ‘Dr]b,i - ‘be,i (3.30)

" , , , , - i
= (ply) +c(5t};) ~ Wy + T+ (N = Nip,) + (mils = my ) + (a) — 43,0)
where DD"rl;’i(.) is the double difference between two sets of observables.

It is evident that the receiver clock offsets are cancelled in DD as well as the satellite clock errors at
SD. In addition, for short baseline between the base and rover stations, it can be assumed that the
atmospheric conditions are similar thereby the ionosphere and troposphere are cancelled. Also, the

fractional cycle biases are cancelled.

To determine the unknown positions and related quantities in relative approach, the observation
equations at each epoch are forming by differencing the simultaneous measurements of satellites.
This differencing can be performed by subtracting the measurement of each satellite in view from
the common reference satellite. The latter is defined as a satellite of the maximum elevation angle at
each epoch, which is automatically selected by RTKLIB software. In addition, this software does not
choose one common reference satellite for combined GNSS solution. As discussed in Section 3.4.2,
to prevent the effect of ISBs (inter-system biases), there is one reference satellite belonging to each

independent navigation system (T. Takasu, 2013).

3. 5 Processing of GNSS Data

3.5.1 Ambiguity Resolution

The observations of precise carrier-phase measurements are essential to achieving the high accurate
GNSS positioning (Teunissen, 1995). The computed range of measured phase represents the number
of carrier-phase cycles between the satellite and receiver (Teunissen, 2003). Consequently, the

receiver can measure the fractional part of this range, while the integer part of full cycles (i.e. exact
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number of multiple wavelengths) along the phase range is unknown, due to the presence of biases in
carrier-phase measurements (as discussed in Section 3.2.4). The entire unknown number of full
cycles is referred to as an integer phase of ambiguity. Therefore, to achieve a highly accurate
positioning, the ambiguities of the phase measurements should be resolved. The resolving of
ambiguity to correct integer values is called an integer phase of ambiguity resolution (AR), which
requires fixing before implementing the measurements of carrier-phase in model equations of precise

positioning.

To resolve the ambiguity resolution (AR), the procedure includes three sequential steps (Teunissen,
1998, Teunissen, 2003): (i) estimating the float ambiguities as real values along with estimated
position; (ii) estimating the ambiguities resolution as integers, and their validation; and (iii) adjusting

the estimate positions to improved values.

In GNSS precise relative positioning, the first step of ambiguity is to compute the float solution
through differenced measurements (SD then DD). The model of equations is solved by a proper
approach such as the Least squares or Kalman Filter. The obtained solution gives the estimated real—
value of ambiguities and the estimated position of rover antenna through the computed baseline
components, in addition to the corresponding variance-covariance matrices of float solution. The
estimation will be more effective when applying less noisy parameters, which helps in defining
estimate values close to the final most probable values. Although the ambiguities are related to phase
measurements, the code measurements are also needed to determine the estimated values. This is a

limiting factor in estimating ambiguity, due to less accurate results of code measurements.

The second step involves an estimation of the integer ambiguity from the results of previous float
estimation by applying a mapping function (Ong, 2010). The conversion from the real-valued float
ambiguities to integer-valued fixed ambiguities needs to deal with the real part of the estimated value
for each satellite (i.e. required to rounding to the nearest integer). This means that the float solution
gives the initial search space for the integer ambiguities, which implies different sets of float
ambiguities that used to map one set of integer ambiguities. For this purpose, the Integer Least
Squares (ILS) method can be used as an optimal method, which can achieve the best-estimated set
of integer ambiguities. The defined set must have the minimum weighted sum of squared ambiguity

residuals (Teunissen, 2000).

To solve the ILS problem and find the most probable values of ambiguities, the Least-Squares
Ambiguity Decorrelation Adjustment (LAMBDA) and modified-LAMBDA (MLAMBDA) (Chang
et al., 2005) are employed (T. Takasu, 2013). The LAMBDA represents the well-known efficient
strategy that applies a combination of a linear transformation in order to minimise the integer vector

of search-space and skilful tree-search procedure (Teunissen, 1995, T. Takasu, 2013).
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The most important part is to check the validation of the defined integer vector of ambiguity solution,
to accept or reject that fixing. For validation, there is a simple Ratio-Test (R) computed as the
weighted sum of the squared residual (WSSR). Therefore, R can be expressed as the ratio of the

second best solution N, to the double difference integer ambiguity, N, (T. Takasu, 2013):

(N, = N)TQR' (N, — N)

= (N _ N)TQNI(N _ N) Rinres (3.31)

where N, denotes the vector of the second best solution of ambiguity resolution, N is the double
difference integer ambiguity and their covariance Qy, while N is the most appropriate integer vector
obtained by solving ILS. In data processing, the value of the validation threshold R.,.., can control
the acceptance of fixed solution (i.e. from experience, it is recommended to set the minimum value
of the threshold to be 3) (Yamada et al., 2010). When the computed ratio less than the threshold
value, the output will be a float solution. For more details see (\VVerhagen, 2004, VVerhagen, 2005).

Once the integer ambiguity with its validation is defined, the fixed improved position (from the
estimated one) of the rover antenna (which represents the third step of the solution) can be easily
obtained. Eventually, with fixing the ambiguity (by following the above technique), the carrier-phase

measurements became unambiguous and can achieve high precision outcomes.

The defined integer ambiguity resolution is remain constant since the phase lock is preserved (i.e.
there is no occurrence of cycle slips). In general, to update or resolve the ambiguity, the estimated
ambiguity and position in float solution (i.e. the first step in resolving resolution procedure) can

constrain in a proper filter (e.g. Kalman Filter), especially in kinematic applications.

The ambiguity resolution in RTKLIB software (an essential software used in the current study), can
be processed in three different techniques including; (i) instantaneous (ii) continuous and (iii) fix-
and-hold. After calculating the float solution, the estimated integer ambiguity resolution is then
calculated and resolved in the best vector of fixed solution ambiguity. Consequently, the integer-
phase difference between the estimated and fixed ambiguity resolution is an integer number of cycles

that need to be added to the measured carrier-phase to have the correct range.

The integer ambiguity, which has been estimated and resolved by ILS for every epoch, is related to
instantaneous mode (also known as a single epoch). While, both the continuous and fix-and-hold
techniques use the Kalman Filter in a different way for estimating the ambiguity of the successive
epochs. In other words, in the continuous mode the integer-phase difference is updated based on the
next float solution, while the fix-and-hold method uses the valid derived AR of the current stage to
feed the next epoch by applying the Kalman Filter (i.e. the ambiguities are tightly constrained to the
resolved values) (T. Takasu, 2013). Within Kalman filter, the estimated ambiguities and positions

converge to adjusted values when noise is reduced.
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When using GLONASS-only or combined GPS/GLONASS solution, the challenge will be how to
fix the GLONASS ambiguity in carrier-phase measurements. The reason for that is the multiplexing
technique of FDMA GLONASS signals transmitted with different frequencies (as explained in Sub-
section 3.1.2). Therefore the fixing of GLONASS ambiguity resolution is more complicated than
GPS (Petovello, 2009). When constructing the SD then the DD of GPS or any other CDMA systems
(with the same frequency), most of the error sources can be mitigated. For GLONASS the receiver
clock errors cannot be eliminated with ordinary DD (Quan et al., 2016). To overcome this challenge,
several methods have been presented by (Ong, 2010). One of the most effective techniques is a
process of scaling the carrier-phase measurements of GLONASS into distances, equivalent to
wavelengths (by considering the inverse of frequency) (Leick, 1998, Takasu and Yasuda, 2009, Al-
Shaery et al., 2013).

Although the DD of scaling method eliminates receiver clock errors, the obtained resulting integer
ambiguity is non-integer. Takasu and Yasuda (2009) used a transformation matrix to overcome this
problem. Therefore, the transformation matrix is used to convert the SD integer ambiguities to DD
form before implementing LAMBDA strategy to solve the ambiguity resolution. Thus, the scaling
method is adopted by RTKLIB software to tackle the problem of fixing GLONASS ambiguity

resolution.
3.5.2 Cycle Slips

When receiver starts tracking the GNSS signals, the initial integer ambiguity of carrier-phase
required fixing to define the correct integer number of cycles for each satellite-receiver pair as above
mentioned. The fixed integer ambiguity will be constant for all epochs of continuous tracking.
However, when receiver losses tracking due to signal interruption, a phenomenon of cycle slips
occurs. In this event, the integer part shows a sudden apparent jump in the instantaneous accumulated
phase by an integer number of cycles (Hofmann-Wellenhof et al., 2008). The occurrence of cycle
slips causes discontinuities in phase measurements; thereby the integer ambiguity is lost, and a
correct number of counted cycles is miscounted, which has to be initiated again (Xu and Xu, 2007)

or calculated precisely the value of cycle slips to be correctly repaired (Banville and Langley, 2010).

Obstructions that prevent receiving satellite signals may cause the loss of signal, a low SNR (due to
multipath or bad ionospheric activity), interference or receiver signal processing. In addition, cycle
slips can be occurred due to either the setting in satellite oscillator or receiver software failure
(Kaplan and Hegarty, 2005). The presence of cycle slips with few cycles can add a constant bias to
all following observations that affect the estimated parameters and subsequently degrade the

achieved precision, which is a problematic issue in precise applications (Kim and Langley, 2001).

Cycle slips should be detected and corrected before estimating the position to attained high precision

results (Bisnath and Langley, 2000). However, many techniques have been developed to identify and
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repair cycle slips; they can be classified into four main methods (Chen et al., 2015a). These main
methods including (i) undifferenced based (Banville and Langley, 2010) , (ii) double difference
dependent (Chen et al., 2015a), (iii) triple-frequency (de Lacy et al., 2011, Huang et al., 2015) and
(iv) sensors aided (Du and Gao, 2012). The details of these methods are beyond the scope of this
study.

For single receiver positioning the detection of cycle slip can be carried out regarding geometry-free
combinations of measurements at single or different frequencies. The geometry-free provides a linear
combination that affected by the ionospheric refraction and the ambiguity parameters (Xu and Xu,
2007). For single-frequency, both code and carrier-phase measurements are required in computation,
while with different frequencies the combination is forming by carrier-phase observables only. Thus,
the comparing code and phase observables can be applied for single frequency measurements, while
differencing two carrier-phase observables is suitable for dual or multi frequencies (Subirana et al.,
2013).

For dual frequency (e.g. L1 and L) at epoch (t;), the geometry-free by differencing two carrier-phase

measurements can be formed by (Xu and Xu, 2007):
M1 (t) = A2975(8;) = ANy — AN, — AL, 5(t) + Aeg (3.32)

For single frequency (i) at epoch (t;), the geometry-free by comparing the phase-code observables

(which also used in wide lane ambiguity computation) can be written as (Xu and Xu, 2007):

L i(6) — PSi(t) = LN, — 215,(8) + Aeyp i=1,25 (3.33)

where ¢;; : is the carrier-phase measurements of a signal (cycle), index i for a specific frequency.
P?; :is the pseudorange distance between receiver-r and satellite-s (m).
A; :isthe carrier wave length (m).
N?; :is the carrier-phase integer ambiguity (cycle).
Is

r,i

. is the ionospheric delay (m).
ALY, s the difference in ionospheric delay between two carrier frequencies (m).
Aeg4 :represents the remaining errors of carrier-phase (m).

Aeyp : represents the remaining errors of carrier-phase and pseudorange (m).
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From the above combinations, it can be considered the simultaneous difference at each epoch, and
then it is possible to compare the consecutive epochs. The change in two successive epochs (t;)

and (t;_) can be as below:

MBeds 1 (t) = 28:h72() = AN, — 2,0:N, — A ALY 5 () + AcAey (3.34)

b @S (6) — APE(8) = LiAN; — 285 (t)) + AAeyp i=1,25 (3.35)

where A is the time difference operator, AAIZ; , and A.I7; are the ionospheric residuals (Xu and

Xu, 2007). When comparing the current and previous epochs, the change will give an indication of
the occurrence of cycle slips or not.

If there are no cycle slips, the ambiguities N; and N, are constant, which leads to no differences
between successive ambiguities (i.e. AN; and AN, equal zero), otherwise there is might existence of
cycle slips. In other words, for two adjacent epochs, the minimum ionospheric residual should be
achieved. Any unusual change of ionospheric residual may indicate cycle slips in one or two phases.
When cycle slips detected, the repairing should be applied by correction model or repeating the

ambiguity resolution fixing.

The cycle slips detection by phase-code measurements might suitable for big jumps of cycle slips,
due to high noisy code measurements compared to phase ones, thereby it is not operative for correct
small cycle slips (e.g. 1-2 cycles) (Liu, 2011). Therefore, the phase-phase ionospheric residual
method is more effective. However, there are other methods can be used to detect cycle slips that

contain Doppler integration and differential phases of time (Xu and Xu, 2007).

In RTKLIB, there are two techniques can be used to detect and correct the cycle slips. The methods
being the loss-of-lock indicator (LLI) and the linear geometry jump (LG Jump). These techniques
use the observation data from a single receiver, which not required differencing between receivers.
The first technique is based on single frequency and evaluating the RINEX observation data by
comparing range residuals from differences between consecutive carrier phase and code
measurements. While, the second technique can be used when dual frequencies are available to form

a linear combination (LC) of geometry-free (T. Takasu, 2013).

Although the cycle slip may be detected, accurate correction may not be valid. This can result in a
temporary gap in carrier-phase observables. However, the presence of cycle slip in data of a single
satellite can affect the estimated position; it will be better to exclude that contaminated data to keep
estimation with clean data. The latter issue will be more efficient with the combined GNSS solution

that offers a redundant available satellite.
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3.5.3 Dilution of Precision (DOP)

The expected precision of GNSS positioning is affected by the precision of the measured quantities
and the geometric configuration of observed satellites. Accordingly, the measurement’s precision
evaluated statistically by the variance (or standard deviation), while the satellite geometry is

expressed by scalar factors referred to Dilution of Precision (DOP) values (Subirana et al., 2013).

Thus, the DOP parameters represent an important factor that has an impact on achieving high-quality
results (Hofmann-Wellenhof et al., 2008). It depends on the number of observed satellites and their
distribution with a geometric orientation to each other concerning the antenna receiver. That means
the strength of geometry will vary according to the change in separated angles between distributed
satellites and their locations. Therefore, the DOP can visualise as a volume of polyhedron created by
the intersection of receiver-satellite vectors with the unit sphere (ibid). As the volume increases, a
better geometry with decreased DOP magnitude is achieved, which indicates that the small DOP
values can lead to results that are more precise and vice versa. Due to the relative movement of
satellites, their positions are changed within time; thereby an instantaneous geometry can be
achieved.

The mathematical definition of DOP factors can be derived from computations of single-point
positioning with code-range measurements. The position of the receiver (r) can be determined when
observed a sufficient number of visible satellites (Si, Sz, Ss, .., Sm) at a specific epoch of time.
Consequently, the computed pseudoranges between the receiver and each satellite are expressed by

Eq. (3.19), then the vector x of unknowns and vector y of pseudorange measurements can be given

as follows:
x = (rf,cét)T (3.36)
y = (P1,P2,P3, ..., PmT (3.37)

where x is the vector of unknown parameters of (4*1) dimensions, which contains three positioning
components (g, 7y, 7y) Of receiver coordinates (r’) and one component for clock offset ¢5t,.. The
P? represents the Pseudorange distances, which can be defined as normal pseudorange or lonosphere-
free LC one. As a result, the measurement equations can be constructed and the partial derivative

can be given as (T. Takasu, 2013):

pl + c8t, — ot + 11 + T} —elT 1
pZ + cbt, — cbt? + 12 + T? —-e2T 1

h(x) =| p3 4 c6t, — 63 + I3 + T3 H= k—e?T 1 (3.38)
pM + 8t — cSt™ + I + T —emT 1

(m#1)
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where p3 represents the geometric range (physical distance between the satellite antenna and receiver
antenna), and e¢ denotes the independent vector of the line of sight (LOS) from receiver to the
satellite specified by ECEF coordinates (eg, ey, ey). It is obvious that the number of observed
satellites (m) will specify the number of observation equations. The required position of each satellite
and satellite-clock biases are given in the GNSS satellite ephemerides, while the troposphere and
ionosphere effects are modeled. Consequently, the set of observation equations can be solved to

determine the receiver position and receiver clock bias.

In RTKLIB, after estimate the initial receiver position and clock offset, the final estimated vector is
determined by employing an iterated weighted Least Square Estimation (LSE), for more details see
(T. Takasu, 2013).

Generally, the unknown vector is determined by:
x = (HTH)"'HT(y — h(x)) (3.39)

dee_ 9eNn 9eu 9kt
qNE\:lNN\qNU ANt
que dqun qUU\ qut
dte dn Q. Gt/ 4,4

Q=HH"= (3.40)

where Q represent the symmetric cofactor matrix (Hofmann-Wellenhof et al., 2008) (also represent
the inverse of the normal matrix or the geometry matrix in litriture). Based on the Q matrix, typical

dilution metrics can be computed from the digonal elements of this matrix as given below:

GDOP = /qgg + qnn + Quu + due

PDOP = ,/qgg + qnn + quu

HDOP = /qggg + qnn

VDOP = duu

(3.41)

The GDOP factor is the geometric dilusion of precision that comprises the effect of geometry in 3D
position and time, which calculated from the square root of the trace components of the cofactor
matrix. The PDOP indicates the position dilution of precision that effected by 3D position geometry,
while HDOP (horizontal DOP) and VDOP (Vertical) represent the effect geometry in 2D horizontal

position and vertical position, respectively.

However, the dilution of precision can also be defined from the covariance matrix of the errors in the
computed values, which represent the product of (i) geometry and (ii) an expected precision in

measured values as above mentioned (Kaplan and Hegarty, 2005). As the pseudorange observations
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represent the measured values, the usual assumption is evaluating the measured quantities by the
variance of User Equivalent Range Error (UERE), thereby the covariance can be expressed as :

cov(x) = (HTH)™* 03 gpe (HTH)™1 = <) (3.42)

OUERE

It is clear from Eq. (3.42) that the parameters of DOP (from Q ), are defined as the ratio factor
between coverance and the precision of measurements. However, the geometry is only influnced by
the receiver-satellite ranges, therefore the Root Mean Square Error (RMSE) can be defined by
(Subirana et al., 2013):

RMSE = \/tr(cov(x)) = 0,/tr(Q) (3.43)

It can be seen from Eq. (3.43) that the trace of the Q@ matrix represent a scale factor on o, the standard

devation of measured values.

For more specific, the estimated computation of the expected accuracy can be given as a common
effect between the DOP values and the precision in measurements. This reflects the importance of
DOP values to show the impact of errors in measurements onto the errors in positioning. Therefore,
the analysed DOP values will be a helpful tool in interpreting the processed data, which is also a
more efficient factor in assessing the performance of different GNSS solutions (Wang and Huang,
2014).

The DOP values can be improved by increasing the number of observed satellites, which represent
the most significant benefit that promotes to adopt the combined solution (Miaoyan et al., 2008),
especially in environments of limited available satellites. For example, Anquela et al. (2013) have
reported that a combined GPS/GLONASS solution improved the satellite geometry by reducing
PDOP values by 27% in comparison with a GPS-only solution and the improvement will be 80%
better than the GLONASS-only solution. Similarly, Cai and Gao (2013) found that adding
GLONASS satellites to GPS increase the number of observed satellites from eight to fourteen will
lead to a reduction in PDOP values from 2.5 to 1.7, which leads to improving the RMS values of
assessed position. Also adding BDS satellites also have the remarkable effect of improving the
geometry (Yang et al., 2011). Furthermore, the combination of more than two constellations of multi-
GNSS will contribute in providing more robust geometry (Cai et al., 2015, Li et al., 2015b). It can
be concluded that the observing of more satellites will reduce the uncertainty in the estimated position

and minimise the related standard deviation.
3.5.4 Code-Multipath Detection of MP1 and MP2

As explained in Section 3.5, that the multipath effect represents the significant error that limiting the

achievement of highly accurate positioning. Although the double-differencing technique is used to
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cancel and reduce many of correlated error sources (i.e. Troposphere, ionosphere, others), the
multipath and receiver noise are still cannot be cancelled and removed in GNSS observations using
such technique. In addition, no general model can determine multipath precisely, due to the variable
geometrical conditions between satellite and receiver regarding time and location. However, the
multipath effect can be detected and estimated by applying a linear combination between code and
carrier-phase dual frequency measurements (Hofmann-Wellenhof et al., 2008). The main assumption
assumes that both code and carrier-phase measurements are affected by the similar magnitude of

correlated errors.

According to Equations (3.19) and (3.23) for code and carrier observables, the difference between
them can be written as given in Eq. 3.44 (Xu and Xu, 2007). For the same satellite at the same epoch,
the difference between code and carrier-phase observables can be related to the relationship between

the differenced observables’ errors as expressed by equation (3.44).
Pl — @7 = 217+ 4(NS) + (M3 —ml) + (@2 — a7) (3.44)

Where (P, —®;,) represent the difference between code and carrier observables, I, is the
ionospheric delay, 2; is the wavelength, N;; is the integer ambiguity parameter, (M, —m$,) is the
difference between code multipath and phase multipath, and (Q;; — ¢;,) is the difference between

code and phase noise errors.

To exclude the effect of the ionosphere, the difference will apply to ionosphere-free pseudorange and
carrier observables as given in Equations (3.9) and (3.12), then form the corresponding differences
(Hofmann-Wellenhof et al., 2008). The resultant difference removes effects from geometry, clocks,
troposphere and ionospheric delay. When the impact of phase multipath and noise are neglected
compared with that of code measurements and considering ionospheric-free ambiguity to be constant
when there is no occurrence of cycle slips. The remaining effect can reflect the code multipath (i.e.
which also contain the code noise and hardware delay) as given in (Estey and Meertens, 1999), which

can be expressed with the following:

R+ 2f?

MP1§ =P, — T @7+ A o7, (3.45)
1 2 1 2
27 41

MP2S = P, — 7 _1 7 5+ f12 — f22 @3, (3.46)
1 2 1 2

where MP1 and MP2 are code estimated multipath computed in meters for frequencies f; and f,
belonging to specific satellite (°) of GNSS constellation to a single receiver (;). It is clear that each
equation contain the pseudorange observable of a single frequency and phase measurements of dual
frequency (Shi et al., 2013, Wang et al., 2016).
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The expression of MP1 or MP2 can be implemented for each satellite at each epoch. Therefore, it is
possible to represent a time series of MP1 and MP2 for each observed satellite during observation
duration, which gives a quality check for the observed data and the contaminated multipath
observations can be distinguished. From this analysis, the satellites affected by extensive multipath
are identified, which can be excluded to achieve accurate positioning results with clean GNSS data.

3. 6 The Combined Solution of GNSS Constellations

With the availability of different GNSS constellations, it is possible to improve the positioning
performance by adopting a combined GNSS solution. However, each satellite system is characterised
by its independent parameters, which are varied from system to another (as discussed in Section 3.2).
Therefore, the implementing of various observations belonging to different systems requires
transformation between these systems to identify the positions in a single uniform system.

The effective combined solution can be achieved by identifying the parameters that contribute to
interoperability of the different GNSSs (Nicolini and Caporali, 2018). These parameters are
represented by differences in (i) coordinate reference frame to define the positions, (ii) the time-scale
between different systems and (iii) different signal multiplexing technique. In addition to generated

errors and biases related to each system as well as the differences in ephemeris data.

For instance, when combining the GPS and GLONASS observations, the above three major
differences between systems should be determined. Firstly, the reference frame of GPS is a WGS-84
system, which differs from a PZ-90.02 system that adopted for GLONASS computations, thereby an
offset distance between origins of two systems is introduced apart with differences in scale and
orientation of two systems. The integration of GPS/GLONASS has to be computed in WGS-84 for
example, which means transform GLONASS datasets to WGS-84 by utilising the 7-parameters
transformation (Dach et al., 2007, Hofmann-Wellenhof et al., 2008). For this purpose, the orbital

positions will represent in the unique reference frame.

Secondly, the time-scale for the two systems needs to be aligned, where the GLONASS time has an
exact offset of 3-hours from UTC, while the GPS based on UTC with no offset. The instantaneous
time scale difference between them can be determined, which enables one to transform one system
to another. Thirdly, it can be dealing with the different signal multiplexing techniques (i.e. CDMA
and FDMA) that used by two systems by considered the scaling carrier phase observables of
GLONASS into distances as explained in Section 3.5.3 for fixing the ambiguity. Furthermore, the
introduced biases (as discussed in Section 3.2.4) have to be calibrated. In this case, the combined
GPS and GLONASS offers redundant measurements.

Likewise, the above considerations can be applied when combining other GNSSs. The positioning

coordinates of any GNSS constellation can be expressed in the Cartesian system. In addition, the
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time in each GNSS constellation is based on the UTC system. Therefore the relationship between the
coordinate systems as well as the time systems of different GNSSs can be determined, which leads
to the potential of transformation between these systems (Xu and Xu, 2007).

3. 7 Chapter Summary

This chapter was dedicated to a technical overview of GNSS constellations. It starts by giving a
review of the current four available GNSS constellations, which implies GPS, GLONASS as full
operation systems, then Galileo and BeiDou as other under developments satellite systems. This
could provide a general understanding of the main specification of these systems and illustrate the
main differences between them regarding the orbital planes, number of satellites, geodetic reference
frame and time systems. As the fundamental principle of GNSS positioning is based on measured
ranges, which are subjected to different error sources, a detailed discussion of the GNSS errors were
given in this chapter, which characterised in three main groups that contain (i) satellite error sources,
(ii) propagation media effect (i.e. ionosphere and troposphere) and (iii) receiver related part. In
addition, other GNSS errors that related to hardware biases were discussed, which have an impact

on fixing ambiguity and in turn, affected achieve correct positioning.

The GNSS observation equations were discussed for code and carrier phase measurements; then the
emphasis was given to relative positioning along with DD technique to mitigate most of the error
sources, which will be used in this study. This was followed by describing and analysing in details
the main elements of processing GNSS data that implies the ambiguity resolution; cycle slips
detection, Dop values and multipath effects. Finally, the basic required transformations between
different system were discussed to achieve the final combined GNSS solution. All these aspects to

cover the theoretical part in this study.
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Chapter 4: Investigation of the Noise Level in Multi-GNSS
Measurements

Part of this chapter has been published as:

MSAEWE, H. A., HANCOCK, C. M., PSIMOULIS, P. A., ROBERTS, G. W., BONENBERG, L. & DE
LIGHT, H. 2017b. Investigating multi-GNSS performance in the UK and China based on a

zero-baseline measurement approach. Measurement, 102, 186-199.

MSAEWE, H., HANCOCK, C., PSIMOULIS, P., ROBERTS, G. & BONENBERG, L. 2017a. Assessment
of the Effects of Combining Multi-GNSS Constellations on the Solution Accuracy and
Availability. FIG Working Week 2017. Helsinki, Finland, May 29-June 2, 2017.

4. 1 Introduction

GPS is the positioning tool of choice for a wide variety of applications where accurate (cm level or
less) positions are required. However, the measurements of GPS, as well as other GNSS
constellations, are susceptible to a variety of errors (as described in Chapter 3) that degrade both the
quality of the position solution and the availability of these solutions. Additional satellites from other
GNSS constellations offer the possibility of improving the positioning performance when combined
with GPS observations. To investigate the potential of each positioning solution, it is necessary to
use measurements with an ability to mitigate most of the error sources. This requirement can be
achieved by applying zero baseline measurements, which eliminate most of the common errors of
the GNSS measurements, which are due to satellite orbits, clock errors, atmospheric delays (i.e.
ionosphere and troposphere effects) and multipath (Chen et al., 2015a, Deng et al., 2014). Thus, the
remaining error of the GNSS solution is due to the geometry of the satellite constellations and the
noise of the GNSS receiver (Dr6zdz and Szpunar, 2012).

Since the noise assessment is one of the main research objectives (see Chapter 1), a series of field
experiments were conducted, to assess the GPS-only solution compared to the combined solution of
GPS with either GLONASS or BeiDou constellations. This will reveal the impact of using
GLONASS with GPS and evaluate the contribution of the BeiDou satellite systems with regard to
the positioning quality. The expected improvement will be analysed regarding the positional
precision and fixed solution availability. When evaluating the positional precision, it is possible to
investigate whether the combination of the satellite systems can limit the noise level of the GPS-only

solution. Therefore, noise reduction is also analysed.
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For these purposes, a series of measurements of multi-GNSS zero-baselines carried out, using
different pairs of receivers (each pair of the same type) for 12 consecutive days, simultaneously in
the UK and China. The handling of different pairs of receivers was to select the pair of receivers with
the most reliable, consistent function and characterised by relatively low receiver noise, to achieve
the positioning of different GNSS solutions.

In this chapter, the experimental results to evaluate the GPS-only solution compared to the combined
solution of GPS with either GLONASS or BeiDou constellations are discussed and analysed. The

effect of this combination on the noise level is also examined.
4.2 GNSS Zero Baselines Experiments

For the zero baseline measurements, two or more GNSS receivers are connected to a single antenna
via a signal splitter. The zero baseline measurements are usually conducted to assess the performance
of the GNSS receivers. In the current study, the aim is to evaluate the positioning quality of various
multi-GNSS solutions. In addition, what is the performance enhancement relative to the GPS only
solution, using the zero-baseline measurements. Therefore, the GNSS measurements have been
carried out simultaneously at two locations in the UK and in China, utilising pairs of collocated
GNSS similar receivers at each site as displayed in Fig. 4.1, which shows both antennas mounted in

open sky environments.

Leica AR-10 Leica AR-25

Antenna Antenna
The UK China
L~eew— Location Location
¢=52°57'07.05318" N ¢=29° 48'10.33070" N
A=01°11'01.44897" W A=121°33'24.23910" E
| Splitter |

-

Palr of Pair of Pair of Pair of Pair of Pair of
Leica GS10 Trimble NetR9 Septentrio-ASTERX2EL  Javad-TRIUMPH ComNav-K508 Unicore UR240
Receivers Receivers Receivers Receivers Receivers Receivers

Fig. 4.1 Zero baselines experiment setup (Msaewe et al., 2017b).

The measurements have been conducted over 12 consecutive days, between the 5" and 16" March
2015, with a 1-second sampling rate; hence each day should have been recorded 86400 epochs. The
two sites in the UK and China considered as representative cases to reflect the enhancement of the
positioning solution by using multi-GNSS constellations. The main reasons are (i) the relatively high

latitude of the UK site (i.e. ¢= 53°), which leads to reduced accuracy in the northern component of
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the GPS-only solution (Meng et al., 2004) and (ii) the low latitude of the China site (¢~ 29.8°), which
corresponds to robust constellation of the BeiDou system, due to the presence of the Mid Earth
Orbiting (MEO) satellites with Inclined Geosynchronous Satellites Orbit (IGSO) and Geostationary
(GEO) satellites (Teunissen et al., 2014).

The daily solution of multi-GNSS constellations depends on the characteristics of the measurements
and the satellite systems used in the solution. More specifically, the GPS constellation repeats every
sidereal day (23 h and 56 min), and the GLONASS constellation requires about 8 days to repeating
the same constellation. For BeiDou, the MEO satellites need approximately seven days to replicate
the same geometry (Winit, 2013). Therefore, the long duration of zero-baseline measurements, i.e.
in this study 12 days, is required to investigate different GNSS solutions, in order to assess the

occurrence of potential events or problems with periodic repetition (e.g. daily repetition).

For this study, measurements of GNSS zero-baseline were carried out, using pairs of identical
receivers. The GNSS data was processed using Double-Difference (DD) technigue to eliminate most
of the GNSS error sources. In this case, both receivers theoretically have the same errors caused by
multipath, satellite orbits and clocks and atmospheric delay, thereby double differencing between
receivers cancels these errors. However, for the case of differential positioning using GLONASS, it
is required a pair of the same receivers (i.e. for base and rover station) to fix the ambiguity resolution
(Al-Shaery et al., 2013), as the different types of receivers have inter-frequency bias (IFB) which
cannot be eliminated by Double Differencing (DD) process.

Furthermore, the potential impact of BeiDou inter-satellite-type biases (ISTBs) between different
types of BeiDou satellites occurs in the case of using different GNSS receivers, also affecting the
ambiguity resolution of the GNSS records process (Nadarajah et al., 2013), which is not in the case

of these measurements since, identical receivers are used for each pair.

