
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 ISBN: 978-1-7138-2470-1 

33rd International Technical 
Meeting of the Satellite Division 
of The Institute of Navigation 
(ION GNSS 2020) 

Online 
22 - 25 September 2020 

Volume 1 of 5 

 

 



Printed from e-media with permission by: 
 

Curran Associates, Inc. 
57 Morehouse Lane 

Red Hook, NY  12571 
 

 
 

Some format issues inherent in the e-media version may also appear in this print version. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Copyright© (2020) by Institute of Navigation 
All rights reserved. 
 
Printed with permission by Curran Associates, Inc. (2021) 
  
For permission requests, please contact Institute of Navigation 
at the address below. 
  
Institute of Navigation 
8551 Rixlew Lane 
Suite 360 
Manassas, VA 20109 
USA 
 
Phone:  (703) 366-2723 
Fax:  (703) 366-2724 
 
membership@ion.org 
 
 
Additional copies of this publication are available from: 
 
Curran Associates, Inc. 
57 Morehouse Lane 
Red Hook, NY 12571 USA 
Phone:  845-758-0400 
Fax:      845-758-2633 
Email:   curran@proceedings.com 
Web:     www.proceedings.com 



TABLE OF CONTENTS 
 

VOLUME 1 

A1: AUGMENTATION SERVICES, INTEGRITY AND AUTHENTICATION 

BROADCAST DATA AUTHENTICATION CONCEPTS FOR FUTURE SBAS SERVICES ......................... 1 
Luciano Tosato, Andrea Dalla Chiara, Chris Wullems, Guillermo Fernandez Serrano, 
Alessandra Calabrese, Adrian Perrig, Mikael Mabilleau, Giovanni Vecchione 

BOUNDING TEMPORALLY CORRELATED MEASUREMENT NOISE WITH AN 
APPLICATION TO GNSS INTEGRITY .......................................................................................................... 14 

Juan Blanch, Eric Phelts, Kaz Gunning, Todd Walter, Lance de Groot, Laura Norman 

SAPCORDA - SAFE AND PRECISE GNSS AUGMENTATION SERVICES ............................................... 26 
Mark Burbidge, Rodrigo Leandro, Botho Eulenburg, Cornelia Waldecker 

GNSS SSR REAL-TIME CORRECTION: THE GEO++ SSRZ FORMAT AND APPLICATIONS ............... 34 
Gerhard Wübbena, Christopher Perschke, Jannes Wübbena, Temmo Wübbena, Martin 
Schmitz 

A2: AVIATION AND AERONAUTICS 

A NEW ERROR MODEL FOR TERRESTRIAL MULTIPATH ...................................................................... 56 
Okuary Osechas, Gianluca Zampieri, Nicolas Schneckenburger 

GPS AND GALILEO AIRFRAME MULTIPATH ERROR BOUNDING METHOD AND TEST 
RESULTS ........................................................................................................................................................... 64 

Matt Harris, Paul Schlais, Tim Murphy, Angelo Joseph, Jeremy Kazmierczak 

GLOBAL FLIGHT TEST RESULTS FOR A DFMC PRIMARY NAVIGATOR ON A CIVIL AIR 
TRANSPORT AIRCRAFT ................................................................................................................................ 90 

Angelo Joseph, Jeremy Kazmierczak, Matt Harris, Paul Schlais, Tim Murphy 

GPS EPHEMERIS ANALYSIS FOR SOL APPLICATIONS: URE EVALUATION AND 
ANTENNA OFFSETS ..................................................................................................................................... 111 

J. Gabriel Pericacho, Julián Barrios, David Rodríguez, Susana Domenech 

RFI GNSS L5/E5A MASK DERIVATION ..................................................................................................... 138 
Axel Garcia-Pena, Christophe Macabiau, Guillaume Novella, Olivier Julien, Mikael 
Mabilleau, Pierre Durel 

IGNSS COMPUTATION MODELS AND VALUES FOR GPS AND GALILEO L5/E5A CIVIL 
AVIATION RECEIVERS ................................................................................................................................ 156 

Axel Garcia-Pena, Christophe Macabiau, Olivier Julien, Mikael Mabilleau, Pierre Durel 

POSITIONING PERFORMANCE ANALYSIS FOR DIFFERENT UAV´S USE CASES AND 
TESTING CAMPAIGNS USING EGNSS ...................................................................................................... 169 

G. Moreno, C. Sanz, M. Cueto, A. Cezón, A. Viguria, A. Jiménez, T. Tavares, K. Callewaert, 
M. Aguilera, I. Alcantarilla 



NAVIGATION PERFORMANCE DERIVATION FOR SAFE SEPARATION OF UAVS FOR 
LOCAL-AREA UAS TRAFFIC MANAGEMENT BASED ON GROUND RISK MAP .............................. 186 

Younsil Kim, Am Cho, Joongwon Bae 

GPAHRS – NEW BUILDING BLOCK TO ENHANCE SAFETY AND AVAILABILITY OF 
FUTURE AIRCRAFT NAVIGATION ............................................................................................................ 199 

Pavol Malinak, Zdenek Kana, Milos Sotak, Tomas Vaispacher, Radek Baranek, Libor Slabak 

MULTI-SENSOR FUSION FOR AUTONOMOUS DEEP SPACE NAVIGATION ..................................... 227 
Chengjun Guo, Shiyan Deng, Yalan Xu, Jing He 