In this study, the contribution of the Galileo constellation was not assessed, due to the limited number
of available satellites, since there were only three satellites (E11, E12, and E19) functioning reliably
at the time of the experiments. Other constellations such as QZSS and SBAS have limited
contribution to the three main examined systems (GPS, GLONASS, and BeiDou) and they were not

included in the study.
4.2.1 Zero Baseline at the UK Site

The first series of zero baseline experiments were set up at a station on the UK site, where a Leica
AR10 GNSS antenna mounted on a pillar of control point with known coordinates, on the roof of
Nottingham Geospatial Institute (NGI) at the University of Nottingham. This radome antenna
designed for optimal signal quality and multipath suppression. With a dedicated low noise cable, the

antenna connected via a splitter (GPS RMS18 splitter) to two pairs of multi-GNSS receivers, these
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being the Leica-GS10 and Trimble-NET9 (Fig. 4.2). For simplicity, they called ‘Leica’ and ‘Trimble’

receivers.

Each receiver was continuously connected to the power supply and was recording with 1-second
sampling rate. Furthermore, the receivers of both types (i.e. Leica and Trimble) can track multiple
GNSS constellations; however, the Trimble receivers could not record the signal of the BeiDou
satellites. To process the GNSS records, they were converted to RINEX format version-3. For the
Leica receivers’ records (files.M00), the Leica Infinity 2.1.0 software was used to convert the raw
data into a RINEX data format (version 3.2), while Trimble RINEX convertor 4.5.6 software used to
convert the raw data of Trimble receivers (files.T02) to RINEX of 3.2 version. The converted data
consist of observation files with navigation message files of each tracked GNSS constellation, for

more details see (Gurtner and Estey, 2013).

Single Antenna

Leica AR10

Dedicated Cable

Fig. 4.2 Set up of zero baseline experiment in the UK site.

4.2.2 Zero Baseline at the China Site

The second set of zero baseline measurements was set up on a pillar of known coordinates on the
roof of the Faculty of Science and Engineering building, at the University of Nottingham Ningbo
China. At this site, a Leica AR-25 GNSS antenna (LEIAR25R4) was connected via a splitter
(GPS+GNSS RMS18 Splitter 8-way, Fig. 4.3) to four pairs of GNSS receivers, consisting of Javad-
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TRIUMPH, ComNav K508, Unicore UR240 and Septentrio ASTERXZ2EL receivers. Refer to

receivers’ specifications of each receiver type for more details.

Fig. 4.3 (a) Leica AR-25 GNSS antenna and (b) GPS/GNSS RMS18 Splitter 8-way used in zero baseline
experiment at China site.

The GNSS receivers at the China site recorded at a 1-s sampling rate, in order to have consistency
with the UK site GNSS records. For each receiver, the raw data were saved in internal receiver
memory and then were converted into RINEX files. Due to different receivers manufactures, each
receiver type required an appropriate converter. For example, the GNSS raw measurements from
Javad receivers required “JPS2RIN v.2.0.0.99” software to convert to RINEX files. The recorded
data of ComNav receivers in binary format (*.cnb) employed “CRU- Compass Receiver Utility
v1.5.5” for this conversion. Table 4.1 presents the different converters used to convert into RINEX
files from the GNSS receivers records and illustrates the specifications of the recorded signals of

varying GNSS constellations recorded by these receivers.

Table 4.1 The converters used with different GNSS receivers and specifications of tracked corresponding
constellations in the experiment at the China site.

. Type of Constellation recorded by receivers
Types of receivers ] Converter used
Raw files GPS GLO Gal BDS QzSS  SBAS
1) Javad-TRIUMPH-VS JTR*.jps JPS2RIN v.2.0.0.99 «/ \ J J J J
2) Septentrio ASTERX2EL ~ ssn*.15_ RX tool- SBF convertor V \/ \ \ \ \
CRU-v.155
*
8) ComNav K508 -cnb Compass Receiver Utility v v v
4) Unicore UR-240 * cdtlog U-converter V \

However, some satellites have tracked with triple frequency; the required measurements to present
investigations will be with the dual frequency of GPS (L1, L2), GLONASS (G1, G2) and BeiDou
(B1, B2). Since the GPS-only solution represents the primary demand in GNSS positioning, the
combination of GPS with other GNSS constellation will investigate, especially when GPS
performance is degraded. Consequently, the observed data of each set of receivers will process with
GPS-only and compared to other GNSS solutions.
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4. 3 Processing

The GNSS records were post-processed, using RTKLIB v2.4.2, in the kinematic mode to assess the
precision of the position for each epoch using DD solutions, having one receiver of the zero-baseline
as the reference and the other as a rover. The cutoff angle of 15° was selected in order to (i) limit
potential cycle slips which are possible to occur at lower cutoff angle (Huang et al., 2015), and (ii)
obtain GNSS data of better quality than that of low-elevated satellites, as the low-elevated satellites
are more susceptible to multipath effect (\Wang et al., 2016). However, the option of a 10° cutoff was
also examined for the GNSS measurements, to investigate potential improvement in the achieved
availability or precision of the GNSS solutions.

To attain precise GNSS positioning results, the ambiguity resolution (AR) should be fixed to their
integer values. RTKLIB offers three strategies to achieve this fixing, which are; (i) Continuous, (ii)
fix-and-hold and (iii) instantaneous (T. Takasu, 2013). Both continuous and fix-and-hold methods
use a Kalman filter to estimate the carrier phase ambiguity of the successive epochs. Whereas in
continuous mode, the updating of fixing the ambiguity is estimated depending on the float solution
and resolved into integer values, the fix-and-hold method uses the valid derived AR of the current
stage to feed the next epoch by applying the Kalman filter. The instantaneous method uses integer
Least Square method. For the GNSS records of this study, the selection of the appropriate strategy
of fixing the ambiguity depended on the fact of the relatively long duration of the records and the
kinematic processing mode. For this purpose, a sample data set collected by Leica receiver on the
UK site for a session of 16h between (00:00 -16:00 GPS time) can be used as the representative

period to assess the different strategies of fixing the ambiguity as shown in Fig. 4.4.

It was found that fix-and-hold technigque occasionally has some problems, occurred when a period of
sudden change in data quality corrupted the ambiguity resolution after fixing of long duration. This
was observed in the period between 14:00 — 15:00 is such as an example (Fig. 4.4b). The time series
was interrupted by cycle slips occurred due to the loss of lock, which produced an apparent jump in
the carrier phase ambiguity, and forcing the Kalman filter state in RTKLIB to reset. This can arise
as a gap interval effect on the final availability of fixed solution. Therefore, the availability of a fixed
solution achieved by Fix-and-hold was 98.6%. The use of an instantaneous mode (Fig. 4.4c), leads
to a time series with a large number of outliers as a result of incorrect fixing of ambiguity when they
are achieved epoch by epoch, using integer Least Square method (T. Takasu, 2013), and also this

technique reduces the availability to be 97.2%.

Finally, in continuous mode, the phase-bias is updated depending on the next float solution, which
provides a less noisy estimate of the phase biases for solutions of this type of recorded data and it

was selected for the kinematic processing of the GNSS records (Fig. 4.4a).
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Fig. 4.4 GPS time series of E-component of zero baseline using different options of AR (Leica Receiver
05/03/2015) at the UK site.

Furthermore, it can be noticed that for short duration, the results of continuous AR are identical with
the corresponding solutions that processed with Fix-and-hold that leads to similar precision.
However, the Fix-and-hold strategy cannot hold the same ambiguity for a long duration of GNSS
records. Based on the main elements of processing configuration (i.e. kinematic mode, 15° cut-off
elevation angle, continuous mode for AR, etc.) the GNSS records of the zero-baseline measurements

were processed.
4. 4 Preliminary Analysis

In the initial analysis of the GNSS records, an assessment was made to determine which pair of the
available receivers had the most reliable performance, characterised mainly by uncorrelated data,
giving a representative picture of the contribution of the GNSS constellations. The preliminary

analysis was made between the collocated receivers for the UK and China sites.
4.4.1 Preliminary Analysis at the UK Site

For the preliminary investigation at the UK site, the positioning quality derived from zero baselines
where the precision of the Leica receivers was compared against that of the Trimble receivers. Since
the main focusing is on GPS performance, among several sessions of 1-h positioning duration, the
1-h session from 00:00 to 01:00 (GPS time) on 05/03/2015 was selected, as this period was free from
data gaps and cycle slips, and with the collocated receivers tracking the same satellites, presented in

Fig. 4.5, leading to similar results.
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Fig. 4.5 GPS valid satellites tracking by Leica and Trimble receivers at the UK zero baseline along 1st h on
05/03/2015, each receiver represent the base one.

The time series of the components of zero baseline solution in E, N and U represents the deviation
(the residual) of the positioning solution at each epoch from the known coordinates of the occupied
station, expressing practically the precision of the positing solution at each component (Fig. 4.6).
From all plots in Fig. 4.6, there was a period of noisy results at the first 10 min where a limited
number of satellites (4 to 5) was available. For each set, the statistic characteristics of the average,
standard deviation (STD) and Root Mean Square (RMS) of every component was computed,

resulting to the estimation of the precision of the GNSS receivers.
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Fig. 4.6 GPS time series of the zero baseline records of two types of receivers for the UK site, (left) time series
with Leica receivers and (right) for Trimble receivers on 05/03/2015.

The RMS with Leica receivers was 0.5mm, 1.3mm and 1.4 mm for E, N and U components of zero
baseline, respectively, while the corresponding precision of the Trimble receivers was 1.1mm,

2.1mm and 3.4 mm for E, N and U components, respectively.
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Additionally, the investigation can be assessed by comparing the achieved precision of GPS data
from a zero baseline computed as 3D distance, whereas the precision with Leica receivers was (RMS
= 1.95 mm) compared to the corresponding precision with Trimble receivers (RMS = 4.12mm) as
shown in Fig. 4.6d. This indicates that Trimble receiver is nosier than Leica.

Furthermore, in order to evaluate the quality of the GNSS data, the autocorrelation analysis was
applied (Bona, 2000), which expresses potential correlation of the time series data and reveals
whether the time series are contaminated only by white noise (Amiri-Simkooei and Tiberius, 2004).
Mainly, the white noise process has a zero mean and no correlation between its values at different
times. The derived correlogram describes the autocorrelation coefficients versus time lag (the time
interval between samples). When the lag is 0, the value of the correlation coefficient will be 1 from
the definition, while other values of lag showing the behaviour of time correlation (Amiri-Simkooei
and Tiberius, 2007). The autocorrelation function in Matlab was applied to zero baseline
components. The results of the autocorrelation of the GPS time series at the UK site are presented in

Fig. 4.7, which showing uncorrelated data.

Sample Autocorrelation Function Sample Autocorrelation Function
D.; Leica Receiv. E. ;g Trimble Receiv. E.
0.6 1 0.6
0.4 . 0.4
0.2 1 0.2
0 ’m 1] m
- 02 . . ! . 02 . ! ! .
£ 1
% 0.8 N. 0.8 N
i oo
= O .
< 02 1 0.2
M L] 'l M » L]
= 0 e = 0 e ey T e
£ .02 : : : ; ; . .
@y
0.8
0.6
0.4
0.2
0
02 .
0 10 20 30 40 50 0 10 20 30 40 50
Lag Lag

Fig. 4.7 Autocorrelation of E, N and U components of zero baseline of GPS records of Fig. 4.6.

The resolution of the time lag was defined by the 1-s sampling rate of the GNSS records. It is evident
that the GPS data are uncorrelated and express mainly white noise for zero baseline components for
both of the collocated receivers, as the autocorrelation coefficient is ranging randomly around zero,
for all the time lag values. In addition, it is observed that most of the horizontal components are
uncorrelated while the vertical components have a slight bias. This bias is a systematic effect caused

by a slight offset in the mean of the residuals series.
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The same analysis was made for the GLONASS solution using the same 1h period. The RMS values
of the GLONASS-only solution are 0.5mm, 0.8mm and 5.7mm for the E, N and U components,
respectively for the zero baseline of Leica receivers, while the achieved RMS with Trimble receivers
are 0.9mm, 1.3mm and 6.9mm for the E, N and U, respectively as presented in Fig. 4.8.

@) 10 Leica Rec. Av.=0.1 Std= 0.5 RMS= 0.5 mm 11D'Irimb Rec. Av.=0.1 Std= 0.9 RMS= 0.9 mm

E
0 s e b s
w

Av.=0.0 Std= 0.8 RMS= 0.8 mm Av.=0.3 Std= 1.2 RMS= 1.3 mm

() 10
£ MMWW
E o
=
-10 * * . . *
(c) Av.=3.3 Std=4.6 RMS= 5.7 mm Av.=2.7 5td= 6.4 RM5= 6.9 mm

Av.=5.22 5td= 2.44 RM5= 5.76 mm Av.=6.18 5td= 3.48 RM5= 7.10 mm

@ 20 20
£
§_, 10 10
]
=
0 0
00:00 00:30 01:00 00:00 00:30 01:00
GPS time (hh:mm) GPS time (hh:mm)

Fig. 4.8 GLONASS time series of the zero baseline records of two types of receivers for the UK site, (left)
time series with Leica receivers and (right) for Trimble receivers on 05/03/2015.

In this case, the 3D RMS precision with Leica was 5.76mm compared to 7.10mm with Trimble
receivers. Moreover, when applying the autocorrelation analysis to these data, the results of both
receivers tend to have the same behaviour. Where the horizontal components are showing slight
biases (Fig. 4.9), while the vertical components were correlated. Nevertheless, the GLONASS
positioning results with Leica receivers is less noisy than that with Trimble receivers (Fig. 4.8).
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Fig. 4.9 Autocorrelation of E and N components of GLONASS records of Fig. 4.8.
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However, a 1h duration of GNSS measurements would be insufficient to give a representative picture
of the relative noise level of the receivers; therefore, a comparison of the accuracy of the

measurements of the receivers for 24h duration was also made.

Figure 4.10 illustrates the GPS-only positioning on 05/03/2015 with Leica receivers compared to the
corresponding positioning with Trimble receivers. It is evident that the amplitude of the time series
of the Leica receivers, which express the noise level, is a lower level than that of the Trimble receivers
along 24h, which is compatible with the analysed results of 1h for a GPS-only solution. Likewise,
the comparison between the positioning time series of the GLONASS-only solution for the two sets
of receivers leads to similar trends of noise level, with the Leica receivers proved to be less noisy
(Table 4.2).

0 2 4 6 8 10 12 14 16 18 20 22 24
GPS time (hh:mm)

Fig. 4.10 Comparison between two daily time series of GPS-only solution achieved with two pairs of Leica
and Trimble collocated receivers for the UK site on 05/03/2015.

Table 4.2 Comparison of statistical results of time series of zero baseline with GNSS solution for 24h using
collocated receivers at the UK site on 05/03/2015.

Leica Receivers Trimble Receivers
Const. Comp  Ave. (mm) STD (mm) RMS (mm) Ave. (mm) STD (mm) RMS (mm)

E 0.0 0.5 0.5 0.0 1.2 1.2

GPS N 0.0 0.9 0.9 0.0 2.4 24

U 0.1 1.8 1.8 0.1 3.8 3.8

S 1.64 1.26 2.07 3.61 291 4.63

E 0.0 0.7 0.7 0.0 1.2 1.2

N 0.0 0.8 0.8 0.0 13 1.3

GLONASS u 0.7 43 44 0.7 5.6 5.7
S 3.65 2.66 4.52 5.0 3.21 5.94




Chapter-4 80

For other constellations, although the Leica receivers observed the BeiDou constellation on the UK
site, due to the limited number of visible satellites (MEOs and IGSOs satellites; Fig. 4.11) with 15°
cut-off elevation angle, the positioning with current BeiDou satellites has a marginal effect on the
UK site.
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Fig. 4.11 (a) The visibility of BeiDou satellites that tracked by Leica receivers for 24h at the UK site on
05/03/2015 and (b) the sky-plot of tracked satellites.

Along the whole day, the maximum number of valid satellites appeared at the time of observation
was four satellites which constitute 6.5% for 24h, while 30.2% of no satellites appeared on the UK
site for the same daily duration as shown in Fig. 4.11a. Furthermore, it is observed the weak coverage
of BeiDou satellites in the northern sky as illustrated in Fig. 4.11b. In addition, a limited number of
Galileo satellites was operating at the time of the experiment, which cannot perform autonomous
positioning. Thus, the GNSS assessment will analyse and evaluate for GPS and GLONASS at the
UK site.

In general, the statistical results as expressed in Table 4.2, show that the pair of Leica receivers has
lower noise level for all the components (i.e. N, E, U) and solutions (i.e. GPS, GLONASS) for the
zero baseline. Therefore, the Leica receivers were used at the UK site for the investigation of the

performance of GNSS positioning.
4.4.2 Preliminary Analysis at the China Site

The China site offers the option to track more GNSS constellations than that for the UK site,
depending however on the ability of receivers to track the available signals. Apart from the analysis
of the positioning solutions using GPS and GLONASS constellations, as in the UK site, in China site
could also be analysed the accuracy of the positioning using BeiDou system and the contribution of
other GNSS measurements provided from Galileo, QZSS and SBAS.

To examine the positioning performance over different receivers, four pairs of receivers were used
at China site (Fig. 4.1). Following the same procedure as the UK site, from the four pairs of receivers,
it was defined the pair of receivers with the most reliable measurements and overall lower noise

level.
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Firstly, to perform the comparison of the GPS-only solution with zero baseline measurements at this
site, the same interval of 1h at this site was chosen to coincide with that for the UK site. The four
pairs of receivers observed the identical GPS satellites (Fig. 4.12) and their solutions are represented
in time series (Fig.4.13), while the statistical comparison between their results is summarised in Table
4.3.

[
-
T

GPS Satellites
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1 1 1
00:00 00:20 00:40 01:00
GPS time (hh:mm)

Fig. 4.12 (a) The visibility of GPS satellites for the first hour at China site on 05/03/2015 and (b) the sky-plot
of tracked satellites.

Septentrio | — ComNav Unicore

00:00 00:20 00:40 01:00 00:00 00:20 00:40 01:00
GPS time (hh:mm) GPS time (hh:mm)

Fig. 4.13 GPS time series of the zero baseline records by four pairs of receivers at China site, on 05/03/2015.

Table 4.3 Comparison of statistical results of time series of zero baseline with GNSS solution for 24h using
collocated receivers at the UK site on 05/03/2015.

Receiver Mean (mm) STD (mm) RMS (mm)

type E N U S E N U S E N U S
Septen. 0 0 0 0.85 0.2 0.3 0.9 0.48 0.2 0.3 0.9 0.98
Javad 0.1 0 0.3 1.63 0.5 0.7 1.7 0.99 0.5 0.7 1.7 1.91
ComNav 0 0 0.1 2.00 0.5 0.8 2.1 1.21 0.5 0.8 2.2 2.34
Unicore 0.7 -0.6 0.6 1.86 0.3 0.7 1.6 0.94 0.8 0.9 1.7 2.09




Chapter-4 82

The comparison of the four receivers for the positioning using the GPS-only solution in China site
indicates a weak performance of the Unicore receivers. More specifically, the time series of all three
components (i.e. N, E, U) of the Unicore receivers are significantly noisy, with their mean averages
deviated from zero. On the contrary, the Septentrio receivers show the least noisy performance, from
all the receivers in this site, with the minimum standard deviation of N, E and U components relative
to the other receivers. Further analysis of the time series was made by applying the autocorrelation
function to diagnose the systematic effects in measurements (Craymer, 1999).

Figure 4.14 presented the results of the autocorrelation analysis for each pair of receivers for
horizontal components. The correlogram shows the uncorrelated results of the three pairs of receivers
and expresses mainly white noise, while data of Unicore receivers have slight biases. The latter
reinforces the above observation that the processed data of GPS-only with Unicore receiver is

inappropriate for the zero-baseline measurements.

Sample Autocorrelation Function
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Fig. 4.14 Autocorrelation of E and N components of zero baseline of GPS records of Fig. 4.13.

The positioning of the second autonomous GNSS constellation that can be analysed in China site is
GLONASS. Septentrio, Javad and ComNav receivers recorded GLONASS satellites signals.
However, the ComNav receivers failed to fix the ambiguity resolution for the GLONASS-only
solution due to inter-frequency biases between the two ComNav receivers. Thus, the performance of

GLONASS positioning will be assessed with both pairs of Septentrio and Javad receivers.

At the China site, the GLONASS only solution suffers from a weak geometry along several intervals,
and that leads to the variable performance of each pair of receivers. Therefore, an interval of 1h is
insufficient to assess the performance of the positioning time series of these pairs of receivers. The
24h-period solution for the GLONASS-only process shows the problematic noisy periods, which
occur when the satellite geometry is weak, and the no solution intervals, which occur when the

number of satellites less than 4 or the GDOP values are more than 30 (Fig. 4.15).

20
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Fig. 4.15 (a-c) the zero baseline components achieved with a GLONASS-only solution by Septentrio and Javad
receivers, (d) comparison of a number of valid satellites and (e) the GDOP values produced for 24h at China
site on 05/03/2015.

Along the 24h with 1 Hz recording data, the total number of epochs should be 86400 (100%).
However, the positioning solution of Septentrio receivers resulted in 84811 epochs (98.16%), while
the Javad receivers resulted in 81386 epochs (94.20%). The loss of computed positions is a result of
this weak geometry of GLONASS in China Site. Moreover, the overall RMS values for the whole
24h period of a GLONASS-only solution of the Septentrio receivers are 1.3mm, 0.9mm and 13.1mm
for the E, N and U components of the zero baseline, respectively, while for the Javad receivers are
1.4mm, 1.3mm and 15.9mm, respectively. These results indicate that the GLONASS solution of the
Septentrio receivers is less noisy and reliable, which can be used for the analysis of the multi-GNSS

performance.

The other dominant GNSS constellation available at the China site is BeiDou. To assess the precision
of a BeiDou-only positioning solution across the four pairs of receivers the same approach as the
other constellations were followed. For a short duration of 1h, there were ten BDS satellites visible
in total, and all receivers observed eight of them, while other two (grey colour) were only observed

by Unicore receivers (Fig. 4.16).
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Fig. 4.16 (a) The visibility of BDS satellites for the first hour at China site on 05/03/2015 and (b) BDS sky-
plot of tracked satellites.

To have comparable results, only the eight observed satellites undertaken in this evaluation. Table
4.4 presents the statistical results to compare the BDS positioning quality for all four pairs of
receivers. From this table, it is clear that the minimum RMS values were achieved with the Unicore
receivers followed by the ComNav receivers, while both the Septentrio and the Javad receivers have

more substantial noise levels as represented in Fig. 4.17.

Table 4.4 Statistical results of BDS positioning derived from zero baseline measurements for 1h (00:00 —
01:00) using collocated receivers at China site on 05/03/2015.

Receiver Mean (mm) STD (mm) RMS (mm)
type E N U S E N U S E N U S
Septen. 0 -0.1 33 5.25 0.4 2.2 4.8 3.38 0.4 2.2 5.8 6.24
Javad 0 0 4.2 5.40 1.0 11 45 3.36 11 11 6.2 6.36
ComNav 0 0 34 3.69 0.5 0.6 25 2.13 0.5 0.6 4.2 4.26
Unicore 0 0 2.9 2.93 0.2 0.2 1.7 1.66 0.2 0.2 3.4 3.36
| Javad Septentrio | |— ComNav Unioclre|
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Fig. 4.17 Time series of BDS-only solution for three components and 3D residual at China site on 05/03/2015.
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To verify the quality of the BDS data autocorrelation analysis was applied. Based on the
autocorrelation analysis it is proved that the horizontal components for each pair of receivers are
uncorrelated, while for the U components, the Unicore receivers, which have the lowest RMS, proved
to be highly correlated (Fig. 4.18).
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Fig. 4.18 Autocorrelation of U-components of zero baseline of BDS records of Fig. 4.17.

This means that the Unicore receivers reduce the noise level, but the noise is correlated having
characteristics of coloured noise. On the contrary, the Septentrio receivers, which have the highest
RMS, are characterised by the lowest correlation (Fig. 4.18).

For the performance of other constellation such as Galileo, QZSS and SBAS, due to the limited

number of their satellites, they were only analysed in combined solutions.

Finally, the results of the preliminary analysis indicate that the data of Septentrio receivers can be
adapted to investigate the GNSS performance for GPS, GLONASS and their combination. As a
BeiDou constellation is receiver dependent, it can analyse the dataset of Septentrio receivers in
comparison to other ComNav receivers to assess BeiDou performance and its combination with GPS
solution. The derived solution from the selected receivers may contaminate by outliers due to some
events of cycle slips or jumps. To diagnose all these effects and exclude them, the data quality

analysis is required to have clean data for assessment.

4. 5 Data Quality Analysis

In general, the quality of the observed data is affected by the multipath and obstruction conditions of
the surrounding environment, which has a significant influence on the derived position and their
accuracy (Mosavi and EmamGholipour, 2013). However, in zero-baseline measurements, those error
sources are expected to be eliminated (Zhang and Teunissen, 2016). Thus, the errors, which remain

in the residuals, are errors due to noise effect with the impact of satellite geometry.

In some cases, the residuals of the GNSS process diverge significantly from the mean residuals trend,
expressing higher noise level due to observations of poor quality or the impact of problematic
satellites, which may lead to cycle slips, etc. To detect the problematic satellite or low-quality
observations, the Signal-to-Noise ratio (SNR) of the satellite signals and the residuals are analysed.
For example, when processing the data for the time interval between 07:00 to 14:00 on 05/03/2015

at China site, the time series of apparent solutions was characterised by outliers, represented as
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“spikes” and sudden jumps in specific intervals as shown in Fig. 4.19a. These outliers are caused by
problematic or weak satellite(s), which can be excluded in processing to have clean data as illustrated
in (Fig. 4.19b); (Tokura et al., 2014).
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Fig. 4.19 Time series of U-components of GPS-only at China site (a) apparent solution (b) refinement solution
after excluding weak satellites.

It can be noticed that the achieved precision was improved after removing the effect of these outliers.
The RMS of the apparent solution was 4.2mm, while it becomes 1.8mm after refinement of the time
series from these outliers. To explain the refinement of the outliers in above observed data, the time
interval between 12:00 to 13:00 can be analysed as representative example of many spikes

characterise the U-component (Fig. 4.20a).
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Fig. 4.20 Analysis to detect the problematic and weak satellites along the interval 12:00-13:00 at China site (a)
time series of U-components of GPS-only (b) valid observed satellites (c) corresponding elevations of satellites
(d-e) residual analysis on L1 (f) SNR1 (g-h) residual analysis on L2 and (i) SNR2.
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The analysis of residuals and SNR of the satellites revealed that these spikes occur when satellite
GO1 is introduced to the solution. GO1 is a rising satellite with low SNR on both L1 and L2 (Fig.
4.20f and i) which caused multiple cycle slips, appearing as outliers in the time series. Probably, the
receivers lost the lock on this satellite leading to the cycle slips (Chen et al., 2015a).

Due to the adequate availability of satellites, excluding GO1 can improve the results especially in U-
component, with the elimination of the outliers and the computed RMS of U-component being
reduced to 4.5mm from the initial 4.9mm (Fig. 4.21b).
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Fig. 4.21 Sequential improvement of time series of U-components of GPS-only at China site (a) apparent
solution (b) Excluding GO1 satellite (¢) Excluding G01, G04 and G11 satellites.

However, the spikes are removed; the trend of time series still diverges from the mean value, which
required another refinement. From the analysed data, it was observed that both G04 and G11
(Fig.4.20) were of relatively low elevation, expressed through the low SNR on (L2), affecting the
derived time series. By excluding these two satellites and GO1, the RMS is reduced even more to
0.9mm (Fig.4.21c).
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Fig. 4.22 The time series of GPS-only at China site (top), valid satellites (middle) and elevation angles and
SNR2 of valid satellites (bottom).
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Regarding the jumps in the positioning solution, these are likely due to the sudden change in the
number of valid satellites and the quality of the satellite signal. For instance, the introduction or
exclusion of an ascending or descending satellite, of low elevation angle and/or low Signal-to-Noise
ratio (SNR) may lead to a jump in the derived time series as shown in Fig. 4.22.

From this figure, it is apparent when the rising satellite G27 with an elevation angle of 15° and low
SNR2 introduce to a solution; this jump occurs at 08:56:12. Similarly, when descending satellite of
G14 departs the solution at 15° elevation angle with deteriorating SNR2, the jump appears in the
time series of the solution as well as for G19 at the next event. It can be noticed that these jumps
affect the vertical component more than the horizontal ones in the derived solution (Fig. 4.22) due to

satellite geometry.

Likewise, jumps also occur when the state of the ambiguity resolution is changing from fixed to float,
indicating the introduction of observations (e.g. new satellite in the solution) which produces an
inconsistency into the Kalman filter solution (Zhao et al., 2014). These jumps can be removed by
excluding certain satellites of lower SNR during the occurrence periods, which improves the RMS
of the derived solution. Meanwhile, the introduction of the new satellites with better quality of the

signal (i.e. higher SNR) does not cause jumps, as well as when there are enough redundant satellites.

The same methodology can be followed with other GNSS constellations to improve the derived time
series. However, the enhancement of the solution by excluding one or more satellites occurs when a
sufficient number of valid satellites are available. In the case of a limited number of satellites, though,
the exclusion of one or more satellites affects the availability of the final solution, due to the reduction
of the total number of available satellites and/or the degradation of the satellite constellation. For
example, it was found in the time series of the UK site that the satellite G25 causes cycle slips for
many epochs during the interval between (17:15 — 17:30) on 05/03/2015, and by excluding this
satellite from GPS only solution, the percentage of final fixed positioning will be degraded.

For these cases, when a problematic GPS satellite suffers from weak SNR that affects the final GPS-
only solution and caused spikes along the derived time series, the combined GPS with other GNSS
constellation will remove the effect of these spikes without excluding any GPS satellite. This is
attributed to increasing the number of valid satellites and improving the satellite geometry. As the
number of the satellites increases, this will enlarge the dimension of the observation equation and
limits the impact of the problematic satellite. For the same reason, when the effect of the problematic
satellite is caused by cycle slips that lead to apparent spikes in the time series, the combined solution
of GPS with other GNSS will reduce the effect of this problematic satellite as a result of improved
solution. To remove this effect, the affected problematic GPS satellite needs to be excluded and the
solution compensated by other satellites from another GNSS constellation through a combined

solution. Hence, the application of combined solution leads to (i) limit the impact of the problematic
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satellite, (ii) eliminate the effect of cycle slips, (iii) retain the availability and provide a fixed solution
of potentially improved precision.

4. 6 Availability and Positioning Precision

The availability of a fixed solution is defined as the percentage of the number of epochs that have a
valid fixed solution to the total number of observed epochs (T. Takasu, 2013). By following the same
methodology of the preliminary analysis, the availability and positioning precision was investigated
for different combinations of multi-GNSS solutions at the UK and China sites for time-period of the
12 consecutive days.

Thus, the differencing between the derived GNSS coordinates of observed station and its true values
represent the residual at each epoch, which can be express as time series of E, N and U components
for different GNSS combinations. Those time series were used to assess the performance of the
different constellations, through the positional precision and fixed solution availability.

4.6.1 Availability and Precision at the UK Site

For the UK dataset, three different GNSS solutions were examined: (i) GPS only, (ii) GLONASS
only and (iii) combined GPS+GLONASS. When implementing these different solutions along the
daily data set on 05/03/2015, it is obvious that gaps characterise the GPS-only solution in three-time
separate intervals (Fig. 4.23).
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Fig. 4.23 Daily time series showing GPS-only (left), GLONASS-only (centre) and combined GPS +
GLONASS (right) with Rec. UK1 receiver (UK site) on 05/03/2015.

The first gap interval along the GPS time series was caused at the time interval between (18:00:01 —
18:14:00) as a result of a limited number of valid satellites, whereas only three satellites were

available during this interval when the cut-off elevation angle is 15°. The other gap intervals occur
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at periods of (21:32:47 — 21:45:36) and (23:37:04 — 23:48:15) due to high DOP values (i.e. >30). On
the other hand, there are two gap intervals along the GLONASS time series observed at intervals
(12:52:02 — 12:55:46) and (20:46:17 — 20:55:45) due to available of only four satellites at these
intervals which leads to high DOP values.

The availability of a GPS fixed solution was 97.4%, while there are significantly fewer gaps in the
corresponding GLONASS-only time series with an availability of 99.1% (Table 4.5). By using a
combined solution of GPS and GLONASS, the availability increases up to 100%. The enhanced
availability of the combined GNSS solution proved that the increasing number of valid satellites
could overcome problematic periods, where gaps characterise the GPS-only or GLONASS-only

solutions.

Table 4.5 Results of the daily GNSS-solutions for the UK site (Leica 24-h) on 05/03/2015.

. . . RMS of positional

S(jm tsign ’\tlcc:tacl)f ’:‘Ii?(e(c)if ’:;;)c.);:sug:gg F;tia)zgg-nstg?\?egf precisign (mm)
epochs epochs solution (%) E N U
GPS-only 86,400 84,129 2,282 97.4 0.5 0.9 2.0
GLONASS-only 86,400 85,610 790 99.1 0.7 0.8 4.4
GPS+GLONASS 86,400 86,400 0 100 0.4 05 1.7

Regarding the precision of the positioning, it is observed that the GPS-only solution is more accurate
than the GLONASS-only solution in the E and U components, while the GLONASS-only solution
proved to be more precise for the N component (Table 4.5).

In this dataset, the GPS + GLONASS combination gives the more accurate solution for all
components. Therefore, it can be concluded that the combined GPS with other GNSS solution can
improve the availability of a fixed solution and enhance the positional precision with clean data (Liu
et al., 2016).

The combination of GPS and GLONASS leads to enhanced satellite geometry, which is expressed
through the reduction of the DOP values (Odolinski et al., 2015, Odolinski and Teunissen, 2016),
improving the achieved precision. Furthermore, all outliers in the individual solutions due to poor
satellite coverage (e.g. Fig. 5.23, at 18:00-18:30 or 20:00-21:00, marked by red arrows) are removed,
with the mean of the GDOP being improved by 60%; e.g. the GPS + GLONASS solution provides
mean GDOP of 1.8, while for GPS- only and GLONASS-only solution are 3.0 and 2.8, respectively.

From the above results (Fig. 5.23 and Table 4.5), it can be noticed that the combined solution has a
slight improvement over the daily solution. However, the obvious improvement of the combined
solution can be identified over relatively short durations when GPS-only is noisy. For example, the
hourly duration of the GPS-only solution at the interval between (20:00 — 21:00) was noisy especially
in the N and U components, while the results of combined GPS+GLONASS solution achieving more

accurate results than the GPS only solution, as shown in Fig. 4.24.
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Fig. 4.24 Comparison between GPS-only and combined GPS + GLONASS for 1-h duration at the UK site
(Leica receivers) on 05/03/2015.

The achieved precision of the combined GPS+GLONASS solution at this 1-h period is (0.4, 0.5 and
0.4mm), while the corresponding precision with the GPS-only solution is (0.6, 1.3 and 2.1mm) for

E, N and U components, respectively.

The small differences in the achieved results (i.e. positions and their precision) between the solutions
of different combinations and the existence of some outliers result in differences between the
achieved precision. Therefore, to present the achieved precision of different GNSS solutions in the
further statistical analysis, a Cumulate Distribution Function (CDF) can be used to visualise the

distribution of achieved results by their cumulative distribution (Pianosi and Wagener, 2015).

A CDF assess visually the “proportion of data less than or equal to (x) values as a function of (x),
which computes by assigning the probability 1/x to each of x observations in a data sample (Salds et
al., 2010). Thus, the values along the y-axis are equivalent to cumulative probability from zero to
one. The results of the GNSS mentioned above solutions are achieved in kinematic mode by
determining the position at every epoch by computing the evaluated precision along every component
of E, N and U. The visual comparison between the achieved precision of this different GNSS solution
can display by generated the belonging CDF plots. Therefore, the CDFs of achieved STDs of GPS-
only, GLONASS-only and combined GPS+GLONASS solutions on 05/03/2015 are represented in
Fig 4.25.
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Fig. 4.25 Comparison between achieved precision (STD) with different GNSS solutions of Fig.5.23 on CDF
analysis using the same daily data of Leica receiver on 05/03/2015.
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The represented CDF results indicate that the combined solution has achieved the minimum STD
along all components. At the same time, the CDF graphs show more accurate results of GPS along
E and U components, while the results of N component with GLONASS is better. These findings
agree with the previous analysis that relies on the achieved RMS for every GNSS solution.

For a GPS-only solution at this site, it can be noticed that the E-component is more accurate than the
N-component. This may attribute to the number of satellites in an N-S direction at the UK site is less
than that of E-W direction (Meng et al., 2003, Cosser et al., 2003). As the inclination angle of GPS
orbit is 55°, this enables to track the majority of satellites in the area between 55°N and 55°S with
fewer satellites beyond this area. As the UK is site located within 53°N, few satellites can be tracked
in the North. On the other hand, the distribution of GLONASS satellites at the UK site in N-S
direction is better than that of GPS due to the design of GLONASS with an inclination angle of 64.8°.
For this reason, there is a slightly outperforming N-component of GLONASS than that of GPS.

To assess the performance of different GNSS solutions along other days, the observations of 12
consecutive days between the 5" and 16™ March were analysed to evaluate the availability and
precision of each GNSS daily solution. For availability of fixed solution, it is clear that the
GLONASS-only solution has (in general) slightly better availability than the GPS-only solution, due
to a fewer data gaps with GLONASS compared to the GPS solution (Fig. 4.26a).
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Fig. 4.26 (a) Availability and (b) precision expressed as RMS at the UK site over the 12 days.

The gaps are the results of the weak geometry of the valid satellites when the solution corresponds
to extremely high DOP values (i.e. GDOP > 30), which are excluded from the final solution by the
software, or fundamentally there is no solution due to a limited number of satellites (<4) at these
intervals. This leads to a more considerable difference in GPS availability corresponding to ~50 min
during the daily records (i.e. 12" March). Therefore, the combination of GPS + GLONASS solution
increases the number of valid satellites and gives the highest availability reaching up to 100% for the

entire examined period.
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Regarding the analysed precision, the GPS-only solution tends to be more accurate than the
GLONASS-only solution for the E and U components as observed along the entire 12-days period
(Fig. 4.26b), while GLONASS-only solution proved to be more accurate though for the N
component, due to the GLONASS constellation design as mentioned above.

4.6.2 Availability and Precision at the China Site

The GNSS records of the dataset in China were analysed following the same approach as for the
GNSS records of the UK site, with the only difference being the additional constellation of BeiDou
and all the possible combinations of it with GPS and GLONASS. When analysing daily different
GNSS solutions as summarised in Table 4.6, the results of independent constellations on 5" March
showing that both GPS and BeiDou have an optimum availability of 100% fixed solution, which
indicates a perfect coverage due to the adequate number of satellites.

Table 4.6 Results of the daily GNSS-solutions for the China site (Septentrio 24-h) on 05/03.

No. of , Percentage of RMS of positional
oS N‘;'p‘(’)z:]zta' fixed ';'Soggsu(”;:gi‘; fixed Solved precision (mm)

epochs solution (%) E N U
GPS-only 86,400 86,400 0 100 0.3 0.4 2.4
GLONASS-only 86,400 84,744 1,656 98.1 1.3 0.9 13.1
BDS-only 86,400 86,400 0 100 0.7 1.8 4.4
GPS+GLONASS 86,400 86,400 0 100 0.3 0.3 2.3
GPS+BDS 86,400 86,400 0 100 0.5 1.1 2.9
GPS+GLO+BDS 86,400 86,400 0 100 0.4 0.8 2.4

Regarding the GLONASS-only solution, the corresponding availability of a fixed solution is slightly
lower (i.e. 98.1% on 5th March). This is the result of a few weak periods, where enough GLONASS

satellites are available but with weak geometry.

The weakness of GLONASS geometry is caused during a couple of intervals, which repeated within
eight hours along the whole day as shown in Fig. 4.27. During these couple of intervals extremely
high DOP values occur, which can reach more than 30 even with the existence of six satellites in
those epochs. When analysing the valid satellites at these intervals, it was found that the elevation of
the reference GLONASS satellite was lower than 50°. The geometry was improved during periods
when the number of satellites was more than six as shown in the first period of Fig. 4.27. On the
other hand, when five GLONASS satellites are available, and the reference one among them has a

high elevation, the low DOP value can achieve as shown in the third period of Fig. 4.27.

For other specific periods, it was observed when the GLONASS constellation consisted of five
satellites with two of them being very spatially proximate, resulting in a constellation of practically

four satellites, which was also reflected in high DOP values (Fig. 4.28b).
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Fig. 4.27 Analysis the geometry of specific GLONASS intervals (left and middle) weak geometry with six
satellites and (right) five satellites with good geometry in China site (05/03/2015).
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Fig. 4.28 Sky plots of specific intervals of the weak geometry of GLONASS satellite constellation: (a) six
satellites with the reference one of elevation under 50° and (b) five satellites with overlap between two of them

in China site (05/03/2015).

According to the achieved precision, the GPS-only solution in China has a similar precision to that
of the UK site, with a significant improvement of RMS though in the North component (~0.4 mm in

China versus 0.8-0.9 mm in the UK), due to the improved constellation (Fig. 4.29).

Regarding the high values of RMS (i.e. 1.3 mm, 0.9 mm and 13.1 mm for E, N and U respectively;
Table 4.6) of the GLONASS only solution, these are mainly due to the periods of poor satellite

constellation (as related above) with the weak satellites geometry.
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Fig. 4.29 Daily time series with GPS-only (left) GLONASS-only (centre) and BeiDou-only (right) with
Septentrio receivers in China site on 05/03/2015.

The GLONASS-only solution is of similar accuracy in North component with that of the UK site.
However, the E and mainly U components have significantly worse accuracy than that of the UK,
with the RMS in U component reaching up to 13 mm (Table 4.6). The variation of the RMS of E and
U components is of similar pattern, indicating that probably both are affected by the GLONASS poor

constellation, with a more significant impact on the U component.

Regarding the BeiDou-only solution, the achieved precision of the solution proved to be receiver
dependent (Fig 4.29). Although the comparison between different receivers led to the selection of
Septentrio receiver, as it achieved the minimum level of noise for both GPS and GLONASS
constellations, however, the corresponding BeiDou solution was very noisy. On the contrary, the
Chinese receiver (ComNav) led to less noisy of BeiDou solution (Fig.4.30), while the corresponding

GPS solution was of high noise level (Table 4.7).

Table 4.7 Results of the daily GNSS-solutions at the China site according to achieved precision with two
different sets of receivers on 05/03.

mecei GPS-only GLONASS-only BDS-only GPS+GLONASS GPS+BDS

etce';’er RMS (mm) RMS (mm) RMS (mm) RMS (mm) RMS (mm)
yp E N U|E N U|E N UJ|E N U|E N U
Septen. 03 04 24 | 13 09 13107 18 44 |03 03 23|05 11 29
ComNav 06 07 30 | - - - | 04 06 27| - - - |03 04 21

Therefore, the positional precision of GPS-only, BeiDou-only were investigated using these two
receivers, with the corresponding results being summarised in Fig. 5.30 and Table 4.7. The

significantly improved precision of the ComNav receiver for the BeiDou-only solution is probably
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due to the compatibility of the receiver with the BeiDou system and the better quality of decoding of
the signal from the BeiDou satellites relatively to that achieved by the Septentrio receivers.
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Fig. 4.30 Comparison between two daily time series of BDS-only solution achieved with two pairs of
Septentrio and ComNav collocated receivers at China site on 05/03/2015.

The assessment of the precision of the combined solution of GPS and GLONASS was based on the
Septentrio records; while for the combined GPS and BeiDou solution, it was used the ComNav
records. Figure 4.31 presents the consistency between the trends of achieved results by the two
receivers, by applying the CDF analysis. The results indicate that any combined GNSS solution

achieved higher precision than any other independent solution for any of the three components.

(

s3]

) Septentrio Receivers
0

= E
=08
[u]
8
S 06
g
-ﬁ 0.4
=
E o2
O

0 | | |

0 3 5 9 20 25 30

(b) X ComNav Receivers 10
E 1[N 110 m

<o
=

o
s

Cumulative probability
o =1
L] =]

=1}

—G:GPS
=—C:BDS
e (34

0.8

0.6

0.4

—_—G
— 8
e 4 |

108

0.6

0.4

0.2

[=]

(5] 9 12
STD-E (mm)

(5] 9
STD-N (mm)

12 15

Fig. 4.31 Comparison between achieved precision (STD) with different GNSS daily solutions by using CDF
analysis on 05/03/2015 (a) Septentrio receivers (b) ComNav receivers.
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Based on the analysis of the independent solutions, it is observed that the GLONASS-only solution
achieved the least accurate results for all three components (Fig. 4.29). The more accurate results at
N and U components are achieved for the GPS-only solution, while the E component seems to be at
the same level of precision with a GPS-only and BeiDou-only solution.

For combined GPS with other observed constellations such as Galileo, QZSS and SBAS at this site.
However, a number of Galileo satellites (E11, E12, E18, E19 and E20) were observed at the time of
experiments; there is no navigation data available to perform a final solution. The combined GPS
with single QZSS satellite related to the same solution of GPS-only, which means no contribution of
QZSS in the ultimate solution. For Augmentation Geostationary satellites SBAS, three satellites with
single frequency were observed which beyond to present in this analysis. Therefore, the analysis
devoted to studying GPS, GLONASS, BeiDou and their combinations.

It is worth mentioning that the daily availability of all potential GNSS solutions along 12 consecutive
days are within the optimum availability of (100%) except for GLONASS, which has daily
availability fluctuated from 96% to 98% during this period. The analysis of the time series of the
independent constellations (GPS, GLONASS and BeiDou) solutions reveal precision similar to that
achieved on 05/03/2015 with slight differences. These differences vary from day to another
depending on the changing effect of repeated events such as cycle slips on the daily GPS time series,
low SNR or due to differentiation of the satellite constellation (e.g. GLONASS, which required eight
days to repeat the same constellation). It can be noticed as an example, the effect of repeated events

along the daily time series of E component on the apparent GPS-only solution, as shown in Fig. 4.32.
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Fig. 4.32 Time series of E component along the apparent daily solution of GPS-only solution for 12 consecutive
days at China site with Septentrio receivers.



Chapter-4 98

The existence of these events (caused by problematic satellites) will affect the final precision in the
independent solution, while their effect can be reduced or removed in a combined GNSS solution.

More specifically, for the Septentrio receivers’ records, the combined GPS+GLONASS solution
results to coordinate time series of slightly lower noise level relative to the GPS-only solution.
However, the main improvement is for the time-intervals where the GPS-only solution is
characterised by outliers or gaps, for which the combined GPS+GLONASS solution overcome this
problem resulting in time series with no gaps and of the lower noise level. In addition, there is a
significant improvement in the precision of the coordinate time series by the combined
GPS+GLONASS solution relative to the GPS-only and GLONASS-only solution. Thus, the
combined GPS+GLONASS leads to GNSS time series of improved precision and reduced noise

level, expressed through the RMS.

Regarding the BeiDou contribution, it seems to be again receiver dependent as for Septentrio
receivers. More specifically, the BeiDou-only solution is noisier than the GPS-only solution, while
the combined GPS+BeiDou leads to a solution of worse precision than the GPS-only solution, but
still, it is better than the BeiDou-only solution. For the case of ComNav receivers, the GPS+BeiDou
combined solution leads to improved coordinate time series precision-wise relatively to the GPS-

only and BeiDou-only solution (Fig. 4.33b).
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Fig. 4.33 An achieved precision expressed at the China site with different GNSS daily solutions over the 12
days (a) Septentrio receivers (b) ComNav receivers.

Finally, the contribution of BeiDou seems to be more significant relative to that of GLONASS at this
site when combined with GPS (Rabbou and El-Rabbany, 2015, Odijk et al., 2015), as the combined
GPS+GLONASS solution is noisier than that of GPS+BeiDou in China.
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4. 7 Noise and Satellite Geometry Correlation

After investigating the precision and the availability for different GNSS systems combinations based
on the daily solution, the next step was the analysis of the impact of the geometry of these
constellations, expressed through the DOP values, on the precision of the GNSS solutions. The DOP
values define a relationship between the geometric distribution of satellites and the positioning
precision, which also describe the propagation of random errors of the measurements into the
computed positions (Yang et al., 2011). It is also evident that the DOP values improve with the
positional precision and vice versa. To quantify the impact of the geometry of the satellite
constellation on the precision of the GNSS positioning, a linear-correlation analysis was made
between the DOP values and the standard deviation of the GNSS solutions, with the latter expressing
the precision of the results. The horizontal component of the GNSS measurements, derived from E
and N components, corresponds to the HDOP (Horizontal DOP), while the vertical component U
corresponds to the VDOP (Vertical DOP).

For the correlation of the standard deviation and the DOP values of the 24-h time series, the standard
deviation and the DOP values were computed for consequent segments of the time series using a
moving window. Thus, the moving standard deviation of the GNSS time series and the moving
average of the corresponding HDOP and VDOP values were computed using a moving window of
width k with an overlap between the adjacent windows m. The moving standard deviation oun Of the

U-component U; and the moving average uvoor Of the VDOP values are given from the following

formulae:
1 nm+k ( )
Y N2 4.1
= =3 ), W=D
nm+kVDOP
(Hvpop)n = Z X : (4'2)

i=nm

where U;and VDOP; are the U-component and VDOP values for the epoch i, while U is the

mean of U-components at that window.

Likewise, the moving standard deviation 6en, onn OFf E, N components were computed, with their sum
resulting in the moving standard deviation of the horizontal component ouxn, Which was correlated

with the moving average of HDOP uwpor as in the following equations:
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1 =

@ = = ) (E~E) (4:3)
1 nm+k

(@ = =5 D =2 44

(O)n = (@)’ + (O0)n” (4.5)

nm+k

HDOP;
(Uupop)n = Z X (4'6)

i=nm

In order to represent a smooth time series with representative moving DOP values, different values
for k and m were tested. It was found that the optimum values of k and m, which achieve a smooth

and representative pattern of the STD and DOP values, are 100 and 50, respectively.

The main aim of these correlations is to examine whether an additional constellation of satellites can
improve the noise level of the GPS only time series, by focusing on the general constellation and not
on specific satellites. To assess whether the precision of the GPS solution is strongly correlated with
the satellite constellation, the linear correlation between the noise level of the GPS time series,
expressed through the moving standard deviation of the time series, and the moving DOP values,
which expresses the satellite constellation, was computed resulting in the R-square coefficient (R?).
The latter was taken as an indication to examine the effectiveness of the correlation. For the GPS
time series of zero baseline in the UK (Fig. 4.23), the moving standard deviation of the horizontal
(ow) and vertical (cu) components and the moving average of the corresponding DOP values (u+por

and uvoop) Were computed, which then were used to correlate the two components (Fig. 4.34).

In the GPS coordinate time series, a few time-intervals of gaps were observed (i.e. of 38 min total
duration), apart from the time-intervals of significantly amplified noise level (indicated and
numerically marked in Fig. 4.34a), due to poor satellite geometry, which was also reflected on the
increased DOP values. As a result, the computed correlation coefficient R2 was 0.92 when correlating
the moving average of DOP values unpop With the corresponding STD of the horizontal component

on Of the time series. On the other hand, the R? was 0.85 for the vertical correlation.
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Fig. 4.34 The daily GPS time series extracted from Leica receivers (UK site) of (a) the horizontal component,
(b) the moving average of HDOP and the corresponding moving standard deviation (c) the scatter of their liner
correlation, (d) the U-component, (e) the moving average of VDOP and the corresponding moving standard
deviation, and (f) the scatter of their liner correlation.

The correlation process reveals that GPS measurements corresponding to DOP values above (5) are
extremely noisy and can be considered as outliers. By rejecting these measurements, the correlation
coefficient R? decreases to 0.81 and 0.68 for the horizontal and vertical components, respectively.
Furthermore, to test the effectiveness of this correlation mathematically, a cross-correlation between
the moving STD and the moving DOP values (for HDOP < 5) was used, the coefficient of the
horizontal and the vertical components for lag = 0 were 0.90 and 0.82.

Regarding the GPS time series in China, the correlation between the moving standard deviation of
horizontal and vertical components and the moving average of the corresponding DOP values
resulted in correlation coefficients of 0.85 and 0.51, respectively (Fig. 4.35). The differences between
the two sets in the UK and China are due to the different noise level and the different satellite

constellation for the two locations.

However, to better identify time-intervals of the high correlation between the noise and satellite
constellation geometry for different solutions, we analyse correlation for 1-hour segment between

GNSS time series and DOP values for the different combination of satellite constellations.

The plots presented in Fig. 4.36 present the correlation results for 1-hour interval of the GPS-only
solution for the UK and China sites. This can detect the change in correlation when looking at the

GPS-only solution and the corresponding solution of the combined solution.
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Fig. 4.35 The daily GPS time series extracted from Septentrio receivers (China site) with details similar to Fig.
4.34 on 05/03/2015.
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Fig. 4.36 Linear correlation between moving average of the HDOP values and the moving standard deviation
of the corresponding horizontal component for GPS-only and combined GPS/GLONASS solutions for (a) the
UK site and (b) China site.

It is evident that for the GPS-only solution, the well-correlated intervals (i.e. R > 0.7; in the grey-
shaded area of Fig. 36) occur for a period of high DOP values, larger than 1.4, and noisy data, where
the standard deviation is larger than 0.8 mm, following the waveform of the DOP value. To
investigate the relationship between them, the mean value of HDOP was 1.4 for the daily data at the
UK site, beside STD of 0.8 mm. For the low-correlated intervals (R? < 0.7), on the other side, the
DOP value is below 1.4 and the GPS solution of high precision (i.e. STD<O0.8).

In Fig. 4.37, the first interval (08:00 — 09:00) has mean HDOP of 1.6 which is greater than 1.4 the

mean HDOP along the whole day, at the same time the evaluated STD of the horizontal component
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was 0.86mm which is greater than 0.80mm of the daily solution. Therefore, there is a high correlation
between the geometry and the noise level in this interval (R? = 0.90). On the other hand, the second
representative case at the interval (10:00 — 11:00) does not correlate for the same above reasons (Fig.
4.37).
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Fig. 4.37 Two representative cases of linear correlation for GPS-only (left) well correlated and (right) no
correlation at the UK site.

The impact of the poor geometry of the GPS-only solution at the China site is well defined at some
intervals. Due to the high precision of GPS-only solution as a result of proper geometry with
sufficient satellites (apart from some weak intervals), the correlation coefficient at China site was
less than the corresponding one on the UK site. This means the relatively worse constellation leads
to a generally less accurate GPS-only solution.

Thus, for highly correlated intervals the satellite constellation has significant impact on the precision
of the GNSS solution, which means that any improvement in satellite constellation (DOP values),
would improve the precision of the GNSS solution, while for low correlated values (i.e. R* < 0.7) the
precision is practically independent of the satellite constellation (i.e. DOP values).

Regarding the correlation of the combined GPS+GLONASS solution as illustrated in the above Fig.
4.36. It is clear that the noise level of the combined solution is smaller than that of the GPS-only
solution, as the correlation coefficient between the noise and geometry is usually lower than the
corresponding computed coefficient for the GPS-only solution. However, this reduction in
correlation is detected in most of the hourly intervals; some other intervals produce correlation
coefficient of combined solution larger than the corresponding one of the GPS-only solution, such
as intervals of (18:00 — 19:00) or (20:00 -21:00).

When analysing the belonging satellites at these intervals, it can be observed the impact of noise at
specific GLONASS satellites that added to the final solution that affects the correlation. In addition
to the sudden change in a number of valid satellites and their effect on the achieved DOP values. For
example, at the interval (18:00 -19:00), two GLONASS satellites (R13 and R17) lead to achieved

high correlation coefficient. By excluding these two satellites, the correlation coefficient will reduce.
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These results indicate that the addition of GLONASS constellation reduces the impact of the satellite
geometry in the GNSS solution significantly, with the DOP values being relatively low in the UK
and China (i.e. <1.4) and the standard deviation ranging below 0.8 mm.

Finally, the main contribution of the GLONASS constellation is for the cases of strong correlation
between the GPS geometry and the low precision of the GPS-only solution, whereby adding the
GLONASS satellites results to GNSS solutions of high precision and uncorrelated with the low DOP

values.

For the contribution of BeiDou constellation in the precision of the GNSS solution, the data of
Septentrio and ComNav were used. Although, the computed mean of DOP values for a BeiDou-only
daily solution was similar for the two receivers (i.e. mean HDOP is 1.40, and the mean of VDOP is
2.4), the corresponding standard deviation, expressing the noise level of the two receivers was
different. As it was analysed in Section 4.4.2, the Septentrio receiver was less noisy than ComNav
for the GPS-only solution, while the ComNav solution was less noisy for the BeiDou-only solution
(Fig. 4.30).

However, the Septentrio receivers’ records were used for the correlation analysis, since the Septentrio

receivers seem to result in less noisy GNSS solution (Fig. 4.13).
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Fig. 4.38 Comparison between the linear correlation of moving HDOP values and moving standard deviation
of the horizontal component of GPS-only, BDS-only and combined GPS/BDS for (a) Septentrio receivers and
(b) ComNav receivers.

According to Fig. 4.38, the compared assessment between correlations of the two pairs of receivers
indicates the correlation of GPS-only solution can evaluate with Septentrio or ComNav receivers
(with priority for Septentrio). For the correlation of BeiDou records, the ComNav data related to
better correlation as achieved uniform low noise (on = 0.66 mm) correlated with geometry (u+por

=1.40). Therefore, the correlation coefficient was 0.85.
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Accordingly, the correlation of combined GPS+BeiDou was further reduced with ComNav receivers
as a result of low noise level (on = 0.49 mm) with improved geometry (u+por =0.76). Consequently,
the correlation coefficient is 0.33. From these results, the correlation analysis is a useful tool to assess
the relationship between the noise and the geometry of satellite.

4. 8 Spectral Analysis

In order to assess the contribution of the multi-GNSS solutions in the frequency domain and define
the spectral characteristics of the noise, the GNSS time series were analysed using spectral analysis
technique. Due to the gaps in some of the positional solution of the GPS/GNSS time series, the Lomb-
Periodogram was used, which is based on the fitting of sinusoidal functions by using the least square
method, and it can be used for non-equidistant data (Psimoulis et al., 2008). The daily GNSS time
series were split into one-hour periods and were analysed. The spectra of descriptive cases are plotted
in logarithmic scale to identify the characteristics in the low frequency-band (i.e. <0.1 Hz), which is
characterised by characteristics GPS errors (i.e. multipath, etc. (Peppa et al., 2017)).

In the 24-hour GNSS time series, there are several time-intervals representative for the noise
characteristics of the GNSS solutions. The following Figures present the spectra of the GNSS time

series in the UK, for three representative cases.

The first representative case, when the GPS time series are characterised mainly by white noise (i.e.
04:00-05:00), the corresponding GLONASS time series are noisier than GPS (Fig. 4.39).
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Fig. 4.39 Time series and corresponding spectra of the hourly interval (17:00-18:00) along E, N and U
components for (G: GPS, R: GLONASS and combined G + R) solutions with Leica receivers in the UK site
on 05/03/2015.
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However, the GLONASS time series is noisier than GPS, its noise is characterised in the low
frequency-band, while the noise level of GLONASS is lower than GPS in a high-frequency band,
especially for N and U components. When applying a combined solution of GPS+GLONASS in this
interval, there is no significant improvement relative to the GPS-only solution, as the corresponding
spectra become noisier in the low frequencies (<0.05 Hz).
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Fig. 4.40 Time series and corresponding spectra of the hourly interval (17:00-18:00) along E, N and U
components for different GNSS solutions with Leica receivers in the UK site on 05/03/2015.

The second case, when GLONASS contributed to reducing the white noise level of GPS in combined
solution for the interval (17:00 — 18:00) as shown in Fig. 4.40. It is clear that the noise level along
the U component is reduced with a combined solution in a high-frequency band, as the peaks of the
high-frequency bands (>0.25 Hz) become smaller.

On the contrary, when the GPS time series is biased or contains data gaps (i.e. 23:00-24:00), the
corresponding spectrum is characterised by significant peaks in specific frequency bands and
introduce more coloured noise in the low-frequency band (<0.05 Hz). For that case, the contribution
of GLONASS may improve the spectrum, as the amplitude of the peaks become smaller and the
coloured noise level is reduced, as it is expressed from the less significant peaks as shown in Fig.
4.41.

For the GPS time series in China, it is observed that the contribution of BeiDou can be beneficial for
the cases where the GPS time series appear strong coloured noise for frequencies <0.05 Hz (Fig.
4.42). The contribution of BeiDou can reduce more significantly the characteristics of the GPS
coloured noise, as the spectrum can become even flat (mainly for the horizontal components) in the

low-frequency band, indicating that the characteristics of the noise are closer to white noise.
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Fig. 4.41 Time series and corresponding spectra of the hourly interval with Leica receivers in the UK site on

05/03/2015.
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Fig. 4.42 Time series and corresponding spectra at China site for (G: GPS, C: BeiDou and GC combined
GPS+BeiDou with ComNav receivers on 05/03/2015.

4. 9 Different Scenarios of Satellite Obstruction

In order to determine the position of points with any GNSS constellation, at least four satellites need

to be observed. In some cases, the receiver antenna is located in a position that suffers from

obstructions such as buildings or huge objects, especially for positioning in the urban environment.

The obstructions lead to signal losses from a number of satellites either permanently or for a period

of duration. In a bridge structural monitoring, for instance, when the antenna is located on the deck
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and the pylon or tower blocks many satellite signals (Roberts et al., 2014), in this case, only high
satellites can be observed.

Although the number of visible satellites becomes limited due to this blockage, the position solution
may not be possible because the number of observed satellites will be less than four. As other
available satellites from another GNSS constellation can be observed, the additional satellites will
contribute to overcoming this limitation. Adding only one more satellite from another constellation
system (except QZSS) will not contribute in change the positioning of the combined solution, due to
the relative positioning with DD operation required one satellite selected as a reference satellite with
another one from the same constellation system. There is no satellite-side generated between
different constellations, such as between GPS and GLONASS (T. Takasu, 2013), due to different
delays of receivers toward different systems which is known as a receiver ISB (inter-system bias (T.
Takasu, 2013, Li et al., 2015a)). In this case, the additional two satellites are added to the observation
equation, which means two satellites at least from other constellation required to have a combined

solution.

To highlight the effect of obstruction, a number of scenarios are examined where the signals of
observed satellites covering a specific part of the sky-plot, which blocked by a hypothetical
obstruction. For this analysis, the observations of Leica receivers of duration (00:00 — 01:00) on
05/03/2015 have been used and the orientation of the obstruction will rotate by 60°. The results from
these scenarios are shown in Fig. 4.43 and Table 4.8.

From the above Fig. 4.43 and Table 4.8, it is obvious that adopting GPS-only with limited available
satellites leads to no solution in three cases (d, e and f) and reduced availability of fixed solutions in
the rest. While combined GPS+GLONASS is showing the improved availability as well as the

precision in the analysed data.

In order to have a clear idea of the final solution, the first two representative cases are discussed.
According to Table 4.8 and Fig. 4.44. It can be noticed in the first case of scenario (a), the obstruction
caused tracking signals from limited GPS satellites of no solution at the first 20 min (no of valid
satellites < four), then the observed satellites become four, which results in a noisy solution, thereby
the availability of GPS-Only solution was 46% (see Table 4.8). While observing GPS and
GLONASS solution enables to achieve full availability of 100% with less noisy results as explained
in Fig. 4.44 and Table 4.8. The improved geometry was performed as the mean GDOP of combined
GPS/GLONASS was reduced to 4.8 from 12.1 at GPS-only.
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Fig. 4.43 Different scenarios of blockage according to the different orientation of the blockage axis.

Table 4.8 Compared results of different scenarios when adopting GPS-only and Combined GPS+GLONASS.

case Solution No. of Fixed STD mm Mean DOP values
satellites % E N U GDOP PDOP HDOP VDOP
a GPS-only 4G 46 2.2 1.8 49 12.1 9.4 5.1 7.9
GPS+GLONASS 4G+3R 100 17 17 7.3 4.8 3.9 2.3 3.2
b GPS-only 5G 53 2.7 3.7 2.2 13.1 12.1 11.0 52
GPS+GLONASS 5G+3R 94 2.9 19 4.3 8.3 6.4 4.4 4.6
c GPS-only 4G 53 1.9 14 2.7 10.1 7.9 5.4 5.7
GPS+GLONASS 4G+4R 94 1.8 0.9 2.2 5.1 4.1 2.9 2.8
d GPS-only 3G 0 - - - - - - -
GPS+GLONASS 3G+4R 100 0.6 1.6 2.2 4.5 3.8 25 2.7
e GPS-only 2G 0 - - - - - - -
GPS+GLONASS 2G+5R 80 1.0 14 2.5 4.2 3.6 2.2 2.8
f GPS-only 3G 0 - - - - - - -
GPS+GLONASS 3G+4R 70 4.4 1.2 4.6 7.0 5.6 3.9 4.1
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Fig. 4.44 GPS-only and combined GPS/GLONASS performance at scenarios (a) and (b).
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In the second case of scenario-b, however, a sufficient number of GPS satellites was observed (four
satellites), the distribution of these satellites leads to weak geometry, thereby the GDOP value was
more than 30 at the first 15 min (no solution beyond the threshold of a solution configuration of
RTKLIB). Then the geometry was enhanced as the DOP value reduced, but with a noisy solution.
Then the positioning performance improved when observed five satellites. In contrast, the combined
GPS/GLONASS achieved less noisy results with a more available fixed solution (see Fig. 4.44 and
table 4.8).