IDENTIFICATION, ATTITUDE ESTIMATION AND CAPTURE OF TUMBLING 
SPACECRAFT BASED ON SLAM ................................................................................................................ 237 

Chengjun Guo, Shiyan Deng, Yalan Xu, Jing He 

A3: LAND-BASED APPLICATIONS 

A GLOBALLY REFERENCED AND HIGH-PRECISION VISUAL POSITIONING DEVICE 
BASED ON MULTI-SENSOR FUSION TECHNOLOGY ............................................................................. 247 

Stefan Schaufler, Michele Fischell, Geo Boffi, Xiaoguang Luo, Jose Aponte 

AN ANALYSIS TO ENHANCE THE RELIABILITY OF AN INTEGRATED NAVIGATION 
SYSTEM AT MULTIPLE STAGES BY USING FOS ................................................................................... 255 

Umar Iqbal, Ashraf Abosekeen, Aboelmagd Noureldin, Michael J. Korenberg 

INFRASTRUCTURE FREE SOLUTION FOR TRAIN POSITIONING USING TRACK 
DATABASE ..................................................................................................................................................... 270 

Philippe Brocard, Raphael Pons, Gabriele Ligorio, Jan Wendel, Alexia Le Quilliec, Antoine 
Barré 

A MULTI-SENSOR PLATFORM FOR HIGH INTEGRITY MULTI-MODAL POSITIONING 
SYSTEM .......................................................................................................................................................... 291 

Roberto Capua, Ales Filip, Alessandro Neri, Sam Pullen, Francesco Rispoli, Pietro Salvatori, 
Cosimo Stallo 

PRELIMINARY FIELD TRIALS AND SIMULATIONS RESULTS ON PERFORMANCE OF 
HYBRID POSITIONING BASED ON GNSS AND 5G SIGNALS ............................................................... 304 

F.J. Mata, F. Grec, M. Azaola, F. Blázquez, A. Fernández, E. Dominguez, G. Cueto-
Felgueroso, G. Seco-Granados, J.A. del Peral-Rosado, E. Staudinger, C. Gentner, M. 
Kasparek, C. Backert, D. Barlett, E. Serna, L. Ries, R. Prieto-Cerdeira 

RELIABLE LOCALIZATION ON MICRO MOBILITY PLATFORMS FOR PUBLIC SAFETY 
AND BY-LAW COMPLIANCE ...................................................................................................................... 319 

Zainab Syed, Juan Carlos Terrazas Borbon, Lucas Hossack, Curtis Pidgeon, Husain Syed, 
Kyle Chau, Amy Cai 

GNSS/INS SENSOR FUSION WITH ON-BOARD VEHICLE SENSORS ................................................... 330 
Ryan Dixon, Michael Bobye, Brett Kruger, Jonathan Jacox 

PROJECT ROAD RUNNER: A DEMONSTRATION OF SWIFT NAVIGATION’S PRECISE 
POSITIONING SOLUTION ACROSS THE CONTINENTAL U.S. .............................................................. 353 

Anil Goparaju, Jared Wilson, Sebastien Carcanague, Ben Segal, Anthony Cole, Fergus Noble 

ALLYSTAR LOWEST POWER AND SIZE SINGLE-CHIP DUAL-FREQUENCY RTK ........................... 364 
Altti Jokinen, Ali Pirsiavash, Marco Mendonca, Ryan Yang, Hongtao Yu, Mingo Tsai, Gary 
Hau, Yi-Fen Tseng 



NOVEL VEHICLE DYNAMIC HEADING AND PITCH ANGLE DETERMINATION USING 
ONLY SINGLE GNSS ANTENNA ................................................................................................................ 379 

Rui Sun, Qi Cheng, Junhui Wang 

A4: PANEL: EMERGING AUTONOMOUS APPLICATIONS – CHALLENGES AND 
PROSPECTS 

EMERGING AUTONOMOUS APPLICATIONS: FROM RESEARCH ON AUTONOMOUS 
CAR TO PRODUCTS DEVELOPMENT FOR AUTONOMOUS X .............................................................. 387 

Bruno Bougard 

PRECISE GNSS AND V2X FOR AUTOMATED VEHICLES...................................................................... 391 
Rakesh Kumar 

AUTONOMOUS SYSTEMS NAVIGATION STATE OF THE ART AND FUTURE VISION ................... 397 
Aboelmagd Noureldin 

A5: AUTONOMOUS APPLICATIONS 

ASSURED PRECISE POINT POSITIONING TECHNIQUES DRIVING THE FUTURE ........................... 406 
D. Calle, E. Carbonell, A. Chamorro, A. González, C. Mezzera, P. Navarro, D. Rodríguez, I. 
Rodríguez, G. Tobías 

VISION-BASED COLLABORATIVE NAVIGATION FOR UAV-UGV-DISMOUNTED UNITS 
IN GPS CHALLENGED ENVIRONMENTS ................................................................................................. 418 

Shahram Moafipoor, Lydia Bock, Jeffrey A. Fayman, Eoin Conroy 

ROAD VEHICLE INTEGRITY BOUND PROPAGATION USING GNSS/IMU/ODOMETER .................. 430 
Rod Bryant, Olivier Julien, Chris Hide, M. Skorupa, Ian Sheret 

FORD HIGHWAY DRIVING RTK DATASET: 30,000 KM OF NORTH AMERICAN 
HIGHWAYS .................................................................................................................................................... 444 