4. 10 Chapter Summary

The GPS measurements are susceptible to a variety of errors that degrade the positioning quality and
solution availability. The additional observations from other GNSS constellation can contribute to
improving the positioning performance. Therefore, this chapter was investigated the positioning
performance through different GNSS observations by zero baseline measurements in two locations
(i.e. inthe UK and China sites). The details of experimental measurements conducted simultaneously
with different pairs of receivers in both locations over 12 consecutive days using different GNSS
solutions were discussed in this chapter. As the relative positioning in zero baseline measurements
eliminates most of the error sources except the random noise errors with the impact of satellite
geometry. A preliminary analysis was performed to select the pair of available receivers in each
location that had the most reliable performance and can be characterised by uncorrelated data, which

also could be estimated by the autocorrelation technique.

This chapter then analysed the data quality through residual analysis of derived positions and
discussed some of the represented cases of high noise level, which resulted from cycle slip of
problematic satellites and low-quality observations with low SNR. In addition, the analysis of the
outliers (i.e. spikes) and the occurrence of sudden jumps (resulted in time series) and how it can be

resolved were also achieved.

The results of combined GNSS positioning showed an improvement in availability and precision
compared to the GPS-only solution. The significant improvement at the UK site was achieved in
Northing component when combined GPS/GLONASS data, while overall improvement was
obtained from GPS/BDS solution in China site.

A new approach of correlating the noise level and satellite geometry has been proposed which based
on moving standard deviation of derived noise and mean DOP values of related geometry. The results
of the GPS-only solution showed a good correlation at the noisy interval, while weak correlation was

achieved due to the reduced noise level in the combined solution.
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Chapter 5: Performance Assessment of Static and Kinematic
Short Baselines with Multi-GNSS Measurements

As discussed in Chapter 4, the results of 1 Hz static measurements demonstrate that the use of
combined GNSS solution (i.e. GPS/GLONASS) provides a better solution than a GPS-only solution.
The most significant improvement was achieved in Northing component. This chapter discusses the
results of GNSS short baselines measurements, which conducted from stations in Ningbo, China. As
part of an analysis, the results of 1-Hz static data will be discussed, as well as the kinematic
observations of the high sampling rate (10-Hz and 20-Hz) that performed by moving rotating arm,
to achieve the positioning precision and accuracy of different GNSS solutions. In kinematic analysis,
the mathematical models of the best fitting with related issues are derived to identify the actual
required parameters, which can be then compared with the measured values to conclude the achieved

accuracy.
5. 1 Introduction

Chapter-4 is based on zero baseline measurements to investigate the noise level of different GNSS
solutions, while the current chapter focuses on the short baselines (< 50m) experiments to assess the
accuracy and precision of different GNSS solutions. In such short baselines, although the relative
solution will eliminate most of the error sources, the presence of multipath effect and measurement
noise can affect the estimated accuracy and precision of analysed data. The analysed GNSS data can
be collected in static or kinematic mode; therefore, it is required to investigate the accuracy and
precision of different GNSS datasets in static and kinematic observations. For kinematic applications,
the GPS-only has been used to monitor the dynamic movements in suspension bridges and other
large engineering structures (Yi et al., 2013b). In this study, when implementing multi-GNSS to
improve the positioning performance in kinematic applications, it is essential to investigate the

accuracy and precision of proposed solution.

To achieve this aim, the precision and accuracy of different GNSS solutions will be discussed with
real data to simulate the kinematic movements as well as the static mode. Static experiments were
conducted on predifiened stations of known coordinates, while the kinematic tests were performed
using a rover rotating GNSS antenna attached on a moving arm. The recorded GNSS coordinates for
the moving antenna were used as a simulated environment for detecting displacement in engineering
structures under loading. Thus, the aim is to investigate the significant change in the positions of
moving antenna to evaluate the achievable accuracy and also to examine the ability of multi GNSS
to detect the correct frequency of any detected movements when compared with a GPS alone

solution.
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5. 2 Description of the Short Baselines Experiments

In order to create a short baseline in this analysis, two control stations (located on top of two pillars)
A and B of known coordinates have been used, which are occupied by GNSS antennas (see Fig. 5.1).
In addition to these fixed stations, a third moving station (Pi) was also used to collect the multi-GNSS
data, which enables to determine its relative position at each epoch. All these stations are located on
the roof of the Science and Engineering Building at the University of Nottingham-Ningbo, in China
(UNNC). The pillar of first control station (A) was equipped with a Leica AR-20 (LEIAR20) choke
ring antenna. A low noise cable was used to connect this antenna to a signal splitter (GEMS GS18),
which was connected via cables into two GNSS receivers. These two receivers are a Leica GR-25
(able to track GPS, GLONASS and Galileo satellites) and a Javad-TRIUMPH VS receivers (has the
ability to track all GNSS signals) as shown in Fig. 5.1. Both receivers are set to record GNSS data in
a static mode.
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Fig. 5.1 The specification of the experiment of different short baselines.

The other Leica AR-25 (LEIAR25) choke ring antenna was mounted on the second pillar (B) and
connected via a splitter and cables to two different receivers, which are Leica GR10 and Leica GS10
receivers (to be homogenous with others) that logging GNSS observations in static mode as well.
The third group of collecting data was set up at a station (Pi) on the ending side of a moving arm that
rotates in a horizontal circular trajectory. At this moving station, a Leica AR-25 (LEIAR25.R4) choke
ring antenna was attached to a platform at the ending edge of the moving arm and connecting to a
signal splitter (GEMS) to Javad-TRIUMPH VS receiver and a Leica GS10 receiver, which are
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recording GNSS data in kinematic mode. From the above details, the experiment setup leasds to three
short baselines includes receivers antennae collected data at an open sky environment. These
baselines imply AB in static mode and other two baselines in kinematic mode, which are AP; and
BP; as shown in Fig. 5.1 and summarised in Table 5.1.

Table 5.1 The details of the collected data by different GNSS receivers located on the two pillar stations and
the platform of moving the arm on 15/06/2016.

Point Antenna Receiver Record Record starting Ending Durat GNSS
Type Type Sample mode Record Record ' Record
Pillar Leica Leica GR-25 1Hz Static ~ 00:00:00 23:59:59 24-h G RE
A AR-20 Javad TR-vs 10 Hz Static  03:26:30 07:58:04 ~45h GR,ECJ
Pillar Leica Leica GS-10 1Hz Static 00:00:00 23:59:59 24-h GRE
B AR-25 Leica GS-10 20 Hz Static  03:26:30 07:58:04 ~45h GR
Move Leica Javad TR-vs 10 Hz Kinem.  03:26:30 07:58:04 ~45h GRECJ
Arm AR25-R4  Leica GS-10 20 Hz Kinem.  03:26:30 07:58:04 ~45h GR

The moving arm represents a simple monitoring system of 4m total length, which is designed to
move in a circular trajectory. The centre of this arm is fixed and installed on the embedded pin that
rotates the arm by an electric motor with constant angular velocity of 1 cycle/3.1847s (i.e. 3.94574
m/s for t=3.1847s and R=2.00m) to generate a uniform horizontal circular motion accompanied by
slight vertical displacement, due to the equipment not being exactly level. Above the centre, there is
a cabinet to house the GNSS receivers, which rotates with the arm’s movement around the fixed
centre. As the GNSS antenna at the end of the arm attached to a platform, there is a counterbalanced
weight on the other end (Roberts and Tang, 2017), see Fig. 5.2.
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Fig. 5.2 The specification of the experiment of different short baselines.
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5.2.1 Short Baseline in a Static Mode

A static test was carried out for 24-h on 15/06/2016 with a known short baseline of 10.484 m, between
the two pillar stations A and B of known coordinates. Pillar A is selected as the reference base station,
which was equipped with a fixed antenna connecting to a Leica GR-25 receiver, while the rover
station was set on pillar B with Leica GR-10 receiver (as shown in Figure 5.1). Both receivers are
operating for a continuous 24-h period and recording GNSS data with a sampling rate of 1-second
(i.e. 1-Hz). These two receivers can track GPS, GLONASS and Galileo constellations with no
capacity to track other constellations such as BeiDou. As the actual length of this short baseline is
known from previously determined coordinates, the achievable accuracy and precision of different
GNSS solutions can be assessed depending on the residuals in the computed coordinates at the rover
station.

5.2.2 Short Baselines in a Kinematic Mode

The motive to create short kinematic baselines was to evaluate the quality of different GNSS
solutions of collected data at a moving station. The detecting movement at this controlled station can
simulate the real exciting of engineering structure under loading. For this purpose, a Leica AR-25
(LEIAR25.R4) choke ring antenna was attached on a platform at the ending part of the moving arm.
The latter antenna was connected to two receivers (Javad-TRIUMPH-VS and Leica GS10) via
splitter and cables. The set of receivers and splitter are housing in the in the cabinet that placed over
the centre of the moving arm (Fig. 5.2). Each moving rover receiver was relative to a fixed base
station that occupied by two receivers to be homogeneous with rover ones (as shown in Fig. 5.1).
Therefore, two kinematic simultaneous datasets (baselines APi and BPi) have been collected on 15th
June 2016 for a total period of around 4.5 hours from 03:26 to 08:00 GPS time.

The two Javad TRIUMPH-VS receivers were used to collect the GNSS data with a sampling rate of
10 Hz at the first baseline AP;, While two Leica GS10 receivers were used to collect GNSS data of
the second baseline BP; with 20 Hz sampling rate. However, the Javad receivers have the ability to
track all GNSS signals, the Leica receivers are restricted to track GPS, GLONASS and Galileo
signals. The distance between the reference pillar A and the centre of the rotating trajectory was

within 41.7 m, while it is 36.0 m length from pillar B.

During the experiment, while the continuous static measurements were recorded at the base stations,
the kinematic data at location Pi was observed at four irregular intervals depending on the movement
of the rotating arm. These observations were recorded for a period when the rover is forced to move

followed by a duration of no movement and then two intervals of moves as explained in Table 5.2.
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Table 5.2 The duration of the collected data at the rover station of a moving arm on 15/06/2016.

Case of movement GPS time at GPS time at tr_'e Trail Duration
Start of Recording End of Recording
Rotating movement-1 03:06:30 04:03:00 00 36™30°
No movement 04:04:04 05:35:00 01" 31m 00°
Rotating movement-2 05:36:00 06:37:40 01M01m408
Rotating movement-3 06:38:03 07:58:04 01h20m01s

5. 3 Processing the Data

The RTKLIB software has been used to process the different GNSS data for either an individual
solution of GPS, GLONASS, BDS, or combination between different constellations. Therefore, it is
possible to investige the accuracy and precision of GNSS data that derived from short baseline

measurements at each solution.

In Chapter 4 (which presenting the zero baseline results), the residuals of measurements have been
defined as the measurement noise. In this chapter, the residuals of short baselines are comprised of
the measurement noise and multipath (de Bakker et al., 2012). Both residuals of zero and short

baselines are affected by the satellite geometry.

The processing of relative positioning is formed for one constellation system (i.e. GPS or
GLONASS), by subtracting measurements of each observed satellite from the measurements of one
reference satellite belonging to that system. The satellite with a maximum elevation angle at each

epoch is selected by RTKLIB to be the reference satellite, which eleminats residual errors.

Due to different group delays in the receiver for various GNSS constellations, there is no single
difference (SD) between satellites of different systems in RTKLIB. The group delay in receivers is
known as a receiver ISB (Inter-System Bias, (T. Takasu, 2013, Odijk et al., 2017) as discussed in
Section 3.2.4). However, the latter is applicable when tracking data of different constellations on the
same frequencies (i.e. differencing between some GPS/Galileo or BDS/Galileo) and different
receiver types (Odijk and Teunissen, 2013).

In addition, the data of the first baseline collected in a static mode at a 1-second interval along 24-h
was processed in a kinematic manner with a cut-off elevation angle of 15° to evaluate the positioning
performance epoch by epoch (single epoch). In parallel with this assessment, the comparisons have
been made between different GNSS solutions with single and dual frequencies. Also, the processing
was carried out for every hourly duration to evaluate the impact of satellite geometry on positioning

quality.

For all static solutions, ambiguity fixing was in continuous mode for processing the individual

constellation of GPS or GLONASS, while it was an instantaneous mode for processing combined
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GPS+GLONASS systems. Consequently, the final positions are computed and the derived residuals
have been achieved with their statistical results and represented as a time series of baseline
components. Data processing was focused on datasets that were collected in a kinematic scenario.
Therefore, the rover station of moving arm was set up to track and analyse all available GNSS signals.
The collected GNSS measurements in each dataset were post-processed in a kinematic mode through
RTKLIB with the following settings as summarised in Table 5.3.

Table 5.3 RTKLib setting for processing of moving arm experiment.

Setting Details
Positioning mode Kinematic relative positioning with the DD technique.
Base-point Fixed position of station A for 1% baseline and station B for the 2" one.
Rover point Moving point (Pi)
Frequencies Dual frequencies L1 and L2
Elevation Mask 15°
Satellite Ephemeris Broadcast

Fix & Hold for individual constellations (short duration) and Instantaneous for
combined solutions.

Processing Interval 10 Hz for the 1% dataset and 20 Hz for the 2™ one.

Integer Ambiguity

In resolving the ambiguity resolution, which represents the essential process, the three different
strategies have been examined to apply the most appropriate mode for a kinematic solution. As the
processing time was short for every session (i.e. maximum 1.25 h duration), the fix and hold can be
used for the individual constellation, while the maximum rate of success ambiguity fixing was

achieved with an instantaneous mode for the combined GNSS solution but more available satellites.
5. 4 Results of a Static Baseline

As two main GNSS constellations have been observed in this experiment (i.e. GPS and GLONASS),
it is essential to investigate the positioning performance of every individual constellation as well as
their combined solution. This investigation evaluates the precision and accuracy of the calculated
results. After fixing the ambiguity and mitigating error sources by applying the DD method with dual
frequency, the remaining residual represents the noise measurement including any effects from

multipath. This means that the quality of the derived position is affected by these two factors.

Due to the known coordinates of the baseline, the true length can be applied as a constraint to
calculate positioning residuals. In the same manner, it is possible to determine the positioning
residuals by differencing the computed coordinates from the most probable values. Therefore, the
components of positioning differences between known and computed coordinates at every epoch are
identified over the 24-hours on 15/06/2016 for GPS-only, GLONASS-only and combined
GPS+GLONASS. As described in section 4.6.2, the GLONASS-only solution showed numerous
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intervals of noisy positioning solutions at China site, which is attributed to weak geometry with
extream DOP values. Thus primary attention will be given to assess the quality of the GPS-only
solution and investigate the impact of adding GLONASS observations to GPS to obtain a combined
solution. The time series of derived positioning residuals of the GPS-only solution are compared with
the corresponding residuals of the combined GPS+GLONASS as shown in Fig. 5.3. The results show

that the positioning can achieve mm level accuracy for both solutions.

[—cPs —— cPs+GLONASS

GPS-only and GPS+GLONASS solutions
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Fig. 5.3 Time series of positioning residuals showing a comparison between GPS-only and combined
GPS+GLONASS on 15/06/2016.

The comparison through derived position revealed that significant improvement could be achieved

when utilising combined GPS+GLONASS solution, especially at intervals of noisy positioning with
a GPS-only solution. These intervals represent periods of increased DOP values that correlate with a

reduced number of satellites as presented in Fig. 5.4.
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Fig. 5.4 The number of valid satellites for GPS-only, GLONASS-only and GPS+GLONASS (top) and the
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It is worth pointing out that the number of GLONASS satellites is usually fewer than the number of
GPS satellites visible during the entire experimental period. However, the excellent availability of
the GPS constellation with at least six observed satellites; the achieved position interspersed with

some noisy intervals.

For overall assessment, the 24-h measurements are used to evaluate the positioning performance of
every GNSS solutions. The evaluation involved assessing the availability of a fixed solution, the
achieved precision and accuracy as well as the satellite geometry. The results of this analysis are

summarised in Table 5.4.

Table 5.4 The statistical results of different GNSS solutions for 24-h on 15/06/2016.

Solution Epochs Auvail. GMDeng]D E N SJD (mm) 2D 3D
GPS-only 86400 99.8 2.6 1.7 1.8 4.8 2.476 5.400
GLONASS-only 85269 98.3 4.6 3.2 2.0 20.7 3.774 21.041
GPS+GLONASS 86400 100 1.9 14 1.3 4.0 1.910 4.433
Improvement* - - 27% 18% 28% 17% 23% 18%

Solution Fl:/llaegg \Dﬂggg HMDengID E N Rl'JVI > (mm) 2D 3D
GPS-only 2.3 2.0 1.1 1.7 4.0 6.8 4.346 8.070
GLONASS-only 4.0 3.7 1.6 3.3 2.2 20.9 3.966 21.273
GPS+GLONASS 16 14 0.8 14 2.9 6.4 3.220 7.164
Improvement* 30% 30% 27% 18% 28% 06% 26% 11%

As shown in the Table, all different solutions have a high percentage of the ambiguity fixed solutions
(availability) with the optimum fixing shown to be when utilising the combined solution. The
geometry of 24-h was calculated concerning the GDOP, PDOP, VDOP and HDOP for different
combinations of satellite constellations. The mean GDOP and PDOP for GPS-only are 2.6 and 2.3
respectively, while the corresponding values are decreased to be 1.9 and 1.6 with a combined
solution. This indicates that the combined solution can improve the geometry by 27% and 30%

respectively relative to GPS-only solution.

The computed STD for every solution can be used to identify the positioning precision while
positioning accuracies are determined through the differences between the calculated position and
the actual (reference) coordinates. According to Table 5.4, it can be observed that there is a visible
improvement of position precision when applying combined solution compared to the GPS-only
solution. This improvement is a result of increasing the number of observations used in the solution
beside the enhanced geometry with more available satellites. The enhancement was noticeable with
N-component by reducing 28% of achieved STD, while the least improvement was made by 18%

and 17% for E and U components, respectively. This improvement will reflect the achievable
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precision of 2D and 3D. To figure out this improvement, Fig. 5.5 present the residual scatter graphs,

which showing the distribution of residual errors along the positioning components.
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Fig. 5.5 The scatter graphs of distributed residuals with different GNSS positioning.

However, the noisy solution of the GLONASS-only positioning, the N-component has less
elongation scatter compared with the other two components. Due to reducing the noise level in a
combined solution, it is beneficial to examine the combined results with those obtained through the
GPS-only solution when evaluating the accuracy. For a GPS-only solution, due to the distribution of
satellites in each direction, the largest errors are expected with U-component, while the N-component
seems to be noisier than E-component. However, a combining of the two systems in one positioning
solution leads to enhance the positioning precision (Fig. 5.6). This figure also shows the distribution
of residuals around the mean value (precision) which follow the normalised statistical distribution.
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Fig. 5.6 Histogram of distributed residuals with GPS-only and combined GPS+GLONASS.

For accuracy, as the actual length of the analysed baseline is 10.484 m, which can be achieved with
very accurate results along 24h of observing data in static mode. Therefore, it doesn’t show a
significant improvement in accuracy. Thus, when comparing the derived length of the baseline
calculated using different GNSS solutions, the level of accuracy was approximately at the cm level
as illustrated in Fig. 5.6 and 5.7 along the represented time series. In spite of that, this will not be
true at the intervals of weak geometry as the apparent differences between actual and derived lengths
within two solutions are evident (Fig. 5.7). The computed RMS of the GPS-only solution was

10.67mm, while it was 10.57mm for a combined solution along 24h.
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Fig. 5.7 Time series of differences between the actual and derived length of baseline for solutions of GPS-only
and combined GPS+GLONASS.

To further investigate the positioning quality, the 24-h dataset was divided into hourly sessions. Each
session is processed separately so that a total of 24 sets of results are obtained to derive comparable
positioning results. In contrast to the GPS-only solution, the STD of the combined solution has been
calculated for the 3D residual for every hourly session, and the mean GDOP values are computed for

each session as presented in Fig. 5.8.
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Fig. 5.8 Evaluation of hourly positioning of GPS-only and combined GPS+GLONASS.

It can be noticed from Fig 5.8 that the positioning improvement is correlated with the associated
enhanced geometry for most sessions except some intervals (i.e. intervals identified by arrows in Fig
5.8). By analysing the latter intervals, it was found that the positioning in these sessions was
contaminated by multipath effect, while in combined solution with increasing the number of valid
satellites, the derived position is improved, which means reduce the influence of multipath indirectly

without removing this effect (this will be discussed in the following).

Additionally, to assess if there any noticeable effect on the positioning results when processing the
datasets with single frequency instead of applying dual frequency with similar techniques in
processing. This implies using DD with single frequency observation from GPS L1 and GLONASS
G1 signals under the same conditions in this analysis. However, applying dual frequency will
contribute to reducing the effect of the ionosphere and accelerate fixing the ambiguity resolution

(Cosser et al., 2003). Hence over the relative very short baseline, the ionospheric effect will remove,
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but the fixing of ambiguity required verification. The same dataset was processed again, and the

results are listed in Table 5.5.

Table 5.5 The statistical results of different GNSS solutions for 24-h on 15/06/2016.

Solution Epochs Frequency FFi>i<)ing the ARﬂ(OO/g E STD'\(lmm) U
GPS-only 86,400 Dual 99.8 0.2 1.7 1.8 4.8
GPS-only 86,400 Single 94.4 5.6 spike spike Spike
GPS+GLONASS 86,400 Dual 100 0 14 1.3 4.0
GPS+GLONASS 86,400 Single 99.6 0.4 1.9 1.8 5.8

From the Table, it can be seen that the positioning of GPS-only has degradation in the rate of
ambiguity fixing compared to the rate with dual frequency. The float solution of less accurate results
became 5.6%, which means a loss of 4838 epochs. The reasons behind this reduction are due to
insufficient quality/number of observations to validate the successful fixing. Adding GLONASS
observations will increase the observation equations, where the increased redundancy are introduced
and leading to high rate of fixing 99.6% as given in Table 5.5 and exhibited in Fig. 5.9.
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Fig. 5.9 Time series of GPS-only and combined GPS+GLONASS with a single frequency (L1).

For more specification, in Figure 5.9 the GPS time series exhibit abrupt changes at the interval
between 21:00 -23:00 GPS time followed by no fixed solution. This period requires further analysis
to identify the reasons behind achieved incorrect fixing. When analysing the identified period as
illustrated in Fig. 5.10, the GPS positioning solution showing two spikes of incorrect ambiguity

fixing. According to the achieved carrier-phase residual at this interval, it was found that these two
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spikes (outliers) are related to two primary satellites, which are G12 and G24. In other words, these

two satellites have carrier-phase residuals can reach a metre or more, which are outliers.
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Fig. 5.10 Analysis of GPS-only with a single frequency (L1) at interval 21:00 — 23:00 GPS time.

By analysing the estimated multipath with satellite elevations, it was observed that the low elevation
of these satellites could be susceptible to multipath effect. This was demonstrated by evaluating the
estimated MP1 of all observed satellites as shown in Fig. 5.10 (It is worth mentioning that the
estimated MP1 required dual frequency). However, these two satellites have low elevations, they
observed in the same direction that caused multipath as shown in the sky-plots. As a consequence,
the derived positions with carrier phase measurements are estimated and determined in float-solution,
followed by another step to resolved the fixed integer values (Teunissen et al., 2014). On the other
hand, the successful and reliable fixing of the ambiguity is dependant on the precise float solution
(Deng et al., 2014), therefore, with measurements contaminated with multipath, this will affect the
estimated positional accuracy. This leads to incorrect or failure to fix the ambiguity when a high rate
of multipath is introduced (Lau et al., 2015).

For a combined solution with more redundant observations, the estimated position will be close to
the final values, which means a more reliable ambiguity fix. Regarding the quality of derived
positions when applying L1 only, the combined solution shows evidence of improved availability of
fixed solution compared to GPS-only. Even though the achieved accuracy of the combined solution
of a single frequency is comparable with a solution of GPS-only with dual frequency, This agrees
with the conclusions drawn by Odolinski and Teunissen (2016). In particular, it can be indicated that
the positioning performance of GPS-only with dual frequency is more precise than the corresponding
solution of combined GPS+GLONASS solution as explained in Table 5.5.
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5. 5 Results of the Kinematic Experiment

From the experiment using the rotating arm, the derived coordinates of the moving antenna (Pi) at
every epoch are determined with different combinations of GNSS solutions. In this regard, the
assessment of various kinematic GNSS positions can be utilised to investigate the performance of
every solution. For this reason, the two main GNSS datasets of different recording rates have been
processed. The 10Hz results of the first dataset relative to reference station A with Javad receivers
comprise the GPS-only, GLONASS-only, BDS-only and combined solutions between these
constellations. Whereas, the second dataset of 20Hz relative to station B including the GPS-Only,

GLONASS-only and combined solution between them with Leica receivers.

Considering the recorded GNSS coordinates of the moving station and the corresponding coordinates
derived from real elements of rotating movement, it can achieve the quality of positioning regarding
estimated accuracy. This appropriate technique enables the assessment of the accuracy of kinematic
positioning and simulates the potential of different GNSS to monitor the displacement of a moving
object. From the derived displacement, the dominant frequency of the oscillating movement can also
be calculated, which provides modelling analysis with a procedure similar for detecting and
analysing deformations in structural health monitoring of engineering structures. During the whole
time of experiment that is lasting for about 5-h (i.e. divided into four sessions) and for cut-off
elevation angle of 15°, the derived GNSS positions calculated from GPS-only and BeiDou-only
showing a good availability of fixed solution due to the sufficient available satellites. Whereas less
available satellites were observed with GLONASS constellation as shown in Fig. 5.11, which also

demonstrates the different GDOP values of each constellation over the periods of movements.
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Fig. 5.11 The periods of movement (top), GDOP values of individual GNSS constellations (middle) and the
number of valid satellites (bottom) in the experiment of moving arm.
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It can be observed over the first and second sessions that the number of GLONASS satellites drops
to four satellites, which affect the derived satellites geometry. Consequently, high GDOP values are
evaluated, and no fixing of the ambiguity can be achieved at these intervals of limited satellites. This

is evident in the demonstrated results from the first dataset, which are listed in Table 5.6.

Table 5.6 The summarised results of derived components of the baseline on the first data set according to
different GNSS solutions on the experiment of moving rotating arm.( G: GPS, R: GLONASS and C: BeiDou).

1% moving interval (03:26:30 — 04:03:00) 2" : no movement (04:04:00 — 05:35:00)
% Average (m % Average (m
GNSS epochs fix E ’\? (m) U epochs fix E ,\? (m) U
G 21,910 100 25.4897 -34.2990 -1.2415 54,601 99.7 27.2236 -33.3932 -1.2479
R 19,219 88.0 25.4895 -34.2993 -1.2288 48,001 88.0 27.2236 -33.3933 -1.2483
C 21,910 99.7 25.4921 -34.2973 -1.2478 54,601 100 27.2257 -33.3923 -1.2452
G+R 21,910 100 25.4897 -34.2988 -1.2403 54,601 99.8 27.2238 -33.3931 -1.2487
G+C 21,910 99.7 25.4899 -34.2980 -1.2429 54,601 99.8 27.2240 -33.3928 -1.2479
G+R+C 21,910 100 25.4902 -34.2986 -1.2421 54,601 99.8 27.2240 -33.3927 -1.2483
39 : moving interval (05:35:00 — 06:37:40) 4% - moving interval (06:38:03 — 07:58:04)
% Average (m) % Average (m)
GNSS epochs fix £ N U epochs fix £ N U
G 37,001 99.9 25.4924 -34.2991 -1.2431 48,001 100 25.4903 -34.2960 -1.2419
R 37,001 99.9 25.4910 -34.2985 -1.2434 48,001 100 25.4906 -34.2964 -1.2461
Cc 37,001 100 25.4925 -34.2979 -1.2418 48,001 100 25.4915 -34.2958 -1.2435
G+R 37,001 99.8 25.4924 -34.2982 -1.2435 48,001 100 25.4907 -34.2962 -1.2429
G+C 37,001 99.8 25.4931 -34.2986 -1.2426 48,001 100 25.4909 -34.2959 -1.2438

G+R+C 37,001 100 25.4923 -34.2981 -1.2428 48,001 100 25.4923 -34.2981 -1.2428

In Table 5.6, the derived components of the baseline connecting the fixed station A and the centre of
the moving rotating arm. At every session, the coordinates of the centre are determined by the average
values of the measured coordinates of the moving antenna (Pi) for each GNSS positioning. As the
GPS positioning represents the primary focus of different GNSS solution, the combined solution of
GPS with other constellation will be assessed to achieve the contribution of these constellations in
improving the positioning performance. When applying the recoding coordinates of moving antenna
of point Pi at the first dataset, the time series of the GPS-only solution showing the components of
apparent relative position around the mean centre in E, N and U as illustrated in Fig. 5.12.
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Fig. 5.12 The GPS-only time series represent the measured components of moving station Pi for the initial 20
sec of movement (left) and the whole period of the experiment (right).
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Due to a large number of observations with the high sampling rate (e.g. 10Hz), the typical changes
in positioning may not be evident along the time series of the whole dataset. Therefore, the initial 20
seconds of movement is presented in Figure 5.12. It is evident that the oscillating nature of the
movement is represented with sinusoidal curves in all three components of E, N and U. Regarding
the first session of movement, when the rotating arm is turning around the fixed centre, the traced

trajectories of recording relative coordinates are displayed in Fig. 5.13.
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Fig. 5.13 The traced path of the GPS-only solution at the 1st session of movement.

It is evident that the recorded horizontal coordinates are changed in circular trajectory with small
changes in the vertical direction as a result of the unleveled platform, which should be taken into
account when analysing the quality of the positioning.

Since the analysis is focusing on evaluating the performance of different GNSS solutions, the
comparison between GPS-only and another GNSS positioning may lead to small positioning
differences due to the very short baseline. Therefore, the results of these differences are presented as
a time series for different components. The compared results of the first session are used as examples
to evaluate the performance of multi-GNSS as explained in Fig. 5.14 and their statistical evaluation

is summarised in Table 5.7.

Table 5.7 The achieved STD of differences between GPS-only and other GNSS solutions

Diff STD (mm) 1 sess. STD (mm) 2" sess, STD (mm) 3" sess. STD (mm) 4™ sess,

E N U E N U E N U E N U
G &R 7.37 450 18.71 - - - 3.53 3.17 8.64 412 3.45 10.96
G&C 4.25 4.16 12.38 354 3.69 10.13 3.30 3.07 9.25 6.20 3.39 17.95
G &GR 1.00 191 2.05 0.90 1.50 1.86 0.91 1.09 2.67 0.59 1.04 2.19
G &GC 1.73 2.95 2.67 1.67 2.30 2.73 1.71 1.69 3.85 1.32 1.95 3.13
G & GRC 1.78 2.99 3.20 1.70 2.32 2.93 1.79 1.76 4.23 1.40 2.00 3.30

*The difference between GPS and GLONASS not listed in the 2" session due to characterised spikes of GLONASS solution

From Figure 5.14 and the Table 5.7, it can be seen that the maximum differences can detect between
GPS and other individual solutions of GLONASS or even BeiDou, especially in vertical components.

Whereas, the combined solutions are achieved with less level of differences.
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In spite of the minimum STD have been achieved with the results of combined GPS+GLO along the
four sessions, this will not represent the most accurate results because the minimum differences will
not reflect the most definite improvement. Therefore, the positioning quality (i.e. accuracy and

precision) of every solution are investigated.
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Fig. 5.14 The time series of differences between the GPS-only solution and another GNSS positioning at the
1st session of movement.

5.5.1 Accuracy and Precision of Kinematic GNSS Solutions

For different GNSS solutions, the positioning quality regarding precision and accuracy are analysed.
The precision refers to the dispersion of measurements around the mean value (MPV, Most Probable
Value), while the accuracy describes the closeness of the measures to the actual value (Hofmann-
Wellenhof et al., 2012). It seems that the real value is the critical issue to assess the accuracy, which
does not exist in the kinematic positioning due to the movement of the receiver’s antenna. For this
reason, it is possible to achieve the estimated accuracy of kinematic GNSS by comparing their results
with the corresponding results obtained from one of the other approaches such as FEM analysis,
accelerometer results or RTS results (Nickitopoulou et al., 2006). In addition, a comparison of the

real true values of the predefined elements with their corresponding results from GNSS observations
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to analyse the accuracy. Therefore, the various GNSS positioning results of the rotating arm will be
compared with the real true derived elements (i.e. the coordinates of the centre of rotation and radius
value) of a circular trajectory to estimate the accuracy.

When the rotating arm was moved around its fixed origin (Fig. 5.1), the observed GNSS
measurements were recorded in three-dimensions. However, most of the similar previous studies
considered only a two-dimensional assessment (e.g. (Breuer et al., 2002), (Nickitopoulou et al., 2006)
and (Breuer et al., 2008)), in this analysis the real derived elements (centre and radius) will be defined
in 3D. To accomplish this requirement, different mathematical techniques (Equations and
computations are given in Appendix-A) can be applied using the Least Square (LS) fitting (Ghilani
and Wolf, 2010).

Consequently, three different primitive forms of a 3D circle, cylinder and sphere can be investigated
for the best fit of the measurements to estimate the radius length of the rotating arm as well as the
3D coordinates of the fixed centre. The most probable values of estimated elements will indicate the
precision of the different conducted GNSS measurements of GPS, GLONASS, BeiDou and other
combinations.

Further, the estimated arm's length is compared to the reference value, and a Root Mean Squared
RMS is computed to assess the accuracy of the measurements using the individual solution of each
GNSS constellation and investigate the potential of improvement with combined solutions.

| GNSS gathered measurements of a rotating arm |

| Processing for diff GNSS solutions |
v y v
GNSS relative coord. GNSS relative coord. GNSS relative coord.
1% session 3" session 4™ session
Il | Il
MPV. (mean) MPV. (mean) MPV. (mean)
Centre (E_, ‘NC, U) & R Centre (E_, ‘NC, U) &R Centre (E, N, U) & R
\ 1 i
v
| Initial value |

LS Adjust. Of non-linear models
V+BA=F (LS fitting)

A 4

h 4
Sphere Cylinder

Define the best fit of: Define the best fit of: Define the best fit of:
Adj. Centre (E,, N,, U;) & R, Adj. Centre (E, N,, U;) & R, Adj. Centre (E, N, U;) & R,
v

.| Compare to the reference Radius length |
. Compute the RMS B

Assess the Accuracy of

Assess the precision of ¢ Every GNSS Pos

>
Every GNSS Pos. Select the optimum case | <

Fig. 5.15 Flowchart is summarising the workflow to assess the precision and accuracy of diff. GNSS solutions.
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Fig. 5.15 illustrates the computations workflow to assess the precision and accuracy of the GNSS

measurements as follows:

- After processing every dataset with different GNSS solutions, the corresponding relative
coordinates are computed for each GNSS positioning at every session.

- Anassessment of the precision of each solution at every session can be made by comparing
the measured coordinates with the computed ones using the MPV of the radius and the centre.

- For the whole duration of movement, the mean values of measured coordinates and the
derived radius will represent the initial values to apply LS adjustment of non-linear models.

- Apply the primitive surface of sphere, 3D circle and cylinder by LS fitting for every source
of all measurements.

- Select the most accurate surface that achieves the most exact results of the derived radius
concerning a reference length value and has the minimum RMS among other surfaces.

- Depending on the real elements of the best-fit surface, the accuracy of every GNSS solution
can be evaluated by computing the RMS.

5.5.1.1 Fitting to Find the Optimum Surface

After processing the collected data, the implementation of the flowchart mentioned above depends
on identifying the main elements of the circular path that produced by the movement of the rotating
arm. For this purpose, the optimum 3D surface that would be fitting the circular recorded data can
be one of three cases, which are a 3D circle, sphere or cylinder (Fig. 5.16). For every case, the
computation of final elements is derived from the Least-squares fitting of non-linear models (the
detailed calculations are given in (Forbes, 1991, Shakarji, 1998)). A MatLab script was developed to
identify the main parameters. When analysing the derived elements of each fitting versus the correct
reference length, it can define the most identical surface that consistency with the actual elements
(i.e. centre and Radius).

In order to determine the optimum coordinates of the centre of the movement, the data of the three
sessions of movement are implemented as one dataset (106,913 epochs), which contains the recorded
coordinates that are expressed in relative positioning with components of E, N and U. The final
adjusted results of radius length and the coordinates of the best-fitted centre are presented in Table
5.8 with various GNSS solutions for different cases. To achieve the accuracy at every solution, the

RMS is computed concerning the best-fitted radius.
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with histograms of derived residuals between measured and best-fit radius in each case.
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Table 5.8 The adjusted elements to define the circular trajectory of the moving arm with three representative
surfaces among different GNSS solutions of the first dataset.

1% case: Sphere 2™ case: 3D circle
GNSS Adjust Adjusted centre (m.) RMS Adjust Adjusted centre (m.) RMS
R (m) Eo No Ug mm. R (m) Eo No Ug mm.
G 1.9642 25.4905 -34.2985 -1.3460 2.84 1.9612 25.4909 -34.2977 -1.2422 2.89
R 1.9614 25.4900 -34.2972 -1.2331 381 1.9612 25.4906 -34.2977 -1.2419 3.80
C 1.9619 25.4915 -34.2967 -1.2607 381 1.9616 25.4920 -34.2968 -1.2438 3.60
G+R 1.9644 25.4905 -34.2985 -1.3507 2.37 1.9612 25.4910 -34.2975 -1.2425 2.40
G+C 1.9646 25.4908 -34.2982 -1.3521 1.99 1.9614 25.4912 -34.2972 -1.2432 2.04
G+R+C 1.9654 25.4907 -34.2984 -1.3657 1.89 1.9614 25.4913 -34.2973 -1.2433 1.94

3 case: Cylinder

Adjust Adjusted centre (m.) RMS
G 1.9601 25.4903 -34.2972 -1.2422 2.69
R 1.9600 25.4900 -34.2972 -1.2419 3.67
Cc 1.9602 25.4915 -34.2964 -1.2438 332
G+R 1.9601 25.4902 -34.2972 -1.2425 2.20
G+C 1.9603 25.4905 -34.2968 -1.2432 181

G+R+C 1.9603 25.4905 -34.2969 -1.2432 1.70

It can be recognised that the results of the sphere cannot be adopted due to significant differences in
the vertical components, while the results of the vertical components of other two cases are
consistency and performing closing results that can be represented as real elements. These derived
accurate parameters can be used without any prior knowledge of the actual values. Overall, the
accuracy was improved when additional constellations are added to GPS in a combined GNSS
solution, which strongly agreed with the real values. Therefore, the results of combined
GPS+GLO+BDS can be considered as actual values with even a 3D circle or cylinder fitting

technique.
5.5.1.2 Mathematical Model and Assessment

As an accurate model has been applied for defining the elements of a circular trajectory (radius length
and centre), it is possible now to assess the precision and accuracy of kinematic measurements. Since
the measurements introduce errors into the actual coordinates, the measured trajectory will differ

from the real best-fitted path by a shifted difference that changed from epoch to another.

For every epoch, due to the difference between the measured and computed radius, the components
of this difference can be determined by assuming that the measured and the calculated points are

falling on the same radial line as shown in Fig. 5.17. The detailed computations are given as follows:
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Fig. 5.17 The relationship between the measured and computed parameters.

For each session of circular movement, the set of measured coordinates of point P; (i= 1,...,n) have
been computed relative to station A, so that it is possible to determine the coordinates of the centre
of rotation (Cr,) as follows:

3. Ep,
E, =21

_ZEPi _ZEP,:
m n - ’ -

n Cm n

(5.1)

’ Cm

The calculated coordinates of C represent the MPV of the centre, which of course differ from the
actual coordinates. Therefore when achieving the precision, the required computation will be based
on the MPV of evaluated elements (rm and Cr). Thus, the coordinates of each computed point Pr, can
be found by the following equations:

AE,, = Ep, — E;

m
AN,, = Np, — N, (5.2)
AU, = Up, — Ug

m

r.
r = \/AEmZ + AN, 2+AU,,> A Zn : (5.3)
° AE, ° T
0, =tan"! —m| , . = sin™! —|
l AN,, @i AU,, (5.4)
Ep .= Ec, + Ty xsing;
Np,_ . = Nc,, + T * cOs 0; (5.5)

Up,,; = Uc,, + 1 * sing;

dri=7,—1, (5.6)
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where AE,,, AN,,, AU, are the differences between the measured and computed coordinates in a
relative positioning system, r; and r,, are the measured and MPV of the radius of rotation,
respectively, computed for every GNSS solution. The horizontal direction is represented by 6;, while
o; reffers to the change in vertical direction that could be up or down the horizontal orbit of rotation,
depending on the nature of movement at every epoch. Then the estimated relative coordinates of the

computed point Prm are determined at a specific epoch i in terms of Ep_, Np_,Up_ ., therefore the

difference between the measured and the computed radius (residual) is described by dr; for
evaluating the precision. On the other hand, the positioning accuracy can be achieved through the
actual elements, which are defined by the best fitting procedure. Thus, the estimated coordinates of

the actual position of each point Pf; can be computed at evry epoch as follows:

Epfl. = ch + Ry *sin §;
Np,, = Nc, + Ry * cos 6; (5.7)

Upﬂ = UC‘f + Ry * sin @;

dRi =1 — Rf (58)

where Ep i Npg o Upy, are described the coordinates of the point Py; that reffers to the equivalent

fi
actual point at any epoch i based on the actual centre Cr and the true radius Ry for the whole duration.

The difference between the measured and the actual radius is provided by Equation 5.8. Then the
positioning accuracy will be investigated by calculating the RMS at any interval of duration for each
GNSS solution of kinematic positioning.

In order to assess the positioning quality regarding the precision and accuracy, the above procedure
can be applied to the individual constellations as well as the combined solutions for recording data.
However, the measured multi-GNSS datasets of 10 Hz have been carried out with another set of 20
Hz; the analysis can be applied to representative data, which holds true for the rest. Hence, the first
session of 36 min duration (which corresponds to 21,900 samples of data) is analysed with GPS,
GLONASS, BeiDou and the impact of combining GPS with other constellations is assessed. Due to
a large number of measurements concerning the short length of moving arm, the differences between
the results are relatively small, and small variations (residuals) can be detected between measured
and computed (estimated) positions, especially in the vertical components. Therefore, the horizontal

components of the residuals are presented as well as the 3D differences as illustrated in Fig. 5.18.
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Fig. 5.18 Results of residuals between the measured and estimated fitted positions for recording data of moving
arm during the first representative session of 36 min, expressing as compared time series of GPS-only and
other GNSS solutions, resulting in E, N and 3D components.

The comparison between GPS and GLONASS confirms that the GPS results are more precise and

accurate than GLONASS results and have a higher availability of fixed solutions as illustrated in Fig.

5.18a. When comparing the GPS and BeiDou positioning, the results of GPS show a slight

improvement in positioning accuracy against BeiDou. Whereas the RMS values of GPS are 2.14mm,

2.40mm and 3.24mm in the E, N and 3D components respectively, while the corresponding RMS

values of BeiDou are 2.43mm, 2.12mm and 3.30mm as summarised in Table 5.9 and illustrated in
Fig. 5.18b.

Table 5.9 The achieved precision and accuracy of different GNSS solutions for 1st session.

STD (mm) : Precision

RMS (mm) :Accuracy

Diff. - R

m E N 3D 4 E N 3D
G 1.9624 714 7.40 3.04 1.9614 781 283 3.40
R 1.9622 489 3.60 6.17 1.9614 5.34 381 6.23
C 1.9626 243 212 3.30 1.9614 263 2.34 353
GR 1.9625 170 175 2,50 1.9614 258 218 273
GC 1.9625 142 148 213 1.9614 2.00 184 2.39
GRC 1.9625 137 1.40 2.05 1.9614 2.00 176 233
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As part of the assessment, the comparison between GPS-only and other combined solution of GPS
with other constellation was evaluated. The positioning accuracy of the combined solution was
expected to improve due to the improved of satellites geometry. However, the combined of
GPS+BDS showing better improvement than GPS+GLO, the combination of GPS+GLO+BDS leads
to the most accurate positioning results as presented in Fig 5.18e. From the above results, it can be
concluded that the increase of a number of valid satellites will improve the satellite geometry (Fig.
5.19) and result in improving accuracy.

No of satellites —C No of satellites

0 —G 22 —— §+E+c
a— _l —R a— = &
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Fig. 5.19 The number of valid satellites and the corresponding GDOP values (left) individual constellations
(right) combined GPS with other constellations compared to GPS-only at first subset.

As a result of this improvement, there is a tendency of a combined solution to enhance the positioning
quality, especially for the positioning results at intervals that detected as noisy with GPS-only or
other individual constellations. Therefore, when all the GNSS constellations are entirely in operation,

this will be useful for GNSS applications, such as structural monitoring.
5.5.2 Frequency ldentification

In order to define the dominant frequency of the oscillation movement using the GPS and other
GNSS oscillating data, the Normperiod code has been applied to the time series of these solutions.
Thus, it can detect oscillation frequency from different solutions regarding the same oscillation
movement. Consequently, the derived frequencies from relative GNSS positioning are compared to
confirm the real oscillation frequency, and also to assess if there any significant differences achieved
between the derived frequencies from different solutions. In parallel with that, the derived
frequencies can also be examined according to the represented time series of differences between the

GPS-only solution and other constellations.

Since the first dataset has a sampling rate of 10 Hz, the frequencies of 5 Hz or less can be detected
(Nyquist Theorem). For the subset of 36 min where movement occurred, by applying the Normperiod
code on the time series of GPS-only positioning, the visible peaks of oscillating frequencies are

detected as shown in the spectrum of Fig. 5.20 for all three positional components. From this Figure,
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it is evident that the dominant frequency is identified at 0.314 Hz for all components. However, a
single dominant frequency was detected with the horizontal components; the vertical one defines
more than one dominant frequency, whereas other peak at 0.6278 Hz represents the second possible
frequency.
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Fig. 5.20 Spectra of derived frequencies from the time series of the first dataset (10 Hz rate) with a GPS-only
solution along E, N and U components.

When a Normperiod code was performed on the other GNSS data, similar results of detected
frequencies were achieved. Moreover, the peak of 0.314 Hz has been highlighted in all different
periods of movement with all other GNSS solutions. Thus, the results of derived frequencies from
other GNSS are consistent, whether they are derived from the individual or combined GNSS

solutions. This property will help to detect certain real frequencies when applying different GNSS
solutions.

On the other hand, when adopting the deriving time series of differences results between GPS and
other GNSS solutions (Fig. 5.14), the similar magnitude of derived frequencies was defined even
they are derived from different position solutions. Regarding the second dataset of 20 Hz sampling
rate, which permits to analyse their time series at the subset of 36 min, it was found that the identified
dominant frequency was also 0.314 Hz as illustrated in Fig. 5.21.
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Fig. 5.21 Spectra of derived frequencies from the time series of second dataset (20 Hz rate)
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However, the same magnitude of frequency was detected, they differ in the amplitude values.
According to results of this analysis, it can be concluded that the most likely value of the dominant
frequency is 0.314 Hz. This value was frequently appeared in all solutions due to the movement with
constant velocity. It is interesting to note that the correct derived frequency is similar to the GPS-
only and other GNSS solutions even though there are differences in the corresponding time series.

When this analysis is carried out for the derived differences of measured positioning from the
estimated real ones, the normperiod spectra revealed that the dominant frequency is detected with
the main peak of 0.314 Hz for all components of E, N and U.

5. 6 Summary and Conclusions

The short baseline tests were conducted to achieve the positioning precision and accuracy of different
GNSS solutions through static and kinematic measurements. The collected static data of 1Hz along
24h at the first baseline were processed to evaluate the positioning performance with GPS-only,
GLONASS-only and combined GPS/GLONASS solutions. The results showed that the positioning
could achieve mm level of precision. However, the GLONASS-only solution was characterised by
various noisy intervals (due to weak geometry). The combined GPS/GLONASS solution proved
significant improvement against the GPS-only solution. The satellite geometry has also been
evaluated with each solution, and the results indicated that the combined GPS/GLONASS solution
could improve the geometry by 27% and 30% for GDOP and PDOP respectively, relative to GPS-

only solution.

The comparisons between single and dual frequencies have been performed as a further investigation,
which showed a reduction in fixing rate with single frequency compared to dual frequencies. It was
demonstrated that with excluding multipath contaminated data, it is possible to increase the rate of

fixing ambiguity.

This chapter has also presented the results of short kinematic baselines to evaluate the positioning
quality of different GNSS solutions from measurements of moving antenna on a rotating arm relative
to fixed two reference stations. The assigned true value of the evaluating elements represents a critical
point in moving objects of kinematic measurements, which was investigated in this chapter. Thus,
the estimated accuracy was determined by comparing the recorded GNSS data (the measured
elements) and the actual values of these elements, which were identified by a new approach using a
3D best fitting. The new approach is based on non-linear least squares adjustment models to

determine the actual values of circular movement elements (i.e. radius and centre).

Among the comparison of three surfaces, the 3D-circle fitting was chosen as the best fitting model.
In addition, the mathematical models have been derived to estimate the positioning accuracy. The

estimated accuracies for GPS-only, GLONASS-only and BeiDou-only were achieved as well as the
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corresponding accuracy of combined solutions between these satellite systems. The results showed
that GPS-only was more accurate than GLONASS and BeiDou. The analysed results revealed
improvements when adding other observations to GPS data, while the combined solution of
GPS/GLONASS/BDS achieved the most accurate solution, due to more redundant observations from
three systems as well as improved geometry.

This appropriate technique enables to assess the accuracy of kinematic GNSS positioning and
simulate their potential to monitor the significant changes in the positioning of a moving antenna.
The outcomes of these experiments provide a modelling analysis that can be implemented to monitor
real structures through deflection monitoring by GNSS measurements. This has been further studied

in the following chapter.
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Chapter 6: The Contribution of Multi-GNSS Applied in Real
Cases of Bridge Deformation Monitoring

Part of this chapter has been published as:

MSAEWE, H. A., HANCOCK, C. M., PSIMOULIS, P. & ROBERTS, G. W. 2017b. Monitoring dynamic

deflections at towers of Severn Suspension Bridge in the UK using GNSS technique.

In order to overcome the GPS-only limitations and improve the positioning performance for
structural health monitoring system, this chapter discusses the use of a combined GNSS solution as
a technique that is capable of enhancing the positioning quality and reducing the limitations, which
substantially enhance the GPS system for Structural Health Monitoring. This technique can be
implemented by adopting a developed suggested strategy (see the methodology in Section 6.2) aimed
to achieve the best possible consistency of GNSS constellations for structural monitoring with more
reliable and accurate positioning. A real monitoring data of two long-span suspension bridges in the
UK, namely, the Severn Bridge and the Forth Road Bridge, which are used to validate the

effectiveness of the proposed approach with multi-GNSS constellations.
6. 1 Introduction

GPS has been used at the last two decades as a technique to measure deflections and deformations,
which could then possibly be used as part of structural health monitoring system to different
infrastructures such as high-rise buildings, dams and bridges. Due to severe bridge environment, yet
the GPS measurements still suffer from errors (i.e. noise, multipath, cycle slips, etc.) degrading the
positioning quality and solution availability. Considerable studies have been carried out to overcome
these limitations by integrating GPS with other complementary sensors (i.e. accelerometer, RTS,
pseudolite, etc.) in order to achieve the accuracy requirements of the deformation and deflections

determination for structural monitoring.

In this study, it has been proved that the combined GNSS solution contributes in improving the
positioning performance by reducing the noise level as discussed in Chapter 4 and enhancing the
achievable precision and accuracy for both static and kinematic positioning, which was investigated
in Chapter 5. Based on the experimental GNSS measurements, a methodology was developed for the
processing and analysis of the GNSS measurements of bridge monitoring, which can enhance the
achieved accuracy and the availability of the GNSS solutions and improve the outcome of the bridge
monitoring. The developed methodology was applied to two pilot studies of the abovementioned

bridges.
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6. 2 Proposed Methodology

For monitoring the long-span suspension bridges, the response of the top of the towers and other
critical points of the main span (e.g. midspan, gquarter-span, etc.) can be recorded from the GPS
monitoring stations. Even though the response of the long-span suspension bridges is greater than
cm-level, it can be detectable with GPS measurements. However, the GPS monitoring is still
challenging due to multipath effects from towers, cables and passing vehicles on the bridge as well
as obstructions causing cycle slips in measurements (Raziq and Collier, 2007). These effects resulting
in additional coloured noise and biases errors (Moschas and Stiros, 2013), which may lead to outlier
level including missed and false alarms (Brown et al., 1999, Nickitopoulou et al., 2006).

Even with the presence of these limitations, GPS can be still used in bridge monitoring by adopting
methods and techniques to eliminate the GPS data errors and enhance the accuracy of GPS solution.
In the current study, a new methodology was proposed and developed, where multiple GNSS
constellations were used in order to reduce the noise level of the positioning solution and enhance
the achieved accuracy relative to that of the GPS-only solution.

The flowchart shown in Fig. 6.1 can demonstrate the suggested approach, which implies several
sequential steps to achieve GNSS structural monitoring in more reliable and accurate positioning

results. Generally, the approach of this flowchart can be summarised by the following steps:

Step-1. Collecting GNSS data:
Use GNSS receivers at the reference base station and the monitoring points of the bridge,
in order to record signals from the different GNSS constellation (i.e. GPS, GLONASS,
Galileo, BDS). The base station could consist of two GNSS-receivers connected via a
splitter to the base-station GNSS antenna, to assess the quality of the GPS/multi-GNSS
solutions. The same type of GNSS receivers should be deployed at both base and rover

stations.

Step-2. Pre-processing analysis:
The pre-processing procedure is performed to assess the quality of measurements and
exclude the observables that may substantially degrade the positioning quality. This
procedure is applied for the base and the rover station data, before estimating the final
positions, aiming to detect and potentially repair cycle slips (see Section 3.5.2), multipath
detection based on MP1 and MP2 (see Section 3.5.4) and identify the rising and setting
satellites with low SNR values. The low-quality measurements, contaminated by noise etc.,

are excluded from further processing.
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Fig. 6.1 Flowchart summarising the proposed monitoring procedure.
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Step-3. Evaluate the satellite geometry (DOP values):
For the available GNSS constellations, it is assessed the geometry of each constellation, by
analysing the dilution of precision (DOP) values at each epoch. The DOP values for each
GNSS constellation represent the quality of the satellite geometry, which has an impact on
the derived solution. It is expected that the increase of the observed satellite with proper
distribution will improve the geometry.

Step-4. Noise assessment by multi-GNSS zero baseline:

Based on the experiments of Chapter 4, the noise level of the various GNSS solutions can be
evaluated by using zero-baseline measurements. The zero-baseline measurements at the
base station will provide the noise level, the solution availability and the positioning
precision for the E, N and U components of different GNSS solutions. As proved in Section
4.7, the precision of noise level correlates with derived geometry; therefore, the improved
geometry will reduce the noise level. Specific noisy GPS intervals due to weak geometry
will be identified, and the option of using multi-GNSS constellations to reduce this noise
level is analysed (Msaewe et al., 2017b)

Step-5. Processing GNSS data:

Applying the appropriate mode of fixing ambiguity resolution (e.g. see Section 3.5.1) and
evaluate the alternative fixing. Consequently, the kinematic positions of monitored stations
on the bridge are calculated

Step-6. Determination of the displacement:
The GNSS data in the geodetic coordinate system were converted to bridge coordinate
system using the linear transformation of rotating data. In this way, the x-axis and y-axis
are aligned with the lateral and longitudinal direction of the bridge, respectively, while the
z-axis represents the vertical component of height variations. The derived displacements at
each monitoring station are computed from the difference between the initially fixed

coordinates and the corresponding measured values.

Step-7. Spectral analysis:
The displacement time-series were analysed by using spectral analysis to extract the
information of the main modal frequencies of the bridge at each direction (x-lateral, y-
longitudinal and z-vertical). For the spectral analysis was done by applying the LNP
technique. The FFT technique was also applied for verification of the results, but could not

generally be applied, as the displacement time-series were not always continuous.

Step-8. Analysis and final interpretation:
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When achieve accurate and reliable results along with continuous monitoring data by
implementing the suggested strategy with multi-GNSS, it is possible to evaluate the
response of monitored structure (i.e. suspension bridge) with correct interpretation.

6. 3 Severn Bridge Monitoring

6.3.1 Severn Bridge Description

In this study, the Severn Suspension Bridge, which is one of the largest suspension bridges in the UK
(Fig. 6.2), was monitored using GNSS receivers. The bridge was opened in September 1966, carries

the 4-lanes of the M48 motorway as a dual carriageway over the Severn Estuary.

Fig. 6.2 The Severn Suspension Bridge.

It is located in south-west England and southeast Wales connecting the Bristol area to South Wales
(Roberts et al., 2014). The bridge’s deck is supported by two main cables and hangs between two
steel towers. Its length is 1,600 m, consisting of a central suspended main span of 988 m in length,
which is supported by the two towers, through the cables. Each tower has a height of 136 m above
the mean level of water (Roberts et al., 2015).

6.3.2 Monitoring Points and Measurements

In order to monitor the response of the bridge, the measurements were conducted continuously at 11
locations, between 20th and 23rd July 2015. The GNSS antenna at each location was fixed on the
bridge and connected via cables to the GNSS receiver, located in a secure place allowing easy access.
Four GNSS receivers were installed on the top of two towers; two of them were Leica receivers
established on two sides of the eastern tower (T1 and T2) and other two Trimble receivers on two
sides of the western tower (T3 and T4). In addition, four GNSS receivers (of a different type) were
installed on the suspension cables; three on the northern upstream side (Fig. 6.3, points A, B and D)
and one on the southern downstream side (Fig. 6.3, point F). Both GNSS stations B and F were
located at the midspan of the cables, in the opposite side of bridge width, while (A) and (D) where
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on the same cable at the quarter-span from each tower. Moreover, three GNSS stations were installed
on the handrail of the bridge (B1, D1 and G).

The Points B1, D1 and G are located on the handrail

X

F
West tower Down Stream T2 East tower Vv

Fig. 6.3 Locations of monitoring points upon the Severn Bridge.

A GNSS station was installed on the roof of the toll building, ~1 km away from the eastern tower of
the bridge, which was used as a reference station, expected to be a fixed location, not affected by the
bridge movement. The GNSS receivers, which were used, are dual frequency, consist of Leica GR10,
Leica GS10, Leica 1200, Trimble-NET9 and Javad, while most of the antennae used were Leica

AT504 choke ring antennas. The latter help to mitigate the multipath effects (see Fig. 6.4).

Fig. 6.4 The Leica AT504 choke ring antenna located on the main suspension cable.

All the GNSS receivers recorded pseudorange and carrier phase observations with a sampling rate of
10 Hz. Due to an insufficient number of receivers, some receivers were moved from one location to
another for different durations. The details of the operation for each GNSS station is listed in Table
6.1.
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Table 6.1 Specifications of monitoring points upon the bridge.
Group Points Antenna Type Receiver Type Duration of collecting GNSS data
20/07 21/07 22/07 23/07
Base Ref. Leica AR10 Leica GR10 12h 24 h 24 h 9h
R-b Leica GS10 12h 24h 8 h X
T1 Leica AS10 Leica GS10 10h 24 h 24 h 9h
Tower T2 Leica AS10 Leica GS10 10h 24h 24h 9h
points T3 Leica choke ring Trimble Net-R9 12h 24 h 24 h 9h
T4 Leica choke ring Trimble Net-R9 12h 24 h 24 h 9h
Leica choke ring Javad -Leical200 11h 8h 21h 9h
points on B Leica choke ring GS10 -Leical200 X 6h 24 h 9h
cables Leica choke ring Javad X 12h 6h 9h
F Leica choke ring Leica GS10 12h 24 h 24 h 9h
B1 Leica AS10 GS10 -Leical200 X 15h X X
Hggﬁfé" D1 Leica AS10 Leica GS10 9h 3h X X
G Leica AR10 Leica GS10 X X 15h 9h

At the base station two GNSS receivers, a Leica GR10 and an updated Leica GS10 were connected
via a splitter to a single Leica AR-10 dome antenna to form a zero baseline. The GNSS measurements
of zero baseline were conducted for 44 consecutive hours, starting at 12:00 am on 20/07/2015 until
09:00 am on 22/07/2015 to study the noise level of different GNSS constellations. Then, the base
station was restricted on Leica GR10 after moving GS10 to a handrail location on the bridge.

6.3.3 Tracking Multi-GNSS Constellations

To overcome the limitations of GPS-only for bridge deformation monitoring and to investigate the
potential improvement of using the multi-GNSS positioning, all receivers used in the Severn Bridge
monitoring are set to collect observations from different GNSS constellations. More specifically, all
receivers can record both GPS and GLONASS data, while two of the Leica GS-10 receivers have
the potential to collect all GNSS data, including also observations from BeiDou and Galileo.
Therefore, one of two receivers was installed at the second base station (Ry), while the other one was
operated at the handrail station of D1, then moved to station B1 followed by collecting GNSS data

at station B as illustrated in Fig. 6.5, which shows all the observed stations and their durations.

Thus, it is possible to evaluate the impact of multi-GNSS constellations on the derived positions
when comparing the results of GPS-only with the corresponding combined solution of GPS with

other GNSS constellations.
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Fig. 6.5 All observed stations of monitoring Severn Bridge with operated receivers’ types and their operating
durations over the four days of monitoring.

However, BeiDou and Galileo are under development, both GPS and GLONASS are full operational
satellite systems with global coverage. By implementing the observations from these two systems,
the performance of multi-GNSS solutions can be evaluated. However, we have more than one type
of receivers; the performance evaluation will be restricted to the use of Leica receivers. The reason
behind this selection is due to the ambiguity of GLONASS correct fixing, which requires receivers
of the same type in the differential solution because of the Inter-Frequency Bias (IFB) (Al-Shaery et
al., 2013). Therefore, the combined GPS/GLONASS solution is applicable when the base and rover
receivers are homogeneous. In addition to the GNSS data, other meteorological data, including air
temperature and bridge’s steel temperature, relative humidity, wind speed and wind directions, were

all gathered during the survey in specific locations.
6. 4 Pre-Processing Analysis of the Severn Bridge Measurements

In order to attain high precision positioning for structural monitoring with GNSS measurements, the
factors that degrade the quality of the satellite signals must be analysed. Some of these factors can
be detected before processing, while others are eliminated in the processing procedure by
implementing the DD technique with a short baseline in differential positioning. One of these factors
is the acquisition of a new rising satellite of low elevation with relatively low SNR or sudden signal
loss (i.e. cycle slips) that occurs on either the receiver of the base station or the rover receiver. Since
the base station is located in an open sky environment, it does not suffer from any cycle slips or
severe multipath, while the GNSS antennae of the monitoring stations on the bridge are susceptible

to the multipath effect from the surrounding environment of cables, towers or passing vehicles.
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Therefore, all these factors should be taken into account as part of the investigation when assessing
the time series of detected displacement of bridge movements.

6.4.1 Cycle Slip Detection

As it was pointed out in Section 3.8, the occurrence of cycle slips can add biases to carrier phase
observations, which affect achieving precise positioning (Bisnath and Langley, 2000). Therefore,
detecting these biases in the preliminary investigation and subsequently repairing them in the
processing stage, will remove these biases. However, if to correct the cycle slips is not possible then

the integer ambiguity must be re-estimated (Huang et al., 2015).

The detection of the cycle slips was made in the processing stage, using the software of GNSS data
processing (i.e. RTKLIB). Since the observed data are in dual frequency, it is possible to implement
the “LG jump” technique to monitor jumps of the geometry-free linear combination, which oriented
to use the data from a single receiver (T. Takasu, 2013). This technique indicates the occurrence of
cycle slip on single GNSS station (base or rover receiver) and identifies at which satellite the cycle
slip occurred and at which epoch of the GNSS record.