Sarah E. Houts, Nahid Pervez, Umair Ibrahim, Gaurav Pandey, Tyler G.R. Reid 

ANALYZING TESLA‘S LEVEL 2 AUTONOMOUS DRIVING SYSTEM UNDER DIFFERENT 
GNSS SPOOFING SCENARIOS AND IMPLEMENTING CONNECTED SERVICES FOR 
AUTHENTICATION AND RELIABILITY OF GNSS DATA ...................................................................... 453 

Roi Mit, Yoav Zangvil, Dror Katalan 

RADAR-BASED MULTI-FLOOR LOCALIZATION FOR AUTOMATED VALET PARKING ................ 466 
Mostafa Sakr, Adel Moussa, Walid Abdelfatah, Mohamed Elsheikh, Aboelmagd Noureldin, 
Naser El-Sheimy 

MOVING BASE PRECISE RELATIVE POSITION FOR DRONE SWARM FLIGHT USING 
CONVENTIONAL RTK AND NMEA DATA ............................................................................................... 480 

Hyojung Yoon, Eunyeong Lee, Cheolsoon Lim, Byungwoon Park 

A REGULARIZED LEAST SQUARES ESTIMATOR FOR PSEUDORANGE-BASED 
TERRESTRIAL POSITIONING UNDER DEGRADED GEOMETRIES ...................................................... 492 

Gianluca Zampieri, Shrivathsan Narayanan, Omar García Crespillo, Okuary Osechas 

DEMONSTRATING PROFOUND-IP3/DR PERFORMANCE FOR AUTOMATED LEVEL-2 
DRIVING APPLICATIONS IN VARIOUS OPERATING CONDITIONS ................................................... 502 

Naser El-Sheimy, Haiyu Lan, Ahmed Wahdan, Mohamed Elsheikh, Fei Liu, Hongzhou Yang, 
Walid Abdelfatah, Aboelmagd Noureldin 



A6: MARINE APPLICATIONS AND SEARCH AND RESCUE 

A STUDY TO DETERMINE THE FUTURE OF DGPS IN CANADA ......................................................... 513 
Jean Delisle, Caroline Huot 

EGNOS PERFORMANCE ALONG FINNISH COAST ................................................................................. 522 
Rodrigo González, Elisabet Lacarra, Manuel López, Kaisu Heikonen 

MARITIME ENVIRONMENT GNSS MULTIPATH ANALYSIS IN THE FRAMEWORK OF 
THE MARGOT PROJECT .............................................................................................................................. 532 

Alexandru Pandele, Antonia Croitoru, Andrei Hulea, Costi Cherciu, Alina Radutu, Irina 
Stefanescu, Katarzyna Urbanska, Dumitru Andrescu, Claudiu Dragasanu, Marius 
Trusculescu, Mugurel Balan 

TYPE APPROVAL OF SBAS ENABLED MARITIME NAVIGATION RECEIVERS ................................ 543 
Per Erik Kvam 

SPOOF DETECTION IN THE MARITIME DOMAIN USING PAIRS OF BEARING 
MEASUREMENTS ......................................................................................................................................... 555 

Peter F. Swaszek, Richard J. Hartnett, Martin Bransby, Alan Grant 

MARRINAV – SUPPORTING MARITIME CNI ........................................................................................... 568 
Martin Bransby, Alan Grant, Paul Williams, George Shaw 

R-MODE POSITIONING SYSTEM DEMONSTRATION ............................................................................ 580 
Gregory Johnson, Kenneth Dykstra, Sophie Ordell, Peter Swaszek 

THE GALILEO RETURN LINK SERVICE PROVIDER IN OPERATION .................................................. 597 
Xavier Maufroid, Jesús Cegarra, Alicia Alvarez, Ignacio Moreno, Maxime Fontanier 

GALILEO ADOPTION IN SHIPBORNE EQUIPMENT ............................................................................... 611 
C. Gioia, L. Cucchi, J. Fortuny-Guasch, M. Lopez Martinez 

GALILEO AND GPS PERFORMANCES IN THE MARITIME ENVIRONMENT ..................................... 623 
Alexandru Pandele, Antonia Croitoru, Andrei Hulea, Costel Cherciu, Alina Radutu, Marco 
Porretta, Peter Jacob Buist, Dumitru Andrescu, Lucian Dutu, Claudiu Dragasanu, Marius 
Trusculescu, Mugurel Balan 

REVISION OF RAIM IMPLEMENTATION FOR MARITIME .................................................................... 635 
F. Blázquez, G. Moreno, A. Cezón, T. Tavares, K. Callewaert 

B1: PANEL: STATUS OF GPS, GLONASS, GALILEO, BEIDOU, AND QZSS 

GLOBAL POSITIONING SYSTEM STATUS AND MODERNIZATION ................................................... 644 
Ryan Colburn 

THE STATUS OF GLONASS SYSTEM ........................................................................................................ 649 
Sergey Karutin 

VOLUME 2 

2020 - GALILEO PROGRAMME UPDATE .................................................................................................. 655 
Eric Chatre, Javier Benedicto 



UPDATED ON THE BEIDOU NAVIGATION SATELLITE SYSTEM (BDS) ............................................ 669 
Jun Shen, Changjiang Geng 

LATEST STATUS OF QZSS .......................................................................................................................... 688 
Satoshi Kogure 

B2: GNSS AUGMENTATION SYSTEMS AND INTEGRITY 1 

FREQUENCY-DOMAIN MODELING OF ORBIT AND CLOCK ERRORS FOR SEQUENTIAL 
POSITIONING ................................................................................................................................................. 701 

Elisa Gallon, Mathieu Joerger, Boris Pervan 

OVERBOUNDING SEQUENTIAL ESTIMATION ERRORS DUE TO NON-GAUSSIAN 
CORRELATED NOISE ................................................................................................................................... 714 

Steven Langel, Omar García Crespillo, Mathieu Joerger 

ERROR BOUNDING FOR ARAIM INTEGRITY SUPPORT MESSAGE GENERATION ......................... 728 
Ilaria Martini, Matteo Sgammini, Juan Pablo Boyero 

DARP PROJECT. A PROPOSAL OF ARAIM ALGORITHM ARCHITECTURE FOR 
AVIATION APPLICATIONS ......................................................................................................................... 749 

Mariano Wis, Paolo D’Angelo, Antonio Fernández, Markus Rippl, Javier de Andrés, 
Gianluca Franzoni, Dennis Bouvet, Brian Jouannic, Katerina Strelcova 

BENEFIT OF SFMC SBAS AND ITS PERFORMANCE ASSESSMENT FOR WAAS, EGNOS, 
AND MSAS ..................................................................................................................................................... 759 

Cheolsoon Lim, Byungwoon Park, Changdon Kee, Youngsun Yun 

ANALYSIS ON THE IMPACT OF DIFFERENT TIME CONSTANTS OF SMOOTHING 
FILTER ON COMPLIANCE OF RANGING SOURCE MONITORS IN DUAL-FREQUENCY 
GBAS ............................................................................................................................................................... 776 

Junesol Song, Carl Milner 

FLIGHT TEST VALIDATION OF GROUND BASED AUGMENTATION SYSTEM 
PROTOTYPE IN TAIWAN ............................................................................................................................. 788 

Yueh-Wen Lin, Yi-Ting Sung, Shuo-Ju Yeh, Shau-Shiun Jan 

DEVELOPMENT OF DFMC SBAS RECEIVER SUPPORTING QZSS L5S SIGNALS ............................. 797 
Motoki Higuchi, Mogamiya Masahito, Takahiro Yamamoto, Takeyasu Sakai 

B3: TRENDS IN FUTURE SATELLITE NAVIGATION TECHNOLOGY, SYSTEM DESIGN 
AND DEVELOPMENT 

ESA GNSS SCIENCE SUPPORT CENTRE A WORLD-WIDE REFERENCE GNSS 
ENVIRONMENT FOR SCIENTIFIC COMMUNITIES ................................................................................. 808 

Vicente Navarro, Javier Ventura-Traveset, Roberto Prieto, Jesús Cegarra, María del Mar 
Millan, Sara del Rio 

COMMUNICATION AND RANGING SYSTEM FOR THE KEPLER LABORATORY 
DEMONSTRATION ........................................................................................................................................ 821 

Raphael Wolf, Janis Surof, Juraj Poliak, Ludwig Blümel, Laura Agazzi, Ramon Mata Calvo 



COMBINING GENETIC ALGORITHMS AND MACHINE LEARNING FOR EXPLORING 
THE NAVIGATION SATELLITE CONSTELLATION DESIGN TRADESPACE ...................................... 830 

Jacob Chang, Rachel Duquette, Katherine Thai, Tongyu Zhou, Minh Pham, Victor Lin, Karen 
Wood 

SIMULATION OF THE FUTURE QZSS EQUIPPED THE OPTICAL CLOCK .......................................... 850 
Saya Matsushita, Hiroshi Takiguchi, Toshitaka Sasaki, Hideki Yamada, Isao Kawano, Koichi 
Inoue, Yuichi Takeuchi, Mitsuru Musha 

GNSS ACQUISITION PERFORMANCE OF SHORT SPREADING CODES ............................................. 859 
Christoph Enneking, Felix Antreich, André L. F. de Almeida 

GNSS PERFORMANCE STANDARDS: HOW ARE THEY HOLDING UP? .............................................. 871 
John W. Lavrakas 

OPEN FORMAT SPECIFICATIONS FOR PPP/PPP-RTK SERVICES: OVERVIEW AND 
INTEROPERABILITY ASSESSMENT .......................................................................................................... 878 

Rui Hirokawa, Ignacio Fernández-Hernández 

REVIEW OF THE GPS IIIF ACQUISITION PROCESS ............................................................................... 901 
Frank Czopek 

B4: GNSS APPLICATIONS IN SPACE 

GARHEO FLIGHT EXPERIMENT TO TEST GPS-GALILEO INTEROPERABILITY TO 
SUPPORT LAUNCHERS AND SPACE MISSIONS ..................................................................................... 906 

Riccardo Longo, Marco Bartolucci, Francesco Longhi, Marco Bergamin, Samuele Fantinato, 
Oscar Pozzobon, James J. Miller, Lisa Valencia, Erik Magnuson, Paul De Leon, Brooks 
Flaherty, A.J. Oria, Alberto Tuozzi, Claudia Facchinetti, Mario Musmeci 

GNSS PERFORMANCE MODELS APPLIED TO DESIGN OF SPACE LAUNCHER 
HYBRIDIZED NAVIGATORS ....................................................................................................................... 915 