To clarify that, when applying the RINEX observation data as input measurements in RTKLIB, the
detected cycle slips are presented in the satellite visibility plot. For instance, for the GNSS record of
the tower station T2 on 21/07 for the time interval between 08:00-09:00, the plot indicates that many
cycle slips (the vertical red ticks) have occurred with a particular satellite G15 as depicted in Fig.
6.6. Whereas, the simultaneous counterpart measurements at the base station are free from cycle slips

specifically for G15.
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Fig. 6.6 Detecting cycle slips with visible satellites plot for base station (left) and monitoring tower station T3
(right) on 21 July 2015.

Furthermore, using the corresponding signal to noise ratio (SNR) for every satellite at each frequency
(L1 and L2), it was found that the cycle slips on satellite G15 were related with low SNR on L2

signals, which means the receiver has lost track of the cycle count to this specific satellite (G15).
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Based on that, the cycle slips must be correctly repaired to guarantee correct ambiguity at the data
processing stage.

Accordingly, to verify the effects of detected cycle slips on fixing the ambiguity and derived results,
the same datasets of Fig. 6.6 are implemented. By using the instantaneous mode for the GNSS data
processing, the ambiguity of each epoch is fixed independently. The derived solution of GPS-only
with this approach resulted in a time series with 71% success-rate of ambiguity fixing, which
represents the positioning availability. This degradation in availability may be attributed to the
existence of cycle slips. However, Teunissen et al. (2014) demonstrated that the instantaneous
approach has an added advantage that the derived solution will be insensitive to the occurrence of
the carrier-phase cycle slip. On the other hand, the limited number of valid satellites, high observation

noise and multipath may hinder successful single-epoch resolution (Verhagen and Teunissen, 2014).

That means that there is another effect along with the detected cycle slip which can reduce the
availability of the dataset. The potential cause might be a bias induced by the multipath and/or the
low quality of SNR for one or more available satellites. This will be investigated in the following
section. Anyway, to verify the fixing of ambiguity with another mode, Fix-and-hold has been used,

and the percentage of the correct fixed solution was 67% as illustrated in Fig. 6.7.

—— Gfix ) Avail. fix = 67% — Gfix Avail. fix = 99.2%
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60
’g H ' !" 40 i
E of' || N 0 N

20

R . . . 20 ! . !
08:00 08:15 08:30 08:45 09:00 08:00 08:15 08:30 08:45 09:00
time in (sec) GPS time in (hh:mm)

Fig. 6.7 Time series of GPS-only for a dataset of station T2 in Fig. 6.6 (left) apparent solution (right) solution
with clean data after excluding G15 on 21 July 2015.

Along the problematic interval (i.e. 08:06 - 08:20), the comparison between fixed solutions of two
techniques showing that an instantaneous mode yielded fixing solution even the cycle slips occur,

while there is no fixing achieved with fix-and-hold technique.

This results reinforced the above observation. However, the option of the instantaneous processing-
mode requires a sufficient number of visible satellites with good quality of observations (generally
with good SNR’s). Otherwise, it can apply the Fix-and-hold as an alternative technique in cases of

reduced availability with instantaneous fixing for the individual constellation.

However, even if the satellite geometry is affected when satellites are excluded, to remove a
problematic satellite might improve the positioning solution. Therefore, it is possible to examine the

positioning performance when excluding the satellite G15 from the above dataset. This will lead to
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clean data with the remaining observations that solved with the availability of 94% with
instantaneous fixing, while 99.2% was obtained when employed the fix-and-hold method.
Apparently, the higher availability with the fix-and-hold method is due to the fact that the integer
number of cycles are hold constantly between the receiver and every satellite in view after success
fixing. Although the improved availability was achieved with this procedure of excluding satellite,
the derived position still suffers from noise, which will discuss in the next section, in addition to the

influence of multipath effect.

6.4.2 Multipath Detection

As the cycle slips were detected in the initial investigation, another limitation that needs to identify
is the multipath, which degrades the GPS performance for bridge monitoring. The multipath
represent the major error source that may substantially reduce the positioning quality and affects the

correct interpretation of bridge deformation (Roberts et al., 2002).

In order to minimise the impact of multipath, one of the particular pre-observation strategies is to use
choke-ring antennas (Momoh, 2013). Although, the choke-ring antennas success to suppress
multipath arrivals from the ground, or low-elevation scatters (Kaplan and Hegarty, 2005); the
reflected signals above the antenna, which in the case of bridge monitoring might be due to the cables,
towers, etc., still affects the GNSS observations (Hofmann-Wellenhof et al., 2008). Therefore, in
spite of using choke-ring antennae at most of the monitoring stations on Severn Bridge, the multipath
signature was detected in observations of many satellites. This was recognised when employing the
RTKLIB for the Rinex observations of the individual monitoring station and using the values of MP1
and MP2, which are indicators of the multipath conditions based on linear combination of dual
frequency measurements of L1 and L2 (de Bakker et al., 2012) as discussed in Section 3.5.4. This
quality check is essential to identify the multipath contaminated satellites of low-quality observations
in the initial assessment, which can be used when analysing the accuracy of the achieved positions.
Therefore, this investigation will be useful especially for intervals that suffer from lower ambiguity
success rate (fixing), which may attribute to the existence of multipath effect at these intervals (Lau
etal., 2015).

When applying the approach of the linear combination on the collected data of Severn Bridge, the
observations of different satellites were characterised by multipath. The identification and
visualisation of the specific satellite affected by multipath for a specified duration were made by
using a Matlab script developed during this study, where the evaluated multipath (MP) is compared
with the SNR for each satellite in view. For example, when analysing the above hourly dataset in
Fig. 6.6, it is clear that the satellite G15 exhibited high variation in estimated multipath, specifically
with MP2 as illustrated in Fig. 6.8.
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Fig. 6.8 The results of detected multipath MP1 and MP2 and the corresponding SNR1 and SNR2 of GPS-only
for a dataset of station T2 in Fig. 6.7 on 21 July 2015.

It can be seen from Fig. 6.8 that the values of SNR on L2 is less than that on L1 for the same satellite,

which indicates that the L2 frequency of the GPS signals is more susceptible to multipath. This could

introduce gaps in the derived time series as a result of unfixing ambiguity. Furthermore, it is evident

that among all observed satellites, G15 has high variations of SNR2 values within time associated

with

MP2.

In GNSS data processing, the option to exclude multipath contaminated satellites may improve the

estimated position and achieve highly accurate measurements (Lepadatu and Tiberius, 2014), which

however is possible only if a sufficient number of redundant visible satellites have been observed;

otherwise, this could result in no solution. This justifies the need to add other satellites from other

GNSS constellation, to exclude the low-quality ones and improve the performance positioning.
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6. 5 Processing the Severn Bridge Data

The GNSS records were downloaded on a periodic basis while gathering measurements and they
were processed using RTKLIB v2.4.2. In order to analyse the response of the bridge, the data have
been post-processed in a kinematic mode using the Double Differencing (DD) technique with dual
frequencies. For the processing of the GNSS records were used the broadcast ephemeris and 15° cut-
off elevation angle, which are typical options in GNSS processing for monitoring application
(Psimoulis and Stiros, 2012). Furthermore, the atmospheric effect is minimised with DD; a
Saastamoinen model was also applied to ensure more efficient modelling of the tropospheric effect.
Thus, the derived kinematic positions at each monitoring point are computed relative to the fixed
position of the reference station on the toll building.

Accordingly, to have efficient monitoring, it is essential to achieve accurate positioning with high
availability of continuous precise GPS/GNSS solution. The precise positioning is based on precise
carrier-phase measurements, which depends on the successfulness of fixing the Ambiguity
Resolution (AR). As discussed in Section 6.4.1, the suitable strategy for a kinematic solution is the
instantaneous mode, which fixes the ambiguity epoch-by-epoch. In some cases, it can be adopted
fix-and-hold as an alternative technique to increase the availability of a fixed solution. Even though,
to compare the positioning performance achieved with different GNSS solutions, it is preferable to
use the same mode of fixing the ambiguity. This will lead to comparable results with the same

specifications to process the corresponding data.

Due to a large amount of the collected measurements of the four days of monitoring (i.e. 20"-23"
July), the GPS/GNSS data were split into hourly intervals, which processed sequentially. The GNSS
records of the monitoring stations were processed with respect to the reference base station in order
to derive the relative position with the same origin (i.e. the reference base station). Therefore, the
position of the base station was determined based on the static measurements of zero baseline along
44h. Afterwards, the relative GPS/GNSS positions of different monitoring stations were calculated

relative to the reference station along the whole duration of processing.

Eventually, the output of processing will be datasets of geodetic coordinates of 10 Hz, which they
were transformed to E, N and U coordinates of the local system. The ‘mean’ coordinates of the fixed
base station were then subtracted from the coordinates of the monitoring stations, resulting to the E,
N and U relative coordinates which represent the components of baseline (i.e. connecting the base
station with the rover monitoring station). Therefore, the final output will be GPS/GNSS time-series
in the NEU coordinate system of 10 Hz sampling rate. To assess the displacement at each monitoring
station, there is a need to specify the initial coordinates of that station. Following that approach, the
initial positions are derived from the mean values of the first 10 min of the fixed solution as presents
in Table 6.2.
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Moreover, to evaluate the displacement at these stations oriented with the bridge axes, the 3D GNSS
coordinates (E, N and U) were transformed into the local bridge coordinate system (x, y and z), by

using a linear transformation, as applied in the following equations:

x = E = cos(p) + N * sin(p) (6.1)
y = N * cos(¢) — E = sin(¢p) (6.2)
z=U (6.3)

where (@) represents the anticlockwise rotation angle.

For this purpose, the positions of handrail points were used, as they were located along a path parallel
to the main axes of the bridge, which represents its longitudinal orientation. Thus, the computed

bearing was N 58° W as shown in Fig. 6.9.

N ,/‘-\ p=58°

Origin

Fig. 6.9 Coordinate transformation in the local horizontal system (BCS).

Therefore, the x-axis and y-axis express the lateral and longitudinal axis, respectively, while the z-
axis represents the vertical axis of the bridge. In this way, the initial coordinates of all stations are

computed relative the origin at the reference station as listed in Table 6.2.

Table 6.2 The initial coordinates of monitoring stations in two systems

Components of short baseline (m.)

Local Bridge Coordinates (m.)

Group Sta.
E N 9) X y z

T1 - 759.6546 522.3896 106.4076 40.4559 921.0479 106.4076
Tower T2 - 771.6844 504.8446 106.4835 19.2020 921.9523 106.4835
stations T3 - 1616.0926 1021.2312 106.3497 09.6546 1911.6943 106.3497
T4 - 1605.1588 1039.1407 106.5644 30.6367 1911.9125 106.5644
A -1291.3370 847.7767 29.8564 34.6511 1544.3691 29.8564
Cable B - 1166.6067 771.5535 24.7486 36.1071 1398.1996 24.7486
stations D - 1073.0672 714.3146 29.9879 37.1342 1288.5417 29.9879
F -1178.0211 752.8426 24.7233 14.1906 1397.9643 24.7233
Handrail B1 - 1164.0327 775.5221 20.7802 40.8366 1398.1198 20.7802
stations D1 - 1070.4064 718.2798 20.5766 41.9068 1288.3864 20.5766
G - 632.8522 450.5270 13.4858 46.7080 775.4320 13.4858
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6. 6 Noise Assessment

The most commonly used method to identify the noise level is applying zero baseline measurements
as discussed in Section 4.2. Therefore, a zero baseline was established at the base station to
investigate the noise level of different GNSS solutions, and to assess at the same time the positioning
precision of those different GNSS solutions. By processing the GNSS data using Double-Difference
(DD) technique, both receivers theoretically have the same errors caused by multipath, satellite orbits
and clocks and atmospheric delay; thereby double differencing between receivers cancels these
errors. Thus, the only error sources remaining in the solution are caused by independent receiver
noise with the effect of the geometry of satellite constellations (Drozdz and Szpunar, 2012, Msaewe
etal., 2017h).

In order to define the noise level of the GNSS solutions for a 24-hour period, and to assess their
precision, the data on 21/07/2015 was used. Subsequently, the daily data was split into 24h sub-
sessions, to estimate the noise level at each hour duration. Also, the DOP values were evaluated at
these hourly intervals to analyse how the derived noise was related to the geometry of the
corresponding GNSS constellations. As GPS and GLONASS observations represent the common
GNSS data at the two receivers in the base station, the possible positioning solutions will be GPS-
only, GLONASS-only and combined GPS/GLONASS. The resulting GNSS positions were
computed and their precision evaluated by calculating the RMS along each component of different

hourly GNSS solutions.

To verify the noise level for each GNSS solution within time, the time series of the deviation of
computed position from the initial position was analysed (Fig. 6.10). The results show that the
precision is within mm level, which indicates the stability of this point as well as reflecting the noise

level for the solution of each point.

As expected, the noise level of the height component is larger than that of the plane components for
all GNSS solutions, due to the geometry of GNSS constellations. The comparison between individual
solutions showing that the GLONASS-only solution is noisier than GPS-only, especially in the
vertical component, while significant improvement can be achieved in N component of the
GLONASS-only solution at several intervals. Even though the N component of GLONASS at some
other intervals is nosier than the corresponding GPS component, this can be attributed to the weak
geometry of GLONASS-only at these intervals. On the other hand, the combined GPS/GLONASS
solution showing improvement in reducing the noise level when compared to the GPS-only solution
along each component. The significant improvement of combined GPS/GLONASS was observed
with N component. After rotating the derived positional coordinate to local bridge coordinate system,

the expected impact of improving N component will reflect on enhancing the magnitude of the
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derived lateral component, in addition, to enhance other components. Owing to an improved

geometry of increasing the valid satellites as expressed in DOP values (Fig. 6.10).

Zero Baseline at base point 21/07 /2015
T T T

RMS - U
(rmrm}

22 24

12 1
GPS time (h)

Fig. 6.10 E, N and U noise levels and associated GDOP values obtained from the zero baseline measurements
at the base station showing comparison between different GNSS solutions (a) GPS (blue) & GLONASS (red),

(b) GPS & combined GPS/GLONASS (green) and (c) their achieved precision on 21/07/2015.
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6. 7 Analysis

The collected GNSS datasets of Severn Bridge consist of measurements from GPS, GLONASS,
BeiDou and Galileo. Using GPS as the main satellite system, by adding supplementary observations
from other constellations (i.e. GLONASS, BeiDou, etc.) will contribute in improving the
performance of GNSS positioning (Odijk et al., 2015, Chen et al., 2015a). To show the improvement
which can be achieved in positioning performance by using additional satellite systems, the analysis
of processed data will be investigated for the GPS-only solution and compared to the combined
GNSS solutions for deformation monitoring.

Regarding the combined solution of GPS with either BeiDou or Galileo constellations, their
contribution will be assessed briefly in another section due to the limited visibility of satellites of
these systems at that period in the UK. Therefore, the analysis results will focus on the contribution
of GLONASS constellation when added to GPS observations, having as criteria: a) the availability
of the solution, the b) accuracy of the displacement and c) the identified frequencies which derive
from the spectral analysis of the monitoring stations data.

6.7.1 Availability Analysis

When analysing the availability of apparent GPS-only solution for each hourly interval along the
whole day, the results revealed some intervals characterised by gaps. These gaps are the result of the
weak geometry of the GPS constellation and other limitations (i.e. high noise, multipath) that affects
fixing the ambiguity and reducing the solution availability at these intervals (Msaewe et al., 2017a).
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Fig. 6.11 The availability of fixed solution for GPS-only and combined GPS/GLONASS from different bridge
stations and (b) the corresponding GDOP values.
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According to Fig. 6.11b, it can be noticed that the weak geometry is concentrated at specific intervals
with peaks of high GDOP values (e.g. a, b, i, etc. intervals), but also to intervals with relatively good
geometry (e.g. d, e and g to w). This proved that satellite geometry is the main but not the only factor
with an impact on the availability of the solution and that the combined solution improved the
availability of the solution. To identify the causes of these defects, we analyse the first hourly
duration (a) [00:00-01:00] as an example, and their results are listed in Table 6.3.

Table 6.3 The availability of fixing rate solution for the first hourly duration for tower points T1, T2 and on
21/07 and cable points at mid-span B, F on 22/07.

Sta. Avail. Of apparent sol. % Avail. Of improved sol. % The caused satellite /remarks
GPS-only GPS+GLO GPS-only GPS+GLO

T1 88.4 99.7 90.7 99.9 G03 : Descending satellite

T2 69.3 95.9 98.9 100 G30: Rising satellite

B 94.0 100 94.0 100 Weak geometry

F 94.2 100 94.2 100 Weak geometry

For the availability of GPS-only solution, it is evident that both tower points T1 and T2 are affected
by noise and the analysis of the SNR values showed high variations within a short time. More
specifically, the point T1 was affected by a signal received from descending satellite GO3, while
rising satellite G30 was introduced a high carrier-phase residual. Apparently, this effect can cause
biases that affect the success rate of the instantaneous fixing ambiguity at the intervals of limited
satellites (Verhagen and Teunissen, 2013). In contrast, the combined GPS/GLONASS with
redundant available satellites can achieve high availability. However, it is possible to increase the
availability of GPS-only solution by excluding the weak satellite (G03, G30 in Table 6.3); noise still
contaminates the introduced GPS solution compared to the improved solution of combined
GPS/GLONASS as illustrated in Fig. 6.12.
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Fig. 6.12 Time series of derived vertical displacement at station T2 (left) the apparent solution and (right) the
improved solution after excluding G30.
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As inferred from Fig. 6.12, the comparison between the two apparent solutions (as they are without
any excluding) shows that the time series of GPS-only affected by rising satellite G30 and provide a
solution with the availability of 69.3% versus 90.9% for combined solution. In addition, the derived
vertical displacement can reach 4cm for GPS solution. When the problematic satellite G30 is
excluded, there is an improvement in the availability as it becomes 98.9% for GPS-only and 100%
for combined GPS/GLONASS solutions (Table 6.3). However, the derived vertical displacement
becomes within 2cm for GPS-only, the time series is still affected by noise in comparison with the
improved combined GPS/GLONASS solution (Fig. 6.12 right).

For the availability of GPS-only solution of stations B and F at the mid-span as listed in Table 6.3,

the dominant cause of reducing availability is related to weak geometry at this duration.

6.7.2 Derived Displacement of the Severn Bridge Monitoring

6.7.2.1  Derived Displacement at Tower Stations

When applying the GPS-only solution at tower stations T1 and T2 during subsequent 24h sessions
on 21/07/2015 and comparing with the corresponding solution of combined GPS/GLONASS,
differences in derived displacements along different durations can be observed between two solutions

as illustrated in Fig. 6.13.
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Fig. 6.13 Comparison of derived displacement between GPS-only and combined GPS/GLO solutions during
24h (a-c) at tower points T1 and T2 and (d) the corresponding GDOP values on 21/07/2015.
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Regarding the movement at these tower stations, as expected the deflections in the longitudinal
direction will be higher than in lateral direction (Razig and Collier, 2007), as the tower is mainly
affected longitudinally by the tension of the cables. Thus, the latter effect will also cause particular
vertical movement for the upper part of the tower. The longitudinal movement demonstrates an
increase from 11:00 until 17:00, while for the time interval from 17:00 to 20:00 a decrease is observed

in the longitudinal movement.

According to Fig. 6.13, the results of derived displacement demonstrated that the solution through
GPS-only is larger (noisier) than the corresponding GPS/GLONASS solution, especially at the
periods that are identified as noisy intervals in the zero baseline assessment (i.e. duration of a, b, e,
f,i... in Fig.6.13). These intervals require further investigation in details to evaluate the positioning

performance of each solution as well as to define the main problems faced GPS-only solution.

The noise level at these intervals is the result of a weak geometry of distributed satellites, which is
one of the main problems, occurred with a GPS-only solution. When depending on the results of
these noisy durations, this will lead to incorrect interpretation of bridge deflections. For example, the
analysis of the movement at station T1 in the interval (b) between 01:00 — 02:00 revealed significant
variations, mainly in the vertical component, between the displacement time-series of GPS-only and
combined GPS/GLONASS (Fig. 6.14).
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Fig. 6.14 Analysis of derived positioning at a tower station T1 during hourly period-b at 01-02h for (a) apparent
deflection (b) corresponding geometry and a number of satellites and (c) the sky plot.

The results show that the detected vertical displacement can reach (10cm) with the GPS-only
solution, while it was about (3cm) with the combined GPS/GLONASS solution (Figure 6.14a). The
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analysis of the geometry at this interval indicates a high VDOP value for the GPS that is reduced
with the combined approach; VDOP value of 5 for a constellation of 6 GPS satellites, while it was
1.3 with 13 combined satellites (Fig. 6.14b).

The high VDOP value of GPS was caused by a weak distribution of their valid satellites, which was
reduced with a combined solution as exhibited in the sky plot of Fig. 6.14c. In addition, the
GLONASS adding satellites offer good coverage in Northern area that has a useful role to strengthen
the geometry. The discontinuity in the derived time-series due to gaps represents one of the
limitations to evaluate the correct response of structural monitoring. The gap interval can occur when
the receiver stops recording data, like what happened with the receiver at T1 along duration between
09:51 to 10:24. As well, the gap could be introduced when tracking insufficient satellites, due to the
obstacles (i.e. a number of satellites <4 or high DOP values>30), or existence of a specific
problematic satellite of weak signal, in addition to presence satellite affected by severe multipath

from surrounding objects.

At the tower stations T1 and T2, the same Leica receivers and antennae occupy both stations.
However, the time series from station T2 was characterised by more gaps than the corresponding one
at T1, which can be attributed to the different surrounding environment at these two locations, which

affected the availability of fixed solution (Table 6.4).

Table 6.4 Comparison between rates of fixed solution achieved with GPS-only and combined GPS/GLONASS
in different periods at tower stations T1 and T2 on 21/07/2015

Interval Availability sol. % at T1 Availability sol. % at T2 Prob!ematic
GPS-only GPS/GLO GPS-only GPS/GLO Satellite at T2
(i) 08:00-09:00 90.5 100 70.7 92.0 G15
(I) 11:00 -12:00 98.1 100 80.7 100 G21
(9) 16:00 -17:00 100 100 94.0 99.5 G26

It is clear from Table 6.4 that gaps intervals characterise the concerned results of station T2, which
decrease the availability of a fixed solution as shown in Fig. 6.15a. The cause of these gaps is related
to the existence of low elevated satellite, whose signal is affected multipath at each interval. This
was observed when the signal of the distributed GPS satellites was analysed at the sky plot for each
interval, which shows that the low elevated satellites are affected by multipath when passing at a

specific azimuth and elevation, shown in Fig. 6.15b.

For further investigation and following what discussed in Section 6.4.2, the analyses of MP1 and
MP2 values for all observed satellites confirm that these low elevated satellites were susceptible to
multipath as illustrated in Fig. 6.16. As expected, the occurrence of multipath associated with low

SNR, especially on L2, affects the fix of the ambiguity.
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Fig. 6.15 (a) Different periods with discontinuity solution of GPS-only positioning (b) corresponding sky-plot
and (c) improved time series of the combined solution compared to GPS-only at station T2.

On the other hand, the solution of the combined constellations increases the number of valid satellites
and improves the possibility of achieving an estimated position with more reliability. Therefore, the
validation of ambiguity will achieve success and provide a fixed solution of combined systems that
compensates the gap intervals by reducing the noise level with improved quality as shown in Fig.
6.15c.

However, most of the detected cycle slips are corrected as earlier described in Section 6.4.1, some of
them are not accurately corrected, which resulting in wrong ambiguity estimates. In this way, the
incorrect fixing yields positioning with outliers (spikes) appears along the single epoch when using
instantaneous fixing. This was detected along different durations of the GPS-only solution. For
example the data of station T2 in Fig. 6.15 was contained these spikes as shown in Fig. 6.16, which

are caused by the same problematic satellites.

In contrast, the combined GPS/GLONASS solution of instantaneous fixing strategy exceeds this
limitation as demonstrated in Fig.6.17, because it is insensitive to the occurrence of carrier-phase
cycle slip (Verhagen and Teunissen, 2014). If these outliers not dressed in derived solution, that will
influence the correct achieving the derived displacement and frequency as will discuss in details in
the following section. Therefore, it was recommended to exclude these problematic satellites in pre-

processing stage and applying the combined GNSS solution.
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Fig. 6.16 Analysis of SNR and MP of GPS-only for three sessions in Fig. 6.16 at station T2 on 21/07/2015.

z-displacement - Vertical 40 z-displacement - Vertical

=40
-100
40 GR
0
% -40 -40
E’J —— spike due to uncorrected cycle slip spike——™
-100 . . ! . ! -100 . . ! . .
08:0 08:30 09:00 11:00 11:30 12:00
time in (sec) time in (sec)

Fig. 6.17 Appearance of uncorrected cycle slips in the time series of station T2 on 21/07.

Thus, the combined solution reduces the noise level and tackle the gap intervals, in addition,
eliminate the impact of multipath contaminated satellites and achieve a high rate of success fixing of
the ambiguity. This will lead to overcoming the GPS-only limitations in problematic periods and
proves considerable contribution of other GNSS constellations by enhancing the positioning
performance for structural monitoring. Also, to improve the results for the combined solution, we
can filter the problematic and low-quality satellites and introduce observations with clean data when

an adequate number of satellites are available (Tokura et al., 2014).

6.7.2.2 Derived Displacement at Mid-Span Stations
To assess the movement of the suspension cables, the analysis is focused on the mid-span, where the
largest motion is expected. Therefore, the results of the two mid-span opposite stations B and F were

analysed, and a summary of all other results are given in Appendix-B (see Fig. B.1). The comparison
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between the deflections at these stations for 24h showed a similar trend for each component as shown
in Fig. 6.18.

The lateral deflection (x) occurs as a result of wind loading, while the resulting of extensive vertical
deflections (z) that can reach more than 30 cm are due to temperature changes and traffic loading as

shown in Fig. 6.19.
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Fig. 6.18 The daily time series of derived displacement obtained from GPS-only and combined GPS/GLO
solutions at mid-span stations B and F on 22/07/2015.
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Fig. 6.19 The recorded daily data of wind loading and temperature changes at Severn Bridge on 22/07/2015

As can be seen from Fig. 6.18 and Fig 6.19, there is a correlation between lateral deflection (x) and
the wind speed. For example, at maximum wind speed occurred between Shr and 12hr, the lateral
displacement (x) showed a maximum deflection. In addition, the vertical deflections (z) can also be
correlated with the temperature variation of the steel (a blue curve in Fig 6.20) (Roberts et al., 2016).
It is clear that when the temperature increases the vertical displacement (z) decreases due to the steel
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expansion; this can be seen for example at the period of 10hr to 17hr. In addition to the above, it
should be mentioned that in the time interval between 10 hr and 17hr, the traffic load is expected to
reach its peak.

According to the derived displacement shown in Fig. 6.18, it can be seen from different periods that
the combined solution improved positioning results, which might be small but it is still evident. More
specifically, there is an improvement in the displacement time-series of lateral (x-axis) and
longitudinal (y-axis) for the periods 02:00-03:00 and others, which are illustrated in Fig. 6.20.
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Fig. 6.20 Samples of derived displacements along the lateral and longitudinal direction of bridge deformations
detected on mid-span station B on 22nd July 2015.

It is seen from Fig. 6.20 that the noise levels have been reduced when combined GPS/GLO was used.
A similar improvement is also observed in the vertical displacement (z-axis), which however it is not
clear graphically due to the considerable variation in the z-direction in comparison with that in x and

y-direction (this is also clear from Fig 6.18).

Furthermore, as discussed in Section 6.3.2, three monitoring stations were fixed at the handrail of
bridge deck (B1, D1 and G, in Fig.6.2) to detect the deflection in x, y and z-direction. It was found
that the displacement obtained from the handrail stations were similar to that detected from the cable
stations in x (lateral), y (longitudinal) and z (vertical) direction. For example, the oscillation of the
movement at the cable station F (at the mid-span, see Fig. 6.3) was synchronised with the movement

along the handrail station B1 (adjacent to cable point B at the mid-span) as shown in Fig. 6.21.
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Fig. 6.21 The derived time series of displacements along x, y and directions of bridge deformations at mid-
span stations B1 and F on 21st July 2015.

Therefore, it is expected that the magnitude and the frequency of the movement at these two stations
would be similar for the same constellations. It should be noted that, three different periods of
continuous collecting data were gathered at station B1 (only two of them are shown in Fig.6.21,
named as ‘1% period’ and ‘2" period’) in which the recording data was stopped after each set of data
while the time series of station F was recording continuously for the whole 24 hours. To show the
effect of adding the GLONASS on improving the positioning, X, y and z displacement during the
most obvious noisy time interval period (11 hr to 12hr) are plotted in Fig. 6.22. As can be seen, the
combined GPS/GLONASS reduces the detected deflection of the GPS-only solution particularly for
horizontal displacement (x and y components).
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Fig. 6.22 Comparison between time series of GPS-only and combined GPS/GLONASS of station B1 at period
11:00 — 12:00 on 21/07/2015.

6.7.3 Frequency Response at the Severn Bridge

After analysing the bridge movement at monitoring stations (see Sections 6.7.2) in linear time series
along lateral, longitudinal and vertical displacements, the natural frequencies of a bridge can be
identified and analysed by spectral analysis of these movements. As the derived time series had an
acquisition rate of 10 Hz for the GNSS observations, it is possible to detect the frequencies up to 5

Hz based on the Nyquist theorem (Meng et al., 2007). Apparently, most of the analysed time series
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in this monitoring is discontinuity with gaps. Therefore the most suitable technique for such analysis
is the Lomb Normalized Periodogram (LNP) using Norm-Period code (Pytharouli et al., 2006,
Psimoulis et al., 2008). Subsequently, the Norm-Periodogram was applied to the time series of every
component of movement at all stations of towers, cables and handrails to derive the frequencies of
the movement with both GPS-only and combined GPS/GLONASS solutions.

In addition, the Fast Fourier Transform (FFT) technique was also used (using FFT Matlab code) to
check the derived frequencies when applying continuous data. It should be mentioned that, due to
the discontinuity in the time series data of the displacement, FFT was only applied to the selected

period where there is no gap in the time series.

As discussed in the above section (see section 6.7), the noise has an impact on the derived
displacement in the time series of the GPS-only solution along with some limitations, which was
improved by adding GLONASS in combined GPS/GLONASS solution. Consequently, it is possible
to assess how that noise and constraints will effect on the derived frequencies by analysing the

detected peaks and dominant frequency of spectrum in every solution.

It is worthwhile to analyse the frequency where the maximum availability is 100% to make sure that
the GPS; (i) has a good geometry with a sufficient number of valid satellites which achieved an
optimum performance and (ii) has a continuous time series which enables to apply FFT in frequency
analysis. The optimum time intervals were selected to be from 16:00 to 17:00 and from 17:00 until
18:00, presented in Fig. 6.14. Dominant frequencies of the displacement time series for x-lateral, y-
longitudinal and z-vertical (of both GPS-only and combined solutions) using LNP and FFT are

compared and summarised in Table 6.5.

Table 6.5 The derived dominant natural frequencies by FFT and LNP at tower station T1.

Freq. at interval (16:00 — 17:00) Freq. at interval (17:00 — 18:00)
GPS-only GPS/GLONASS GPS-only GPS/GLONASS
Component FFT LNP FFT LNP FFT LNP FFT LNP
(Hz) (Hz) (Hz) (Hz) (Hz) (Hz) (Hz) (Hz)
x-lateral 1t 0.153 0.153 - 0.153 0.150 0.152 - 0.152

2nd* 0.336 0.336 - 0.336

y-longitudinal 0.145 0.145 - 0.145 0.145 0.143 - 0.143
z-vertical 0.153 0.153 - 0.153 0.150 0.152 - 0.152

2" *: This is the dominant frequency with the highest amplitude

As can be seen from the above Table, the frequency data obtained from LNP is well agreed with that
obtained from FFT. Due to the presence of gaps in limited epochs of the combined solution, FFT
technique was only applied for GPS-only. It is seen that although there are different levels of noise
in the derived displacement between two solutions (GPS-only and combined), the dominant
frequency in two solutions showed similar values in X, y and z directions. It was also observed that

the dominant peak in longitudinal and vertical direction was clear (i.e. one distinctive peak) while
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for the lateral direction there was more than one (low amplitude) peak, as it is presented in Table 6.5
(i.e. 13 and 2" for x-component). Roberts et al. (2015) reported that the dominant frequency of four
tower stations in the Severn Bridge is approximately 0.146 Hz in the longitudinal direction, which is

agreed with the data shown in Table 6.5.