Mariano Wis, Vicente Fernández, Antonio Latorre, Adrián Cardeñosa, Jose María Palomo, 
Antonio Fernández, Sergio Ramírez, Nicolás Puente, Francesco Cacciatore, Silvia Díaz, 
Leonardo Favilli, Alessandro Simonetti 

EXPERIMENTAL EVALUATION OF DYNAMICS-FREE PPP IN SPACE USING JAPANESE 
ALOS2 DATASET .......................................................................................................................................... 929 

Masaya Murata, Isao Kawano, Koichi Inoue 

SIMULATION AND ANALYSIS OF GPS MULTIPATH FOR THE GEDI EXPERIMENT 
ONBOARD THE INTERNATIONAL SPACE STATION ............................................................................. 935 

Viliam Klein, Penina Axelrad 

VALIDATION OF AN AUTONOMOUS MULTI-SATELLITE NAVIGATION FILTER 
AGAINST PRECISION ORBIT EPHEMERIDES .......................................................................................... 952 

Jennifer King, Matthew Ruschmann, George Davis 

DESIGN AND MISSION PLANNING OF BOBCAT-1, THE OHIO UNIVERSITY CUBESAT ................ 963 
Kevin Croissant, Gregory Jenkins, Ryan McKnight, Brian C. Peters, Sabrina Ugazio, Frank 
van Graas 



B5: GNSS AUGMENTATION SYSTEMS AND INTEGRITY 2 

AUSTRALIA AND NEW ZEALAND SBAS AND PPP TESTBED: ACHIEVEMENTS AFTER 
THREE YEARS OF SERVICE ....................................................................................................................... 974 

Julián Barrios, José Gabriel Pericacho, Alessandra Calabrese, Guillermo Fernández, Victor 
Manuel Esteban, Miguel Ángel Fernández, Fernando Bravo, Jesús David Calle, Borja Torres 
Minaya, Jerónimo Pereda Figueiras, Konrad Wojciech, José Caro, Robert Jackson, Patrick 
E. Reddan, Deane Bunce, Claudio Soddu 

PERFORMANCES MONITORING, ANALYSIS AND DEMONSTRATION FOR SBAS FOR 
AFRICA AND INDIAN OCEAN (A-SBAS) ................................................................................................ 1013 

G. Greze, T. Authié, C. Renazé, S. Trilles, X. Berenguer, H. Delfour, L. Bakienon, J. Lapie, A. 
Dembelé, V. Dovonon, H. Ngaya 

SIGNAL QUALITY MONITORING THROUGH ANALYSIS OF CHIP SHAPE 
DEFORMATION FOR GNSS SIGNALS ..................................................................................................... 1034 

Nicholas C. Echeverry, J. Addison Betances, Sanjeev Gunawardena, Michael A. Temple 

PROTOTYPING OF GALILEO URA DETERMINATION WITH TGVF AND EXTENDED 
GALILEO PERFORMANCE CHARACTERISATION FOR SOL APPLICATIONS ................................. 1042 

G. Galluzzo, S. Wallner, J.G Pericacho, O. Criado, C. García, F.J. Sobrero, P. Brieden, K. 
Binder, G. Battista, M. Odriozola, A. Nuckelt, D. Joly, E. Canestri, C. Stallo, M. Sgammini, I. 
Martini, M. Mabilleau, N. Castrillo 

B6: SPECTRUM: PROTECTION AND OPTIMIZATION 

DETECTION OF GNSS INTERFERENCE IN SAFETY CRITICAL RAILWAY 
APPLICATIONS USING COMMERCIAL RECEIVERS ............................................................................ 1056 

Alessia Vennarini, Andrea Coluccia, Daniel Gerbeth, Omar Garcia Crespillo, Alessandro 
Neri 

A GNSS JAMMING/SPOOFING TEST SUITE FOR SMART TACHOGRAPH APPLICATIONS .......... 1070 
L. Cucchi, J. Fortuny, G. Baldini, I. Fernandez-Hernandez, B. Martinez, G. Vecchione 

ROBUST DUAL -ANTENNA RECEIVER: JAMMING/SPOOFING DETECTION AND 
MITIGATION ................................................................................................................................................ 1095 

Ali Broumandan, Thomas Taylor, Darrell Anklovitch, Sandy Kennedy 

AN ASSESSMENT OF GNSS RECEIVER BEHAVIOUR IN LABORATORY CONDITIONS 
WHEN SUBJECT TO GPS MEACONING OR SPOOFING SCENARIOS ................................................ 1104 

Mark Hunter, Francesca Fillipi, Guy Buesnel 

HARDWARE-IN-THE-LOOP GPS AND PMU INTEGRATED DATASETS FOR THE POWER 
GRID UNDER GPS SPOOFING ATTACKS ............................................................................................... 1116 

Shubhendra Vikram Singh Chauhan, Grace Xingxin Gao 

I AM NOT AFRAID OF THE JAMMER: NAVIGATING WITH SIGNALS OF OPPORTUNITY 
IN GPS-DENIED ENVIRONMENTS ........................................................................................................... 1126 

Zak M. Kassas, Joe Khalife, Ali Abdallah, Chiawei Lee 

SMOOTHING THE WAY FOR SATELLITE OUTAGE REPORTING: IMPLEMENTING THE 
SATELLITE OUTAGE FILE ........................................................................................................................ 1146 

John W. Lavrakas 



C1: NAVIGATION IN URBAN ENVIRONMENTS 1 

A SUB-METER REAL-TIME POSITIONING SERVICE FOR SMARTPHONES ..................................... 1156 
Joshua Critchley-Marrows, William Roberts, Malgorzata Siutkowska, Maria Ivanovici, 
Valentin Barreau, Soufian Ayachi, Laurent Arzel 

NLOS MULTIPATH DETECTION USING CONVOLUTIONAL NEURAL NETWORK ........................ 1170 
Taro Suzuki 

TRAJECTORY PLANNING UNDER STOCHASTIC AND BOUNDED SENSING 
UNCERTAINTIES USING REACHABILITY ANALYSIS ........................................................................ 1184 

Akshay Shetty, Grace Xingxin Gao 

3D LIDAR AIDED GNSS AND ITS TIGHTLY COUPLED INTEGRATION WITH INS VIA 
FACTOR GRAPH OPTIMIZATION ............................................................................................................ 1196 

Weisong Wen 

PRECISE POSITIONING FOR 2-WHEEL URBAN MOBILITY ................................................................ 1220 
Mike Horton, Jens Windau 

SEAMLESS ACCURATE POSITIONING IN DEEP URBAN AREA USING DGNSS AND 
CMC-BASED MULTIPATH MITIGATION ................................................................................................ 1229 

YongJun Lee, Byungwoon Park 

TIGHTLY-COUPLED INTEGRATION OF A GNSS/INS SYSTEM AIDED BY THE RAIM 
SATELLITE SELECTION ALGORITHM ................................................................................................... 1244 

Shih-Chien Hung, Shau-Shiun Jan 

A SATELLITE SELECTION METHOD BASED ON THE CONSISTENCY ANALYSIS OF THE 
DOPPLER FREQUENCY AND THE CARRIER PHASE DIFFERENCE .................................................. 1250 

Tomoaki Takewa, Takafumi Nagano, Wataru Tsujita 

C2A: NAVIGATION IN URBAN ENVIRONMENTS 2 

TIGHT COUPLING BETWEEN RADAR AND INS/GNSS WITH AUTO SOFTWARE FOR 
ACCURATE AND RELIABLE POSITIONING FOR AUTONOMOUS VEHICLES ................................ 1257 

Abdelrahman Ali, Billy Chan, Amr Shebl Ahmed, Medhat Omr, Dylan Krupity, Qingli Wang, 
Amr Al-Hamad, Jacques Georgy, Christopher Goodall 

THE PATH TO ROBUST MUNICIPAL PNT .............................................................................................. 1270 
Steven Polunsky 

EVALUATION OF A "BLACK-BOX" STATE-OF-THE-ART VISION-BASED NAVIGATION 
ALGORITHM FOR GPS-DENIED NAVIGATION ..................................................................................... 1277 

Simone B. Bortolami, Helen Webb, Michael Richman, Peter Norton 

PRECISE POSITIONING INTO URBAN ENVIRONMENTS: A LOW-COST SINGLE-
FREQUENCY PPP SYSTEM ........................................................................................................................ 1290 

Hongzhou Yang, Fei Liu, Yang Gao 



C2B: GNSS RECEIVER MANUFACTURER SHOWCASE 

BEIDOU B2B AND QZSS L6 MESSAGE DECODING ACCURACY IN A LOW-POWER 
LOW-COST PLATFORM ............................................................................................................................. 1298 

Marco Mendonça, Ali Pirsiavash, Altti Jokinen, Ryan Yang, Hongtao Yu, Mingo Tsai, Gary 
Hau, Yi-Fen Tseng 

VOLUME 3 

C3: NOVEL APPLICATIONS OF GNSS MEASUREMENTS FROM SMARTPHONES 

ENHANCING SMARTPHONES’ LOCATION WITH EDAS (EGNOS DATA ACCESS 
SERVICE) INTERNET CORRECTIONS ..................................................................................................... 1312 

J. Morán, J. Vázquez, M.A. Sánchez, H. Pampanas, J. Reyes González 

TOWARDS A PLUG&PLAY SOLUTION FOR REAL-TIME PRECISE POSITIONING ON 
MASS-MARKET DEVICES ......................................................................................................................... 1328 

Marco Fortunato, Augusto Mazzoni 

DETECTING IONOSPHERIC IRREGULARITY BASED ON ROT VARIATION USING 
ANDROID DEVICES CLOUD SYSTEM .................................................................................................... 1341 

Jeonghyeon Yun, Cheolsoon Lim, Byungwoon Park, Jade Morton 

3D CITY MODEL VALIDATION USING GNSS SIGNALS - THE REALITY INDEX ............................ 1353 
Celina Grabowska, Saara Kuismanen, Stefan Söderholm 

AN ASSESSMENT METHODOLOGY OF SMARTPHONES POSITIONING PERFORMANCE 
FOR COLLABORATIVE SCENARIOS IN URBAN ENVIRONMENT ..................................................... 1363 

Thomas Verheyde, Antoine Blais, Christophe Macabiau, François-Xavier Marmet 

MULTIPATH ERROR MODELLING AND POSITION ERROR OVER-BOUNDING FOR 
PRECISE RTK POSITIONING USING GNSS RAW MEASUREMENTS FROM 
SMARTPHONE FOR AUTOMOTIVE NAVIGATION ............................................................................... 1372 

H. Sharma, C. A. Lichtenberger, T. Pany 

ANDROID RAW GNSS MEASUREMENT DATASETS FOR PRECISE POSITIONING ........................ 1395 
Guoyu (Michael) Fu, Mohammed Khider, Frank van Diggelen 