Spectral diagram of GPS-only solution using FFT at time interval 17:00-18:00 in Table 6.5 is plotted
in Fig.6.23. It is important to notice that the analysis of linear spectrums solely represented up to 1
Hz (not the whole spectrum of 5Hz) as the main frequencies are concentrated in regions below 1 Hz.
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Fig. 6.23 FFT spectra of GPS data on tower station T1 at the period 17:00 — 18:00.
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Fig. 6.24 Analysis of movement at tower station T1 (a) displacement time series (b) logarithmic spectra of
movement (c) linear spectra of the GPS-only solution and (d) linear spectra of combined GPS/GLO solution.
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For analysis with LNP technique, Fig. 6.24a presents the comparison between detected displacements
obtained through a GPS-only positioning (blue colour) with the corresponding time series derived
from combined GPS/GLONASS solution (green colour).

Due to a reduction in noise level, a slight improvement can be considered in components of the
combined solution against the solution of GPS-only. The evidence of this reduction can be seen in
the LNP spectrum of Fig. 6.24b, especially in the longitudinal component.

As mentioned earlier (in Table 6.5), the detected peaks in the linear LNP spectrums are similar to the
detected frequencies from GPS-only and combined solution as presented in Figures 6.24c and 6.24d.
This indicates that the dominant frequency from GPS-only will not be affected by low noise level
when GPS solution derived from clean observed data with proper geometry. On the other hand, when
the GPS-only solution has an issue of any problem along with the noise, (i.e. weak geometry, the
existence of problematic satellite affected by multipath or multiple cycle slips), these issues have an

impact on the identified frequency.

It has been already shown that the uncorrected cycle slips affect the derived displacement (see
Section 6.7.2), which prevents identifying the correct frequencies. In addition, when the multipath
occurred in bridge monitoring, it will be considered as a very low-frequency fluctuation (Ogaja and
Satirapod, 2007) and it is characterised by frequencies <0.05 Hz (Moschas and Stiros, 2014a). This
was detected in the analysis of movement at tower stations at different periods of measurements.

For example, when analysing the movement of tower points at period 08:00 — 09:00 on 21% July, it
was observed that some peaks of detected frequencies were lost from the spectrum of the GPS-only,
while they appeared in the spectrum of a combined solution as shown in Fig. 6.25. This might be due
to the high noise level exist in GPS-only solution.
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Fig. 6.25 Analysis of vertical movement at tower stations T1 and T2 at period 08:00 — 09:00 on 21st July.
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For the station T1 (Fig. 6.25 left), it is clear that the peak of frequency 0.153 Hz was not detected in
the GPS-only spectrum due to weak geometry with a limited number of satellites. This undetected
peak was identified with a combined solution. This dominant frequency (0.153 Hz) was already
detected in a good GPS geometry interval of (17:00 -18:00) as already shown in Table-6.5, indicating
that this peak corresponds to the actual frequency of the signal and not the noise.

Similarly in Fig. 6.25 right, the time series of station T2 displacement has a problem with satellite
G15 affected by multipath (assessed in Fig. 6.16), Which caused gap interval beside weak geometry.
Therefore, two peaks of 0.154 and 0.186 Hz are not detected in a lateral component as well as the
vertical component when spectrum derived at an interval of weak geometry.

To identify the natural frequencies of movements for sequential hours, a Matlab script was written
in this study to analyse these subsequent periods. Therefore, the natural frequencies of the bridge
tower were identified for the separate sequential 24h or more. The results indicate that a stable value
of noticeable natural frequencies can be achieved along the longitudinal movement of tower station
within 0.143 - 0.148 Hz, while variable values of frequencies were identified along the lateral and

longitudinal direction of movement. The results are listed in Appendix-B (Fig. B.5).

In the same procedure, the frequency of movement at mid-span stations can be identified. Two time
periods were chosen at 03:00 — 04:00 hr and 18:00 — 19:00 hr on 22" July, in which the maximum
availability of fixed solution was achieved. Table 6.6 summarises the identified frequencies at mid-
span station B according to FFT and LNP techniques, while Fig. 6.26 illustrates the derived peaks of
identified frequencies at this station.

Table 6.6 The derived natural frequencies by FFT and LNP at cable mid-span station B.

Interval (03:00 — 04:00) Interval (18:00 — 19:00)
Component GPS-only GPS/GLONASS GPS-only GPS/GLONASS
P FFT LNP FFT LNP FFT LNP FFT LNP
(Hz) (Hz) (Hz) (Hz) (Hz2) (Hz) (Hz) (Hz)
x-lateral 0.093 0.093 0.093 0.093 0.096 0.096 - 0.096
y-longitudinal 1t 0.187 0.187 0.187 0.187 0.189 0.189 - 0.189
2nd * 0.292 0.292 0.292 0.292 0.289 0.289 - 0.289
z-vertical 0.144 0.144 0.144 0.144 0.145 0.145 - 0.145

2"¢* js the dominant frequency, when there is no FFT value that means discontinuity time series.

Comparing Table 6.6 and Table 6.5, one can see that the dominant frequency of the vertical
component at cable mid-span station B (in Table 6.6) is almost similar to that of the longitudinal
component (in Table 6.5), which is approximately 0.145 Hz. This finding proves that the
longitudinal movement of the top of the bridge tower agrees with the vertical movement of the

mid-span stations, which coincides with the finding reported by Brown et al. (2007).

It is also seen from Table 6.6 that the frequency obtained from the time series of the displacement
for the GPS-only is close to that for the combined (GPS/GLONASS) solution, indicating that the
dominant frequency is quite independent on the noise associated with the GPS-only solution (this

noise was due to satellite geometry, as already discussed in section 6.6).
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Fig. 6.26 FFT spectra of GPS data on mid-span station B at the period 17:00 — 18:00.

In contrast, for cable station B at the noisy interval (08:00-9:00, also refer to Fig 6.18), the derived
frequency showed the appearance of frequency peaks at the spectrum of combined GPS/GLONASS
solution, while losing these peaks from the spectrum of the GPS-only solution as illustrated obviously
in Fig. 6.27. This is due to the high level of noise and multipath effect.
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Fig. 6.27 The spectra of GPS-only and the combined GPS/GLONASS at mid-span station B.

To demonstrate the derived frequencies at all bridge-monitoring stations for the same observed
duration, the period 03:00 — 04:00 on 22" July was chosen to summarise an overall depiction of
identified frequencies, for most of the monitored stations as listed in Table 6.7.

Table 6.7 The derived natural frequencies by LNP at period 03:00 — 04:00 on 22nd July 2015

. Freq. at x-lateral Freq. at y-longitudinal Freq. at z-vertical
Bridge  giion  Freq.  GPS-only  GPS/GLO  GPS-only  GPS/GLO  GPS-only  GPS/GLO
element (H2) (H2) (H2) (H2) (H2) (H2)
T1 0.155 0.155 0.144 0.144 0.155 0.155
Towers T2 0.159 0.159 0.144 0.144 0.159 0.159
T3 0.160 - 0.143 - 0.160 -
T4 0.159 - 0.144 - 0.158 -
5 = 0.093 0.093 0.187 0.187 0.144 0.144
Cable 2nd 0.292 0.292
Mid-span . 1= 0.093 0.093 0.187 0.187 0.144 0.144
2n 0.292 0.292
A e 0.093 0.093 0.187 0.187 0.144 0.144
Cable 2nd 0.292 0.292
5 1 0.093 - 0.187 - 0.144 -

2n 0.292 -
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6. 8 BeiDou/Galileo Satellites in the Severn Bridge monitoring

As stated in Section 6.3.3 that during conducting GNSS data at Severn Bridge site, a number of
BeiDou and Galileo satellites were observed by the receivers at the second base station R and other
individual rover stations (D1, B1, B and G). From the current BeiDou operational constellation,
although, MEO and IGSO satellites appear at the sky of Severn Bridge site, most of them can be
observed with low elevation angles. Therefore, a few satellites will be visible with 15° cut-off
elevation angle. This leads to tracking limited BeiDou satellites during collecting data (i.e. mostly
just one or two visible satellites appear) as shown in Fig. 6.28.
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Fig. 6.28 The BeiDou and Galileo visible satellites observed at a base station (Rf) of monitoring the Severn
Suspension Bridge.

In addition, limited operating Galileo satellites were also observed during measurements time (July
2015). As depicted in Fig.6.28 that only three satellites were operated (E11, E12 and E19) with
another unhealthy one (E26), which has problems in the navigation data. Therefore, when two or
more BDS or Galileo satellites are available, it can be added to GPS observations to investigate their

contribution to the positioning performance.

As analysed in Chapter 5, when a number of satellites from other GNSS constellations integrated
with GPS observations, some of the limiting factors that degrade the GPS-only solution are expected
to be overcome. For instance, the reduced availability of fixed solution is expected to be improved
for a combined solution of GPS with other added GNSS satellites. In addition, the positioning
precision can also be improved with a reduction in noise level. Thus, different GNSS solutions were
implemented, and their results were compared with a GPS-only solution to reveal the expected
improvement. As shown in Fig. 6.28, the maximum available BDS/Galileo satellites can be observed

at the base station on 20™ July, while the counterpart of rover observations was at the handrail station



Chapter-6 171

D1 (adjacent to station D on the cable, see Fig. 6.4). The visibility results of different highlighted
GNSS solutions are listed in Table 6.8.

Table 6.8 The visible BDS and Galileo satellites with different GNSS solutions at handrail station D1 on 20th
July.

BDS . Availability of fixed solution (%)
Intervals Galileo (E) .
© GPS-only GPS+BDS  GPS+Galileo  GPS+C+E
q 16:00 — 17:00 C09, C14 - 99.0 99.4 - --
r 17:00 — 18:00 C09, C14 - 96.1 97.4
s 18:00 - 19:00 C09, C14 - 99.8 100.0 - --
% 21:00 - 22:00 C07,C10  E11,E12,E19 100.0 100.0 100.0 100.0
w  22:00-23:00 C07,C10  E11,E12,E19 92.8 97.1 100.0 100.0
X 23:00 — 24:00 C07,C10  E11,E12 E19 90.9 97.3 100.0 100.0

It is seen from the table that when the availability of the GPS-only is already at optimum level, the
effect of adding Galileo and BDS is not that significant, while when the availability of the GPS-only
is low (due to, for example, a weak geometry or limited number of satellite ), the improvement effect
of adding Galileo and BDS is noticeable, as can be seen at intervals w and x. At w-interval, the
improvement of adding BDS reduced the gap from 7.2% to 2.9% while adding Galileo to achieve
optimum availability with no gap. In addition, for x-intervale, it is clear that the gap limitation
reduced from 9.1% (GPS-only) to 2.7% (GPS+BDS), where adding the Galileo (i.e. GPS+ Galileo)

eliminated the gap limitation completely.

As analysed in Section 4.6, that one of the limitations of GPS-only in relative to the high latitude is
the distribution of GPS satellites due to the inclination of GPS orbits, which has a significant effect
on achieving precise northing. Furthermore, in some cases, the distribution of GPS satellites required
other GNSS satellites to have a geometry that is more robust and enhanced the positioning solution.
Therefore, adding BDS and/or Galileo to GPS-only can also improve the limited geometry of
distributed satellite associated by the GPS-only solution. To show the effect of adding other
constellation (BDS/Galileo) on the derived positioning, Fig. 6.29 illustrates the analysed results for
the period from 22:00 -23:00.

A slight improvement on the lateral (x) displacement can be achieved when adding either BDS or
Galileo to the GPS-only, as shown in Fig 6.29a while adding both consultations to GPS showed a
significant improvement as shown in Fig 6.29 (right graphs). Fig 6.29 (c), a sky plot is shown which
clearly indicates that adding both constellations improved the geometry-distribution. The mean of
computed DOP values at this period(22:00-23:00) are demonstrated in Table 6.9. It can be seen that
the DOP values were improved after adding either or both consultations to GPS. For example, the
GDOP of GPS-only was 2.8 while adding both BDS and Galileo reduced the GDOP value to 2. From
the above results of adding BDS/Galileo satellites, it is evident that the future of Galileo and BeiDou

constellations to improve the GNSS positioning is promising and needs further investigation.
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Fig. 6.29 The contribution of BeiDou and Galileo observed satellites at handrail station D1 (at a period of
22:00 to 23:00.

Table 6.9 The geometry of different GNSS solution represented by mean DOP values at period 22:00-23:00
on 20th July.

GNSS Mean DOP values at 22:00-23:00
solution GDOP PDOP HDOP VDOP
GPS-only 2.8 2.4 1.2 2.1
GPS+BDS 24 2.1 11 1.8
GPS+Galileo 2.4 2.0 1.0 1.8

GPS+BDS+Galileo 2.0 1.8 0.9 15
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6. 9 Forth Road Bridge Monitoring

The conducted GNSS observations at the Forth Road Bridge represent the second case study that
used in the current research to investigate and validate the implementing of the suggested
methodology (see Section 6.2), which is used to overcome the limitations of GPS observations and
improve the positioning performance for structural health monitoring. The location of this bridge, in
comparison with Severn bridge (discussed previously), is relatively higher (by 4.5°) which gives the
opportunity to investigate the GPS results at the relatively higher latitude and evaluate the
contribution of GLONASS to enhance the monitoring procedure in the combined solution. In
addition, the possibility of using GLONASS alone and its effect on the positioning as an alternative

solution in structural monitoring was also investigated and analysed.

6.9.1 Forth Road Bridge Description

The Forth Road Bridge as shown in Figure 6.30 is a long span suspension bridge that located in east
central Scotland and crosses the Firth of Forth. It was inaugurated in 1964 to connect the north of
Scotland with Edinburgh in the south at Queensferry. The centre of bridge is located at (lat. 56° 00’
05” N, long. 03° 24’ 15” W) and the main span of the bridge is oriented at bearing of N 03° E. The
bridge is carrying the A90 road of the UK, and has an overall length of 2.5 Km (Roberts et al., 2012,
Han et al., 2016), while the central suspended main span is 1006m long between two steel towers
that have height of 156 m above water level. Currently, the bridge has permanent structural health
monitoring established as part of a GeoSHM project that sponsored by ESA (Meng et al., 2016).

Fig. 6.30 The Forth Road Bridge.

6.9.2 Monitoring Stations on the Forth Road Bridge

To investigate the dynamic oscillations of the bridge by using multi-GNSS observations, three
monitoring stations were installed at specific locations on the bridge’s structure, in addition to the
forth stable station that set up to be the reference base station. Each station was equipped with
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LEIAR10 antenna, which fixed and connected to GNSS GR10 Leica Geosystem receiver. That
means all receivers at the base and rover stations are similar/homogeneous receivers. Two of them
were installed at the mid-span of the bridge deck and to reduce the multipath effect; they fixed on
4m tall masts at P2 and P3 stations on opposite side as illustrated in Fig. 6.31. While the third one
was located on the top of the southern bridge tower on the west side at station P4 to record the
response of movement at this tower. The reference station P1 was installed in a location within 1 km
away south from the southern tower (Psimoulis et al., 2017).

Fig. 6.31 Locations of monitoring stations upon the Forth Road Bridge.

All receivers are recording GNSS data from GPS and GLONASS with a sampling rate of 10 Hz. The
conducted GNSS measurements were gathered for two continuous days of 48 hours on 9" and 10%
January 2016. The coordinates of the reference station (obtained from P1) were supplied from well-
previous data/records, while the initial coordinates of other monitoring stations (under the current
investigation) are computed and defined from the mean values measured at the first 10 min of the
fixed solution. To minimise the values of relative coordinates to the same origin at the base station,

the derived coordinates are listed in Table 6.10.

Table 6.10 The initial coordinates of monitoring stations of Forth Bridge.

Components of short baseline (m.)

Location Stations
E(x) N(y) U@
Base station P1 00.000 00.000 00.000
mid-span station P2 -10.606 1528.704 18.586
mid-span station P3 25.775 1527.646 18.660
tower station P4 -17.767 1026.585 109.544

6. 10 Pre-Processing Analysis at the Forth Road Bridge

As described in methodology (see Section 6.2), an initial step is to assist first the observation quality

(Section 6.4). This can be achieved by detecting cycle slips and define the measurements that
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contaminated by multipath effect from specific satellites, in addition to analysing the satellite
geometry. Therefore, the pre-processing procedures will reveal the identified weak observations that
should be taken into consideration when investigating the derived results. Although the selection of
the cut-off elevation angle at 15° enables to exclude all received data below this elevation, the
observed satellites within 15° (i.e. low elevated rising and setting satellites) are still subjected to
cycle slips and multipath.

In the pre-processing analysis, it was observed different low elevated satellites, which are vulnerable
to cycle slips and multipath. However, the base station was set up in an open sky environment, which
ideally considered being free from multipath effect; the observations at some periods reviled that P1
could be detected as contaminated data with multipath and cycle slips for both GPS and GLONASS

as shown in Fig. 6.32.
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Fig. 6.32 Detected cycle slips on visible satellites of GPS (top) and GLONASS (bottom) at the base station on
09th Jan.
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As shown in Fig. 6.32 (top), among the visible observed GPS satellites during the 24h, some satellites
at specific periods are detected as affected satellites by cycle slips (red circles in the figure). The
more prominent satellites are G21, G23, G25, G29, G30 and G32. At the same time, several of the
GLONASS observed satellites are featured with cycle slips as shown in Fig. 6.32 (bottom); these are
RO1, RO5 and R11, in addition to other satellites with single cycle slip.

To clarify the above in more details, a period (c) at 02:00 -03:00 was chosen to analyse the quality
of GNSS observations at the base station as shown in Fig. 6.33.
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Fig. 6.33 The analysis of observed GPS and GLONASS satellites at the base station P1 on 9th Jan.

In Fig.6.33 (left), it is clear that the GPS setting satellite G29 has a low SNR2 that shows a significant
fluctuation in their values, which was susceptible to multipath as detected with MP2. Whereas
Fig.6.33 (right) shows the GLONASS satellite RO1 raised with 15° elevation angle with low SNR2,
which was changed rapidly with the occurrence of multipath. It should be noted that for the sake of

brevity, the represented data is shown with frequency L2 only.
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For more evidence on the effect of cycle slips and multipath at the base station, the sky-plot is
illustrated as shown in Fig. 6.33d. It was found that the multipath or the cycle slip occurred when the
low elevated satellites tracked at azimuth between 60° and 80°.

It should be mentioned that, at this azimuth range, the satellite signals might be either blocked or
degraded. This is owing to discontinuity measurements recorded from these low elevated satellites,
in addition to the presence of cycle slips at short durations. This could be attributed to the existence
of any possible obstacle object near the base station during the receiving GNSS signals at this range

of azimuth.

In the same manner, when applying the pre-processing analysis to the GNSS data of each monitoring
station, various satellites with low-quality observations were identified along different periods. It is
worth mentioning that, the observations quality at the mid-span stations P2 and P3 are better than
that collected at the tower station P4. This means that the site environment at the mid-span stations
is less susceptible to multipath and cycle slips, which will confirm more specifically when process
the GNSS collecting data. The results of detected cycle slips on GNSS satellites are given in
Appendix-C (Fig. C.1).

6. 11 Fixed Solution Availability at the Forth Road Bridge

As mentioned above in Section 6.10, the evaluation of GNSS measurements, which correspond to
weak observations (i.e. contaminated by errors, etc.) at some intervals, should be taken into
consideration. Consequently, the contaminated observations from low elevated satellites could
prevent resolving the ambiguity resolution (especially for limited satellites of the individual
constellation), which increase the failure rate of fixing the ambiguity and in turn will reduce the

availability of fixed solution (Verhagen and Teunissen, 2013, Teunissen et al., 2014).

In order to investigate the impact of contaminated observation on the fixing rate availability, the
collected GNSS data at each monitoring stations (P2, P3 and P4) have been post-processed using
RTKLIB v2.4.2. Thus, the DD kinematic positions were generated for every hour of the full day with
15° cut-off elevation angle for GPS-only and combined GPS/GLONASS solutions. In order to fix
the ambiguity and based on the instantaneous mode, the fixing rate of availability was assessed at
each period for GPS-only and combined GPS/GLONASS. The use of instantaneous fixing mode
helps to identify the low-quality positioning obtained by low quality or contaminated observations
(Verhagen and Teunissen, 2014). Therefore, the periods with a specific degradation in fixing rate

availability can be quantified.

Fig. 6.34 shows the fixing rate availability for an apparent GPS-only solution at monitoring stations
(P2, P3 and P4), which are defined for every hour of the full day of 9" Jan. It is clear that the

occurrence of reduced availability at mid-span stations (P2 and P3) is less than that at the tower
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station (P4). The high level of contaminated observation occurred at station P4 might be due to the
site environment, which reduces the quality of observed signals, as discussed in Section 6.10.
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Fig. 6.34 The fixing rate availability of apparent GPS-only solutions at monitoring stations (P2, P3 and P4) of
Forth Road Bridge on 9th Jan.

To obtain a clean data and improve the fixing rate of ambiguity, the corresponding contaminated
observations were removed during the data processing. However, most of the detected cycle slips
can be corrected in the processing stage, while the multipath effect can be effectively removed by
excluding the contaminated data from the specific observed satellite. For example, since the
observations of tower station P4 contain the most contaminated data, the fixing rate of availability
would be improved by excluding the contaminated observations in each period, as explained in Table
6.11.

Table 6.11 Availability of fixing the rate at tower station P4 for every hour of a full day on 9th Jan.

Availability % of Satellites featured with Availability % of
Hourly periods Apparent solution Multipath, cycle slips Improved solution
G GR GPS GLONASS G: inst. G: fix GR: inst.
a  00:00-01:00 90.7 99.9 - - 90.7 99.6 99.9
b 01:00-02:00 74.1 99.1 G31 - 78.1 99.7 100
¢ 02:00-03:00 75.7 91.7 G29 G31 RO1 92.3 99.9 100
d  03:00-04:00 100 925 - R15 100 - 100
e  04:00-05:00 100 100 - - 100 - 100
f  05:00-06:00 99.4 99.8 - - 99.4 - 99.8
g  06:00-07:00 81.9 70.5 G03 R05 R09 100 - 99.8
h  07:00 - 08:00 96.0 70.2 G03 G19 - 100 - 100
i 08:00 — 09:00 98.5 83.7 G23 R06 -R13 100 - 100
i 09:00 - 10:00 96.5 96.6 - - 96.5 - 96.6
k  10:00 - 11:00 60.2 50.8 G09 G32 R07 R15 R20 70.9 99.1 99.2
| 11:00 - 12:00 67.0 67.6 G17 G19 R21 89.3 99.2 100
m  12:00 - 13:00 77.6 99.9 G30 - 80.0 99.9 100
n  13:00 - 14:00 74.8 87.6 G06 G23 G30 - 74.8 98.9 100
o  14:00 - 15:00 36.3 85.6 G02 R11 81.3 100 100
p  15:00 - 16:00 92.6 99.7 G09 RO9 R11 92.6 95.1 100
q 16:00-17:00 99.8 89.9 G24 R12 R19 99.8 - 99.6
r  17:00 - 18:00 68.4 95.3 GO05 G20 R10 R19 89.4 99.7 100
s 18:00-19:00 81.3 55.8 G12 G20 RO1 R21 100 - 100
t  19:00 -20:00 98.5 82.8 G18 G25 R02 R11 98.6 - 99.5
u  20:00-21:00 81.4 99.0 G15 G17 G19 - 81.7 100 100
v 21:00 — 22:00 71.6 96.6 G29 - 73.1 99.7 100
w  22:00 -23:00 59.5 94.0 G06 G14 - 59.5 98.3 100
X 23:00 — 24:00 39.9 96.8 Gl4 R0O7 41.1 67.0 97.6




Chapter-6 179

However, excluding the contaminated observations increases the fixing rate in most periods; an
optimum availability is still unachieved in some periods. This can be attributed to noisy data or low-
quality measurements (i.e. limited number of satellites or low SNR), which might prevent fixing the
ambiguity with the instantaneous mode. It is clear from Table 6.11 that using the instantaneous mode
cannot achieve a high rate of availability (e.g. at b, k and other periods). Therefore, an alternative
technique of fix and hold mode (which relied upon the Kalman filter) can be used to improve the rate
of availability at these specific periods, Fig. 6.35.
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Fig. 6.35 The fixing rate availability of improved GPS-only and the corresponding combined GPS/GLONASS
solutions at monitoring stations (P2, P3 and P4) of Forth Road Bridge on 9th Jan.

It is also seen in Fig. 6.35 that the improved GPS-only solution using either instantaneous or fixed
and hold technigues success to achieve an optimum availability at the majority of periods, except a
period x (23:00 — 24:00), which suffered from a limited number of satellites (i.e. four satellites with

low geometry).

On the other hand, the combined GPS and GLONASS solutions achieved an optimum availability of
fixing the rate of ambiguity at all periods. This leads to comparable results between GPS-only and
combined GPS/GLONASS solutions with equivalent availability, which allows investigating the
contribution of combined GNSS against GPS-only positioning in the assessment of derived

displacement and frequency response for dynamic monitoring of Forth Road Bridge.
6. 12 Derived Displacement at the Forth Road Bridge

To investigate the deflection of the Forth Road Bridge, the relative displacements have been
calculated at each monitoring station by using different GNSS measurements. The computed GNSS
displacements at each epoch were estimated from the difference between the pre-defined initial
coordinates and the measured coordinates at the monitoring stations (obtained from each receiver)

of the bridge to produce the time series of the derived displacement along 3D components of bridge
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movement. Due to the location of the bridge site at high latitude areas (¢9=56°N), the computed GNSS
positions are affected by the satellite geometry, which has an impact on the derived displacement.

When employing the GPS-only positioning at high latitudes, it is expected that the number of visible
observed satellites in E-W direction would be greater than that in the N-S direction. This is due to
the fact that the design of the GPS constellation includes an inclination angle of 55° (Meng et al.,
2004). This variation of distributed satellites affects, in turn, the achieved accuracy of the horizontal
components in the E-W and N-S directions. In addition, the vertical component is already less
accurate than the horizontal component. Therefore, the GPS-only positioning has a disparity of
achieved accuracy along the three components, which influences the accuracy of derived
displacement. Thus, to strengthen the positioning performance with more accurate results, the
combined GPS/GLONASS has been proposed to obtain more precise structural deformation data and

overcome the GPS-only limitations.

In order to identify the periods of weak geometry during the bridge monitoring, the 24h
measurements of the first day were used. Thus, the DOP values are computed for the GPS-only
constellation as well as for combined GPS/GLONASS to investigate the improved geometry as
illustrated in Fig. 6.36a. It is clear from Fig. 6.36a that the periods of a limited number of satellites
has a weak geometry, especially at the periods of a sharp decreasing in the number of satellites, which
might accompany with spikes of high magnitude of DOP values as observed in hourly periods of a,
p, u, vand x (Fig. 6.36a.). For these periods, a definite improvement was attained with the increasing
of observed satellites when adding GLONASS to GPS observations in combined positioning; in
addition, all the spikes of the weak geometry of GPS-only are removed in the combined
GPS/GLONASS geometry. These events indicate that a more robust and reliable solution can be
achieved with combined GPS/GLONASS solution.

From the linear correlation as discussed in Section 4.7, it has been proved that there is a correlation
between the geometry and the noise of measurements, thereby it is expected that the periods of weak
geometry with high DOP values introduce noisy results of computed positions that have an impact

on the derived displacements.

Thus, to quantify any improvement in the relative displacement due to the applying of combined
GPS/GLONASS solution, the results of derived displacements are compared between two datasets;
the first was the time series using the observations of GPS-only satellites and the second when using
the data of combined GPS/GLONASS. This comparison was applied to the resulting displacement
at all monitoring stations (P2, P3 and P4) for 24h of the first day of monitoring as shown in Figs.
6.36b and 6.36¢.
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Fig. 6.36 Comparison between derived results from GPS-only and the corresponding combined
GPS/GLONASS solutions for (a) GDOP values with the number of satellites, (b) and (c) the derived relative
displacement at monitoring stations (P2, P3 and P4) of Forth Road Bridge on 9th Jan 2016.
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It can be shown in Figs. 6.36b and 6.36¢ that different periods were considered to demonstrate the
impact of the combined solution on the detected displacement, where significant differences can be
achieved between the derived displacement from GPS-only results, and that computed from
combined GPS/GLONASS solutions. Therefore, the positioning performance at these intervals needs
further investigation. In addition, Figs. 6.36b and 6.36¢ are showing the overall response of bridge
deflection during the 24 hours on 09/01/2016. It can be seen from Fig. 6.36b that both mid-span
stations P2 and P3 showed a similar trend of movement along the three components.

The smallest movement at these mid-span stations was observed along the y (longitudinal)
component compared with the z (vertical) and x (lateral) movements. As the main axis of the Forth
Road Bridge is oriented to the North direction, the expected improvements of combined

GPS/GLONASS solution can be evaluated along the longitudinal component.

However, a limited movement was observed in the lateral component at the first 8 hours, followed
then by a gradual increase of the lateral deflection (x) to reach 25 cm in relative to the initial value.
The most significant movement at the mid-span stations occurred at vertical component as shown in
Fig. 6.36b, which can reach 30 cm. in contrast, the vibrated movement at tower station as shown in
Fig. 6.36¢ exhibits a somewhat similar trend among the three components of movement. Regarding
the positioning performance, in order to examine the GPS-only solution and what improvement can
be achieved when implementing a combined GPS/GLONASS solution, various hourly periods have
been extracted from the time series (shown in Fig. 6.36) to analyse the positioning performance in
more details. Analysing the results at monitoring stations (P2, P3 and P4) at the period (c) in Fig.6.37
during (02- 03h) showed a considerable improvement in derived displacement when adding
GLONASS to GPS observations.

Figs. 6.37 (a-c) reveals that although improvements on the x-lateral displacement were relatively
small, significant improvements were observed on the y-longitudinal and z-vertical deflections. The
slight improvement in x-lateral deflection is related to a stable geometry of GPS-only in E-W
direction, due to the sufficient distributed GPS satellites in that direction, while limited GPS satellites
being in the N-S direction as shown in the sky-plot of Fig. 6.37e. Thus, the weak geometry of GPS-
only solution affects the N-component, which leads to degradation in N positioning that appears as
a noisy solution at this interval.

Conversely, the combined GPS/GLONASS solution strengthen the satellite geometry by adding
GLONASS observations, which indicates well-distributed satellites with more robust geometry,
leading to more accurate and reliable results. To evaluate the improved geometry mathematically,
the mean values of different DOPs in the period (c) at (02— 03h) were computed for GPS-only and
combined GPS/GLONASS, and the results are listed in Table 6.12. The comparable results showed
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that the geometry of the combined solution resulted in a 50% improvement in HDOP values that
appeared on enhanced N components.
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Fig. 6.37 Analysis of derived displacement in period ¢ at (02:00 — 03:00) for GPS-only and the corresponding
combined GPS/GLONASS solutions (a-c) at monitoring stations, (d) the computed geometry and (e) the sky-
plot of distributed satellites at this interval on 9th Jan 2016.

Table 6.12 Availability of fixing rate ambiguity at a monitoring station in period ¢ at (02:00 — 03:00).

Solution Availability of fixing rate % Mean Mean Mean Mean

P2 P3 P4 GDOP PDOP HDOP VDOP
GPS-only 99.9 99.9 99.9 3.1 2.7 18 2.0
GLONASS-only 99.7 99.5 97.1 3.9 3.44 1.3 3.1
GPS+GLONASS 100 100 100 19 17 0.9 14

Improvement* 29% 27% 50% 30%
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To examine the positioning performance at another interval, period P (see Table 6.11) was selected
and analysed. The GPS-only solution in the period P at (15:00-16:00) exhibited noisy behaviour,

which was detected in all monitoring stations (P2, P3 and P4) as shown in Fig. 6.38a-c.
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Fig. 6.38 Analysis of derived displacement at p-period (15:00 — 16:00) for GPS-only and the corresponding
combined GPS/GLONASS solutions (similar to Fig. 6.37).

Table 6.13 Availability of fixing rate ambiguity at the monitoring station at p-period (15:00 — 16:00).

Solution Availability of fixing rate % Mean Mean Mean Mean

P2 P3 P4 GDOP PDOP HDOP VDOP
GPS-only 98.1 98.1 95.5 4.8 4.0 21 34
GLONASS-only 100 100 69.0 3.0 26 15 21
GPS+GLONASS 100 100 99.8 1.9 16 09 13

Improvement*

60%

60%

57% 62%
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This noise is associated with the weak geometry that induced by a limited number of GPS satellites
as displays in Fig. 6.38d, which also shows a spike in high DOP values for both HDOP and VDOP
factors. Therefore, in the GPS-only solution, the longitudinal and vertical components of derived
displacement at monitoring stations contains a high level of noise particularly at the first ten minutes
which gives a false indication of the actual (real) displacement due to the magnification caused by

such noise.