GPS IN THE CLASSROOM: TAKING THE PARALYSIS OUT OF ANALYSIS ..................................... 1408 
Andrew Neish, Tyler Reid, Frank van Diggelen, Grace Gao 

GALILEO IONOSPHERIC CORRECTION ALGORITHM: A SMART AND READY-TO-GO 
IMPLEMENTATION .................................................................................................................................... 1420 

Angela Aragon-Angel 

C4: MACHINE LEARNING IN LOCATION 

DESIGNING LOW-CORRELATION GPS SPREADING CODES VIA A POLICY GRADIENT 
REINFORCEMENT LEARNING ALGORITHM ........................................................................................ 1427 

Tara Yasmin Mina, Grace Xingxin Gao 

NEURAL NETWORK BASED EVIL WAVEFORMS DETECTION ......................................................... 1443 
Alexis Louis, Mathieu Raimondi  



ZERO VELOCITY DETECTION FOR UN-TETHERED VEHICULAR NAVIGATION 
SYSTEMS USING SUPPORT VECTOR MACHINE .................................................................................. 1449 

Haiyu Lan, Yashar Balazadegan Sarvrood, Adel Moussa, Naser El-Sheimy 

REGION ADAPTIVE NEURAL NETWORK FOR GNSS POSITIONING IN DIVERSE URBAN 
AREAS ........................................................................................................................................................... 1462 

Po-Yu Chen, Hao Chen, MuHan Tsai, Hsien-Kai Kuo, Yi-Min Tsai, Tsung-Yu Chiou, Pei-
Hung Jau 

GNSS MULTIPATH DETECTION USING EMBEDDED DEEP CNN ON INTEL® NEURAL 
COMPUTE STICK ........................................................................................................................................ 1470 

Evgenii Munin, Antoine Blais, Nicolas Couellan 

C5: PANEL: UAV PACKAGE DELIVERY 

"UAV PACKAGE DELIVERY – SPECTRUM PERSPECTIVES".............................................................. 1482 
M. Anne Swanson 

NORTH CAROLINA UAV PACKAGE DELIVERY OPERATIONS ......................................................... 1493 
Basil Yap 

DRONE DELIVERY REGULATORY FRAMEWORK ............................................................................... 1498 
Lisa Ellman 

FAA UAS PACKAGE DELIVERY BRIEFING ........................................................................................... 1504 
Rachel Carlstrom 

C6: THE SPECTRUM OF AUTONOMY IN NAVIGATION 

SPARTN: THE FIRST OPEN GNSS DATA STANDARD THAT ENABLES SAFE AND 
ACCURATE GNSS LOCALIZATION FOR AUTOMOTIVE APPLICATIONS ........................................ 1514 

Kendall Ferguson, Landon Urquhart, Rodrigo Leandro 

D1: ALTERNATIVE TECHNOLOGIES FOR GNSS-DENIED ENVIRONMENTS 1 

HYBRID NAVIGATION FILTERS PERFORMANCES BETWEEN GPS, GALILEO AND 5G 
TOA MEASUREMENTS IN MULTIPATH ENVIRONMENT ................................................................... 1522 

Anne-Marie Tobie, Axel Garcia-Pena, Paul Thevenon, Jérémy Vezinet, Marion Aubault 

TIGHT INTEGRATION OF DIGITAL MAP AND TETHERED POSITIONING AND 
NAVIGATION SOLUTION FOR IOT APPLICATIONS AND LAND VEHICLES ................................... 1556 

Yashar Balazadegan Sarvrood, Haiyu Lan, Aboelmagd Noureldin, Naser El-Sheimy 

ACCURACY AND PERFORMANCE OF THE NETWORK LOCATION PROVIDER IN 
ANDROID DEVICES .................................................................................................................................... 1567 

Filip Nedelkov, Dong-Kyeong Lee, Damian Miralles, Dennis Akos 

EFFECT OF ANTENNA PORTS ON TOA ESTIMATION WITH 4G LTE SIGNALS IN URBAN 
MOBILE ENVIRONMENTS ........................................................................................................................ 1581 

Chun Yang, Thomas Pany, Petra Weitkemper 

VEHICLE MOTION ESTIMATION USING A LOW COST GNSS/IMU ACCURACY 
IMPROVEMENT BY IMU CORRECTION USING GNSS ......................................................................... 1597 

Aoki Takanose, Yoshiki Atsumi, Kanamu Takikawa, Junichi Meguro 



RESILIENT PEER-TO-PEER RANGING USING NARROWBAND HIGH-PERFORMANCE 
SOFTWARE-DEFINED RADIOS ................................................................................................................ 1608 

Vincent Beech, Paul Groves, Paul Wright 

ENHANCED LAND VEHICLES NAVIGATION BY FUSING AUTOMOTIVE RADAR AND 
SPEEDOMETER DATA ............................................................................................................................... 1621 

Ashraf Abosekeen, Umar Iqbal, Aboelmagd Noureldin 

DEMONSTRATION OF A DECIMETER-LEVEL ACCURATE HYBRID OPTICAL-
WIRELESS TERRESTRIAL POSITIONING SYSTEM .............................................................................. 1635 

Cherif Diouf, Han Dun, Tarik Kazaz, Gerard Janssen, Christian Tiberius 

A PROOF-OF-CONCEPT OF COOPERATIVE DGNSS FOR UAV/UGV NAVIGATION ....................... 1644 
Neil Gogoi, Alex Minetto, Fabio Dovis 