The combined GPS/GLONASS solution shows substantial improvements on derived displacements
with added GLONASS observations. Apparently from Fig. 6.38, an enhanced satellite geometry of
combined solution was achieved with no spikes that lead to improving overall positioning
performance. As demonstrated in Table 6.13, the percentage of improvement in the geometry of the

combined solution compared with GPS-only was 57% and 62% for HDOP and VDOP respectively.

The impact of this improvement will appear on the derived displacements in which the longitudinal
displacement extracted from GPS-only solution can reach 7cm, while this was reduced in combined
solution to be within 1cm (Figs. 6.38a-c). In addition, the derived vertical displacement of the
combined solution at tower point P4 was within 1cm instead of 12cm with GPS-only. According to
Wang et al. (2010), the accuracy of a kinematic positioning by using DD in GPS-only is quantified
as 1-2 cm + 1ppm of baseline length. It should be noticed that in the current study, the maximum
length of the baseline was about 2.5 km. Therefore, the acceptable uncertainty in position (according
to (Wang et al., 2010) should be within 1 cm, while the current GPS-only data exceeds this acceptable
limit.

One of the prominent example of improved positioning performance when implementing combined
GPS/GLONASS solution can also be seen in a period x at (23-24h). In this period the deficiency of
GPS-only solution is related to limited visible satellites in which observing limited satellites with

weak geometry introduced noisy solution as shown in Fig. 6.39a-c.

It is clear from Fig. 6.39a-c that both y and z components of derived displacements with GPS-only
solution have noisy results appeared as sharp fluctuations in resulted deflection. This can be
attributed to increased DOP values as illustrated in Fig. 6.39d, which shows a rapid increase in DOP
values associated with increasing of derived displacement. Thus, the derived displacement of GPS-
only (which already includes a high level of noise) at mid-span stations P2 and P3 varies from +5cm
to -17cm for y-longitudinal (N-component), and within -30cm for z-vertical displacements, while the
results of corresponding combined GPS/GLONASS would be +2cm for y-component and -12cm for
z-vertical component, respectively (Fig. 6.39a-b). It should be mentioned that the DOP values below
10 indicate reasonably an accurate solution. The DOP value after 30 showed no solution which

creates obvious gap intervals (leading to discontinuity) in the time series.
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Fig. 6.39 Analysis of derived displacement at x-period (23:00 — 24:00) for GPS-only and the corresponding
combined GPS/GLONASS solutions (similar to Fig. 6.37).

To quantify the apparent discontinuity in GPS-only solution, Table 6.14 summarises the availability
rate of fixed GPS-only solution. The availability of fixing rate positioning was 84.5% at mid-span

stations P2 and P3, while it was 58% at tower station P4 even with the use of fix and hold technique.

Table 6.14 Availability of fixing rate ambiguity at the monitoring station at x-period (23:00 — 24:00).

Solution Availability of fixing rate % Mean Mean Mean Mean

P2 P3 P4 GDOP PDOP HDOP VDOP
GPS-only 84.5 84.5 58.0 5.9 5.6 4.7 5.0
GLONASS-only 100 100 100 4.4 3.6 2.3 2.8
GPS+GLONASS 99.8 99.1 97.7 23 2.0 12 16

Improvement* 61% 64% 74% 68%
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This variation in availability rate related to the different quality of observations from various
environment sites, which has an impact on positioning performance. While, excellent quality of
combined GPS/GLONASS with enhanced geometry enables to achieve a high rate of success fixing
availability, which was within 99% at mid-span stations and about 98% at tower station.

Also, a noticeable improvement was achieved in the derived geometry of combined GPS/GLONASS,
where the HDOP and VDOP values improved by 74% and 68%, respectively as shown in Table 6.14.
It is obvious that the combined GPS/GLONASS solution is capable to sustains enough continuous
observations to overcome the effect of discontinuity in the derived solution of the GPS-only and

enhance the positioning performance as well as the reliability of the combined GNSS solutions.

6. 13 Comparison of GLONASS-Only and GPS-Only Positioning at the
Forth Road Bridge

As the Forth Road Bridge locates at higher latitudes area (¢=56° N), GLONASS geometry would be
expected to give better geometry; it would be of interest to investigate the positioning performance
of the GLONASS-only solution and compare it with GPS-only. Most of the structural monitoring
studies reported in the literature focus on applying GPS-only measurements to evaluate the dynamic
response of engineering structure, unlike GLONASS-only, which received less attention. Thus, in
this Section, the derived results of GLONASS-only are investigated and compared with GPS-only
positioning. Therefore, the idea in this section is to show whether the GLONASS-only could achieve
better performance than that obtained by GPS-only or not.

According to 24h measurements of each independent constellation of GPS and GLONASS on 9™
Jan, the assessment of the derived geometry (that achieved by GDOP values from visible satellites
at cut-off elevation angle 15°) was performed. The comparison between the two constellations
showed that the number of observed GPS satellites was more than that of GLONASS in most periods
as depicted in Fig. 6.40a. Even though, the good distribution of GLONASS satellites enables to
achieve better geometry than GPS in some periods, such as j, I, m, p and others (Fig. 6.40a), which
are explained in sky-plot representation at Appendix-C (see Fig. C-3). For the positioning results at
mid-span stations P2 and P3, the derived displacements demonstrate a noticeable improvement when

applying GLONASS-only solution as shown in Fig. 6.40b.

This improvement emerges in the y-component (N) of periods that identified as noisy periods with a
GPS-only solution (see Section 6.13), such as ¢, p, x and other periods. It is clear from Fig. 6.40c
that the GLONASS performance at tower station is less accurate than that at mid-span station (Fig.
6.40b) due to noisy measurements affected by site environment (see Section 6.12). Therefore, a
number of periods were characterised by gap intervals at tower station, such as i, k, p and other

periods (see Fig. 6.40c).
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Fig. 6.40 Comparison between derived results from GPS-only and the corresponding GLONASS-only
solutions for (a) GDOP values with the number of satellites, (b) and (c) the derived relative displacement at
monitoring stations (P2, P3 and P4) of Forth Road Bridge on 9th Jan 2016.
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It is also evident from Fig. 6.40c that noisy GLONASS solution observed at the various interval,
such as the time series of the periods at the first four hours solutions can be attributed to limited
GLONASS satellites at these intervals. While other periods are showing improved GLONASS results
compared to the GPS-only solutions. For example, the magnitude of derived displacement in period
u at (21-22h) reveals improved results in y and z components of movement as shown in Fig. 6.41a.
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Fig. 6.41 Comparison between dynamic displacements derived from GPS-only and GLONASS-only at tower
station P4 with the corresponding DOP values and a number of satellites in (a) period u at (21-22h) and (b)
period v at (22-23h) on 09th Jan 2016.

The enhanced performance of GLONASS positioning is related to improved geometry by reduced
both HDOP and VDOP values, which indicates well-distributed (adequate) satellites (Fig. 6.41a).
Nevertheless, for the same above reason, the significant improvement of GLONASS positioning was
achieved in the z-component. For instance, the vertical component of derived displacement in period
v at (22-23h) has a significant improvement as shown in Fig. 6.41b, whereas the horizontal

components of GPS positioning showed better performance.

From the above discussion, one can conclude that it is quite hard to generalise the observation
between GLONASS-only and GPS-only as the resulting positioning gave a good performance for
GLONASS-only at certain periods and showed better performance for GPS-only at other periods.

This might occur due to the variation in derived geometry. However, generally speaking,
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GLONASS-only, at mid-span station, showed less noise compared to GPS-only. In contrast, at the
tower station, GPS-only showed less discontinuity features compared to GLONASS-only.

As aresult, it is important to mention that, to overcome noise and discontinuity problems associated
with a single constellation (GPS-only or GLONASS only), the combined GPS/GLONASS was
proposed and implemented in this study which already showed significant improvements.

6. 14 The Frequency Response of the Forth Road Bridge

Following the proposed methodology summarised in the flowchart shown in Fig. 6.1, and in order to
identify the natural frequencies of the Forth Road Bridge at a 10 Hz sampling rate, the same approach
used in analysing frequency response for Severn Bridge (Section 6.7.3) was applied to quantify the
dominant frequencies of dynamic movements at Forth Bridge. Thereby, to analyse the frequency
response by using a Fast Fourier Transform (FFT) technique, a continuous time series of derived
displacement was first extracted from the whole time series of 24h. Therefore, the data of hourly
period (‘e’ at 04:00-05:00, see Fig. 6.40) that achieves continuous time series with the GPS-only
solution was selected to apply FFT technique. In addition, the results obtained from FFT was
compared with that obtained by the Lomb Normalized Periodogram (LNP) for the same continuous

period as demonstrated in Table 6.15.

Table 6.15 Extracted frequencies provided by FFT and LNP techniques.

Monitoring Frequency Extracted frequencies (Hz)
station Technique  x-lateral comp. y-longitudinal comp. z-vertical component
p2 FFT 0.074, 0.269 0.083,0.132, 0.153 0.035, 0.104, 0.203, 0.269
mid-span LNP 0.074, 0.269 0.071, 0.133, 0.153 0.033, 0.104, 0.204, 0.269
P3 FFT 0.074, 0.269 0.080, 0.133, 0.153 0.035, 0.104, 0.203, 0.269
mid-span LNP 0.074, 0.269 0.080, 0.133, 0.153 0.035, 0.104, 0.204, 0.269
P4 FFT 0.081, 0.152 0.104, 0.123, 0.153 0.080, 0.125, 0.190, 0.202
tower sta. LNP 0.085, 0.153 0.104, 0.122, 0.153 0.076, 0.125, 0.190, 0.202

Bold values are related to the dominant (distinct) frequency with maximum amplitude.

As can be seen from the above table that most peaks of frequencies (obtained from FFT and LNP)
are well agreed. It is also obvious that, for P2, the first peak (using FFT) showed the dominant
frequency (i.e. 0.035 Hz), while the dominant frequency identified by LNP corresponds to the second
peak (i.e. 0.104 Hz). From the results shown in Table 6.15, it is found that the longitudinal frequency
of P4 obtained from both FFT and LNP was similar (0.104 Hz). This value of frequency is also
agreed with the vertical frequency of P2 & P3 (which is consistent with the finding reported by
Brown et al. (2007). Therefore the actual dominate frequency of vertical component at mid-span
station is 0.104 Hz.
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To visualise the identified frequencies in Table 6.15, Fig. 6.42 illustrates the peak-picking
frequencies from the spectrum of LNP approach for the data of three monitoring stations. For mid-
span stations P2 and P3, it is evident that for mid-span stations P2 and P3, a single dominant
frequency can be clearly seen in x and z-direction. At y-component, multiple peaks of frequency
were observed. This was also observed with an x-lateral component of tower station P4. The
appearance of multiple peaks might be due to the noise level, which makes the identification of the
true dominant frequency quite hard.

To show the effect of this noise in y-component, the time series of the displacement at period p
(15:00-16:00) is illustrated in Fig. 6.43. It is clear that y-component (using GPS only) showed a
significant level of the noise. The dominant frequency values in y-component of GPS is quite far
away from the data shown in Table 6.15, while for GLONASS and Combined solution these values

are approximately similar to that shown in Table 6.15.
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Fig. 6.42 Identified dominant frequencies at monitoring stations extracted from the time series of derived
displacement in the interval (e) at (04:00 -05:00).
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Fig. 6.43 (a) Comparison between time series of derived displacement of different GNSS solutions, (b-d) the
corresponding defined frequencies by LNP technique.

6. 15 Chapter Summary

A new proposed methodology has been employed in this chapter to investigate the positioning
performance of the combined GNSS solution compared to the GPS-only solution for structural health
monitoring. Real monitoring tests were carried out in two long-span suspension bridges in the UK
(Severn Bridge and Forth Road Bridge) to evaluate the effectiveness of the proposed approach and
to verify the improved performance. These bridges represent a challenging environment to GPS-only
measurements. Therefore, the initial step of this approach was based on pre-processing analysis to
evaluate the quality of the measurements and to identify the observations, which cause a potential
reduction in the solution precision. In this step, the cycle slip, as well as the multipath detections,
were discussed to mitigate/remove contaminated data. These low-quality data should be taken into
consideration to identify the clean data that represent the real deflections in the followed steps.
Furthermore, a noise assessment was presented by static zero baseline measurements at the base
station along with analysing the satellite geometry of different GNSS solutions to figure out the weak
intervals. The processing of GPS-only data was performed first to identify its limitations, then the
combined GPS/GLONASS solutions were used to evaluate the contribution of adding GNSS

observations in structural monitoring. The instantaneous mode was chosen as the most suitable
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technique to fix the ambiguity resolution for every epoch. Consequently, the kinematic positions of
monitored stations on the bridge were calculated.

The GNSS recorded coordinates in the geodetic system were converted to bridge coordinate system;
then the resulted displacements were determined by taking the difference between the calculated
coordinates and the initial coordinates of every monitoring station. A spectral analysis technique to
analyse the displacement time series for every component at each station was implemented. For this
purpose, the FFT was used for several intervals of continuous data, and the results were compared
with the LNP technique for different GNSS results.

A new assessment at each bridge was analysed. In Severn Bridge structural monitoring, in addition
to applying a combined GPS/GLONASS solution, a possibility of using BeiDou and/or Galileo
available constellations were also investigated (at the time of measurements, July 2015). However,
limited BDS and Galileo satellites were observed, they improved the geometry and contributed to
increased the rate of fixing solution availability (see Section 6.8). On the other hand, the possibility
of using the GLONASS-only solution at the higher latitude areas as the alternative solution was also
studied in Forth Road Bridge monitoring and compared to the GPS-only solution. It was observed
that the derived displacements at mid-span stations showed noticeable improvements when the

GLONASS-only solution was applied at several intervals, especially in N-component.

Finally, it is important to mention that the noise errors and discontinuity problems associated with a
single constellation (GPS-only or GLONASS only) were reduced by implementing the proposed

combined GNSS solution in the current study and demonstrated significant improvements.
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Chapter 7: Conclusions and Recommendations
7.1 Conclusions

The research work conducted in this study focused on investigating the contribution of the recently
developed or modernised GNSS constellations (i.e. GLONASS, BeiDou, etc.) to improve the quality
of positioning solution, and to achieve a high rate of fixed solution availability throughout the
combined solution of GPS with another GNSS system. The motivations behind this investigation are
due to limitations in the GPS-only measurements that degrade its performance to obtain highly
accurate positioning and continuous fixed solution. These limitations include; the multipath effect,
random noise, cycle slips as well as the need of the proper geometry of sufficient available satellites.
Therefore, the main aim was to identify an effective positioning technique of a combined GNSS
solution that capable to overcome the positioning limitations and achieve more precise positioning.
Thus, the identified combined solution can be implemented in structural health monitoring to detect
the structural deformations precisely and surpass the positioning limitations in a challenging
environment of the monitored structures such as long-span bridges. To achieve the research aim, the
potential improvement of a combined GNSS solution compared to the GPS-only was investigated.
For this purpose, different experiments were conducted to assess the noise level by applying zero
baseline measurements. In addition, short baseline experiments of static and kinematic measurements
were carried out and examined to achieve the positioning precision and accuracy of different GNSS
solutions. The knowledge gained from these experiments was then applied to a real structure bridge

monitoring.

This chapter presents the main conclusions drawn from the research findings which reflect the aim
and objectives of the current study, in which implementing a combined GNSS solution led to
significant improvements in the accuracy, reliability and the quality of the positioning solution.

Recommendations for future work are also highlighted.
7.1.1 The Noise Level in Multi-GNSS Measurements

The presence of noise in GPS measurements represents one of the main limitations that degrade the
positioning quality and solution availability by affecting the ambiguity fixing. Thus, the need to
overcome these limitations in terms of improving the positioning performance was assessed in this
study by adopting a combined GNSS technique. The evaluation of noise level was analysed through
the results of zero baseline experiments with different types of pairs of receivers over 12 consecutive
days at the UK (¢ = 53° N) and China (¢ = 30° N) simultaneously, and the results revealed the

following conclusions with 15° of cut-off elevation angle:
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e For the availability of fixed solution, the daily results of zero baseline at the UK site showed
gap intervals characterised the time series of the GPS-only solution, while fewer gap
intervals achieved with the corresponding GLONASS-only solution. However, in a
combined GPS/GLONASS solution, there were no gaps appeared in their time series, which
leads to the full availability of 100% fixing rate of ambiguity resolution. This proved that the
combined GNSS solution could overcome problematic periods and achieved the highest
availability. For the dataset in China, both GPS and BeiDou daily data have an optimum
availability of full fixed solution, while GLONASS-only solution suffered from weak
geometry at several periods, which leads to less availability, mainly when the reference
GLONASS satellite was lower than 50°.

e The evaluated positioning precision with different GNSS solutions at two locations (the UK
and China) indicates that the N-component of the GPS-only solution at the relatively high
latitudes areas (e.g. the UK) was less accurate than E-component, due to fewer GPS satellites
that are distributed in an N-S direction against more satellites in E-W direction, which
attributed to GPS orbit design. However, the GPS/GLONASS combination provides a more
accurate solution for all components. Furthermore, the combined GPS/BeiDou at China site
was better than the individual solution of either GPS or BeiDou system alone. This
improvement is related to the increasing number of available satellites.

e Regarding the outlier results introduced in GPS-only solution as a result of weak geometry
or existence of problematic satellites, the combined GNSS solution was beneficial in
removing most of these outliers, due to the improved geometry. In more specific, the
individual solution of any GNSS system influenced by the existence of rising or setting low
elevated satellites, which has an impact on estimated position. On the other hand, the
combined GNSS solution limited the effects of these problematic satellites and improved the
positioning precision. Consequently, the combined GNSS solution can reduce the noise
relative to the GPS-only or GLONASS-only solution.

e At the current stage, as the BeiDou system is still under development, its contribution in a
combined GNSS solution is less than GLONASS in the UK site, due to limited MEO
satellites. Similarly for the Galileo system with limited satellites during experiments time.

e The new approach in this study was based on correlating the satellite geometry with the noise
level, which showed that the mean DOP values of the GPS-only solution were well correlated
with the noise precision derived from moving standard deviation at intervals of mean DOP
values higher than the corresponding daily values. The low correlated intervals were
recognised when the moving standard deviation of the derived noise was lower than the limit
of daily standard deviation, which means the precision is practically independent of the

satellite system. In contrast, the correlation of combined GNSS results was weaker than the
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GPS-only solution, which revealed that the added observations from another GNSS
constellation reduce the effect of noise measurements significantly.

e The availability of more redundant satellites in a combined GNSS solution gives the
opportunity to deal with clean data by excluding the problematic or contaminated satellites,

which will have a significant contribution for applications that required high precision.

7.1.2 Achievable Accuracy of Multi-GNSS Measurements

To assess the GNSS positioning precision and accuracy, static and kinematic experiments of short
baselines were conducted. The outcomes of these experiments were then applied to real structural
monitoring systems. In the kinematic trial of rotating GNSS antenna, the recorded coordinates of
moving object were compared with the real ones that identified by a proposed new approach which
based on 3D best fitting of non-linear least squares adjustment models. From these experiments the

following conclusions can be drawn:

e It was observed that different GNSS solutions could achieve mm level of accuracy when
clean data with a good geometry are applied. However, the precision of GPS-only was
reduced in periods of weak geometry or presence of problematic satellites. Therefore, the
combined GNSS proved significant improvement in comparison to the GPS-only solution.
In addition, the geometry of the combined GPS/GLONASS solution was improved by 27%
and 30% for GDOP and PDOP, respectively.

e The results of GPS-only was more accurate than the corresponding results of GLONASS or
BeiDou. It was observed that the solution precision was improved when adding other
observation to GPS data and a significant improvement was achieved when using the
GPS/GLONASS/BeiDou solution, due to more redundant observations.

7.1.3 Bridge Deflection Monitoring with Multi-GNSS

The structural monitoring of long-span suspension bridges by multi-GNSS observations has been
investigated in this study. The proposed methodology of workflow was tested using real GNSS
measurements conducted in two bridges in the UK (the Severn Bridge and Forth Road Bridge). The
methodology focused on improving the positioning performance to have more accurate and reliable
results that lead to a correct interpretation of bridge deflections and deformations. Therefore, the
feasibility of combined GNSS positioning was investigated to show the positioning improvements
in comparison with the GPS-only solutions. The implementation of the proposed methodology

resulted in the following conclusions:

e At bridge monitoring stations, due to the multipath effect of towers, cables and passing
vehicles, as well as obstructions, caused additional noise and biases errors. Therefore, the

initial step in the methodology was based on detecting the cycle slips and multipath effects
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in collected measurements. This enables to exclude any contaminated measurement data.
Although this procedure in dealing with clean data was more efficient, with GPS-only, this
might lead to characterised gaps. Therefore, this was surpassed by combined GNSS
observations with more redundant data.

e At the base station of Severn Bridge monitoring, the GNSS results showed that the
GLONASS-only solution has more noise compared to the GPS-only in E and U components,
while the N-component of GLONASS was less noisy. In contrast, the GPS/GLONASS
solution reduced the noise level at all components, which leads to more accurate results. This
was observed significantly along intervals of the weak geometry of GPS-only data.

e It was found that gaps characterised the time series of derived displacement of the GPS-only
solution in various sessions due to insufficient valid satellites or weak geometry that prevent
fixing the ambiguity. Consequently, the combined GNSS solution augments the geometry
leading to a continuous solution without gaps.

o In terms of spectral analysis, the detected frequencies, in most intervals, from GPS-only
solution agreed with the corresponding frequencies extracted from combined
GPS/GLONASS solution, some peaks of detected frequency were lost from a spectrum of
GPS-only. This could attribute to noisy intervals or undetected multiple cycle slips.

e In Severn Bridge structural monitoring, a possibility of using BeiDou and/or Galileo
available satellites were investigated. However, limited satellites were observed at the time
of conducting the experiments/measurements. It was found that using such configurations
improved the geometry, which in turns increased the availability of fixed solution.

o Since the Forth Road Bridge locates in high latitude areas (¢p= 56°N), the possibility of using
GLONASS-only solution was investigated. It was inferred from the experimental data that
the derived displacements at mid-span station demonstrated noticeable improvements

against GPS-only solution at several intervals, especially in N-component.

Finally, it can be concluded that the noise errors and discontinuity problems, as well as other
limitations of the GPS-only solution, were reduced by implementing the proposed combined GNSS
solution in this study, which proved significant improvements in positioning performance. These
findings are promising for many real structural monitoring applications. Therefore, applying the
combined GNSS solution for such applications needs further work and investigation.

Recommendations for future work are discussed and highlighted in the following section.
7. 2 Recommendations for Future Work

The findings presented in this thesis revealed that implementing a multi-GNSS technique in structural
health monitoring showed a significant improvement in positioning performance and proved the

ability of such a technique to overcome the limitations of GPS-only. Therefore, it is essential this
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research to continue and carry out further investigation, aiming to make even more efficient the

application of multi-GNSS approach for the cases where the GPS-only solution appears weaknesses

and problems. The recommendations for further work are summarised below:

As demonstrated in Chapter 4, the correlation was implemented between HDOP and the
precision of the GPS-only/multi-GNSS solution for the horizontal component. It would be
even more beneficial to apply the same approach for the Easting and Northing components
to assess the corresponding correlation. For locations of high latitude, the performance in

Northing component is expected to be even more challenging.

For kinematic measurements, addressed in Chapter 5, it is necessary to conduct field test
with the higher sampling rate (i.e. 100 Hz) to investigate the performance of the multi-GNSS
solution for very high sampling-rate and examine the noise level for that data. In addition, it
should be also identified the limitations of high-rate multi-GNSS measurements for extended
period and extended length of assessed baseline.

The suggested workflow methodology in Chapter 6 can be developed by the coding
algorithm to be used by non-professional users that have limited GNSS knowledge.
Developing this algorithm with the capability of applying multi-GNSS would be highly
recommended, as it would be a very useful tool for decision making whether to apply specific
constellation or combined GNSS solutions for different durations. Additionally, it should be
included also the decision making process for the combination of the satellites which would
give the most precise and available solution with fixed the ambiguities resolution.
Investigating the noise level and assessing the different GNSS solutions by collecting short
baseline connecting two zero baselines in the base and rover stations are recommended in
the future work. In this approach, different receivers can occupy each station. In addition, it
can assess the relative positioning by considering these points as rover stations to reference
ones of network measurements. The type of GNSS receivers taking into consideration when
evaluating GLONASS measurements. Furthermore, this approach can be extended to
investigate the network RTK positioning, which will contribute in providing a
comprehensive picture of different GNSS solutions that can be used for future structural
monitoring applications.

The future of multi-GNSS is broad and offers a variety of research opportunities. The
modernisation of new signals in existing full operation systems (GPS and GLONASS) and
the rapid development in other constellations (Galileo and BeiDou) could increase the
availability of visible satellites with improved signals. The new signals have the properties
of less noise, and they can eliminate multipath compared to the previous signals. In addition,

the triple-frequency GNSS allows additional observations with the ability to detect cycle
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slips for more refined measurements. This would make GNSS positioning more reliable for
different applications, which needs further investigation to be used precisely for structural
health monitoring.

= |tis recommended to apply SBAS observations and their corrections to assess their impact
on derived positions.

= Although the Precise Point Positioning (PPP) has limitations of a convergence time to fix
the ambiguity, it is worthwhile to use and test the PPP in kinematic applications within a
certain level of accuracy. In addition, employing the developed multi-GNSS in such

applications needs further investigation.
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Appendix-A: Least Squares (LS) Adjustments for Fitting a 3D
Surface

As stated in Chapter 5, Section 5.5.1.1 that the optimum 3D surface can be identified from the best
fitting of collected data. These data recorded by GNSS receiver when its antenna fixed on the end of

a rotating arm to form a circular path.

Thus, the computation of final elements of circular movement is derived from the Least-squares
fitting of non-linear models of one of three cases. The LS observation equation is given as the
following (Ghilani and Wolf, 2010):

v+BA=F (A-1)

where
B: The matrix of partial derivatives of the function with respect to unknowns.
v: The vector of residuals.
A: The vector of unknowns (corrections when used initial values).

F: The vector of function evaluation

A.1 Fitting a Sphere

For specific datasets in a 3D circular path, the non-linear LS solution for the best fitting of the sphere
can be identified from the coordinates of observed data. The computations required four parameters,
which are three for centre coordinates (Ec, Nc, Uc) and the radius (R). Therefore, the minimum

number of observation is four points, and the sphere equation can be given as:

(E—E?+(N—N2?*+(U—-U?—R*=0 (A-2)

The adjustment observation model (Eq. A-1) can be formed and the partial derivative values defined
as the following:

-1751- 76F1 aFl aFl %7

Un1 0E. 0N, 90U OR| r5_

Vuy1 : : : : 6NC

. c

Vgn ¥ : : : : Sye

Vnn OF, 0F, 0F, 0F, (fi‘i) (A3)
LUyn [0E. ON. O0E. OR]

(nx1) (n*4)
(E—E2?+ (N—N2? + (U—-U2)? —R?

(E—-E%%*+ (N —N2?+ (U-U2)? —R? (1)

- —2(E - E?)
oF; (A-4)
= —2(N - N?)
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— __qJ0
3E = 2(U - U?)
oR

Where  (E,N,U) : The observed coordinates recorded by GNSS receiver.
(ES,N2,U2 ) : The initial coordinates of the centre.
R : The initial value of the sphere radius.
(8gc.Oner Sye, Og): Corrections to the initial values of centre and radius.
n . number of observations

A.2 Fitting a 3D Circle

The procedure for fitting a circle in 3D space (Fig. A.1) required sequential steps to identify the final

parameters of the best-fitted surface, which are summarised in the following (Shakarji, 1998):

1.
2.
3.
4.
5.

Based on observed points, the least squares plane can be determined.

Compute the rotation angle between the generated plane and the E-N plane.

Project each point in the generate plane onto the E-N plane.

Determine the elements of the best fit 2D circle in the E-N plane.

Applying the rotation angle, the best 2D circle will back rotate to its original orientation.

Fig. A.1 3D-circle with measured points.

» Fitting a 2D Circle

(E—E%?2+ (N—-N&)?2—-R*=0 (A-5)
UEI _aFl aFl %
{”71] Ofc ONe OR 1 rop]  [(B—E?+ (N - N —R?
1) :
o+ : : Nel = A-6
| by (A0

(E—-E)?+(N-N)?—-R*],

[0E, 9N, OR

(n+1) (nx4)

vEnl : : :
lanJ OF, OF, OF,
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of _ 2(E — E?)

oE, ¢

aF1 _ 0 (A'?)
A 2(N — N29)

oR

» Rodrigues Rotation Formula

To determine the required rotation angle between the inclined plane and a horizontal one, the
Rodrigues rotation formula can be utilised. It applied to rotate the 3D points and get their E-N
coordinates in the projected plane. It can be explained as a rotation from normal vector n1 of fthe

irst plane to normal n2 for the second plane as illustrated in Fig. A.2

& By Ey, N, nl = n2 &

(E3, N 3D circle plane EN plane

Fig. A.2 (left) 2D fitting circle in E-N plane and (right) rotation between two normal.

To determine the rotation matrix, the two steps should be followed:
a) Find axis and angle using both cross and dot product. The axis of rotation k is a cross product
(x) between normal of first plane n1 and the normal n2 of the new EN coordinates as given:

n2 =(0,0,1)" and k =nl x n2 (A-8)

nlnd (A-9)
(II A1 ||>

b) Find the rotation matrix
M = Iy + ksin(8) + k*(1 — cos 0) (A-10)

0 k@3 k(@)
Skew- symmetric matrix k = |[k(3) 0 k(1)
k(2) k(1) 0

(A-11)

k = (n1 x n2), then normalised

The next step after rotating points is to find the best fit circle C,in.s With parameters (E¢, N, R).

Finally, rotate back to 3D space by taking n2 as the plane normal and n1 = (0,0,1)¢
C= Cpoints — [E¢, N, 0] (A-12)

C =C xM' + points mean (A-13)
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A.3 Fitting a Cylinder
The observation Equation (A-1) can be formed as follows (Shakarji, 1998):
vgq  [0F, OF, OF, OF, 0F, 0F, aF,1 [%a]
Unt da db dc OR JE, 0N, aU, gb F
Vy1 : : : : : : : c a
F,
N s Or ? (A-14)
Vgn : : : : : : : 550 :
Vin 0F, 0F, 0F, 0F, 0F, 0F, 0F,| |s, Eud ey
vyl loa ab ac R 9E, oN, aU,l |5,
(n*1) (n*7) »(7*{,)_
The least squares objective function is:
F=minY",(f;—R)?> forn points (A-15)
Where w; = b(El - EO) - a(Ni - NO)
v; = a(U; — U,) — c(E; — E,)
w; = c¢(N; = N,) —b(U; = U,) (A-16)

fi =W +vi+ud)

aF, ad,
9E, ZZ“ )
aF, ad,
oN, Zz(fi ~B N,
oF, ad;
au, 22“’ ~B 50,
oF, ad;
=2 ) (iR 5
oF, ad;
=2 (iR
oF, ad;
=2 (iR S

oF,
=2 (iR

(A-17)

Then the normal equations system is solved iteratively for the unknowns as follows:

A= (B'B)"1(B'F)

(A-18)
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Appendix-B: Other Results of Severn Bridge monitoring
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Fig. B.3 Displacement detected by GPS-only at T3.
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T4 on 20/07
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Fig. B. 5 Analysis of movement at tower station T1 for GPS-only compared to a combined GPS/GLO solution.
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Appendix-C: Other Results of the Forth Road Bridge.
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Fig. C. 1 Cycle slip detection at monitoring stations of Forth Road Bridge with GPS-only on 09/01/2016.
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Fig. C.2 Cycle slip detection at monitoring stations of Forth Road Bridge with GLONASS-only on 09/01/2016.
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Fig. C.3 Comparison of distributed GPS and GLONASS satellites at the Forth Road Bridge on 09/01/2016.
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Fig. C.4 Daily time series of displacement compared between GPS-only and combined GPS/GLONASS
detected at Forth Road Bridge on 10/01/2016.
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Fig. C.5 Daily time series of displacement compared between GPS-only and GLONASS-only detected at Forth
Road Bridge on 10/01/2016.