D2: URBAN AND INDOOR POSITIONING, NAVIGATION AND MAPPING 

WHEEL ODOMETRY AIDED VISUAL-INERTIAL ODOMETRY FOR LAND VEHICLE 
NAVIGATION IN WINTER URBAN ENVIRONMENTS .......................................................................... 1652 

Cheng Huang, Yang Jiang, Kyle O’Keefe 

LOCALIZATION IN HIGH-SPEED MOTION USING IMU-AIDED EVENT FLOW 
ESTIMATION ................................................................................................................................................ 1667 

Jae Hyung Jung, Chan Gook Park 

ROBUST AND ACCURATE DETERMINISTIC VISUAL ODOMETRY .................................................. 1675 
Pierre Bénet, Alexis Guinamard 

A SYSTEM FOR EVALUATING VISION-AIDED NAVIGATION UNCERTAINTY ............................. 1687 
Erik Rodenburgh, Clark Taylor 

MULTI-ANTENNA VISION-AND-INERTIAL-AIDED CDGNSS FOR MICRO AERIAL 
VEHICLE POSE ESTIMATION ................................................................................................................... 1696 

James E. Yoder, Peter A. Iannucci, Lakshay Narula, Todd E. Humphreys 

THE PERFORMANCE ANALYSIS OF MULTI-SENSOR INTEGRATION USING 
SMARTPHONE’S SENSORS FOR SEAMLESS URBAN AND INDOOR NAVIGATION ...................... 1714 

Dinh T. Le, Kuan -Y. Lin, Syun Tsai 

INTEGRITY-DRIVEN LANDMARK ATTENTION FOR GPS-VISION NAVIGATION VIA 
STOCHASTIC REACHABILITY ................................................................................................................. 1726 

Sriramya Bhamidipati, Grace Xingxin Gao 

COMBINING INERTIALLY-AIDED EXTENDED COHERENT INTEGRATION 
(SUPERCORRELATION) WITH 3D-MAPPING-AIDED GNSS ................................................................ 1742 

Paul D. Groves, Qiming Zhong, Ramsey Faragher, Paulo Esteves 

INTEGRITY-BASED PATH PLANNING STRATEGY FOR URBAN AUTONOMOUS 
VEHICULAR NAVIGATION USING GPS AND CELLULAR SIGNALS ................................................ 1762 

Halim Lee, Jiwon Seo, Zaher M. Kassas 

INDOOR POSITIONING ALGORITHM BASED ON CHANNEL STATE INFORMATION 
USING BOOTSTRAP FILTER ..................................................................................................................... 1773 

Jingjing Wang, Joon Goo Park 



D4: GNSS AUGMENTATION AND ROBUSTNESS FOR AUTONOMOUS NAVIGATION 

DETECTING SLOWLY ACCUMULATING FAULTS USING A BANK OF CUMULATIVE 
INNOVATIONS MONITORS IN KALMAN FILTERS............................................................................... 1782 

John D. Quartararo, Steven E. Langel 

A GNSS/INS/ODOMETER FILTER BANK USING NEXT GENERATION DFMC SBAS 
AUGMENTATION FOR RAIL AND ROAD USERS ................................................................................. 1797 

Gabriele Ligorio, David Rüegg, Quirin Meindl, Jan Wendel, Anne Ridings, Carlos Lopez, 
Ivan Lapin 

TEST OF THE FILTER DESIGN EFFECT ON EVIL WAVEFORM MONITORING IN SBAS 
FOR GALILEO E1 AND E5A SIGNALS ..................................................................................................... 1813 

Ikhlas Selmi, Paul Thevenon, Christophe Macabiau, Olivier Julien, Mikael Mabilleau, Jaron 
Samson 

PERFORMANCE ANALYSIS OF SIMULTANEOUS TRACKING AND NAVIGATION WITH 
LEO SATELLITES ........................................................................................................................................ 1831 

Trier R. Mortlock, Zaher M. Kassas 

INTEGRITY MONITORING USING ARAIM FOR BRIDGING DFMC SBAS OUTAGES IN 
ROAD TRANSPORT .................................................................................................................................... 1845 

Kan Wang, Ahmed El-Mowafy, Jizhong Wu 

A PARTICLE FILTERING FRAMEWORK FOR INTEGRITY RISK OF GNSS-CAMERA 
SENSOR FUSION ......................................................................................................................................... 1855 

Adyasha Mohanty, Shubh Gupta, Grace Xingxin Gao 

ROBUSTNESS OF HIGH ACCURACY GNSS-BASED POSITIONING USING GNSS 
REFERENCE STATIONS IN URBAN ENVIRONMENTS ......................................................................... 1868 

Daniel H. Olesen, Anna B.O. Jensen, Søren S. Larsen, Samuel Lukac 

D5: ALTERNATIVE TECHNOLOGIES FOR GNSS-DENIED ENVIRONMENTS 2 

HYBRID LEAST SQUARES FOR COLLABORATIVE LOCALIZATION: COMPARATIVE 
ANALYSIS AND INTEGRATED OUTLIER REJECTION ........................................................................ 1883 

Ali Khalajmehrabadi, Nikolaos Gatsis, Daniel Pack, David Akopian 

INTEGRITY MONITORING FOR A-PNT USING BAROMETRIC MEASUREMENTS AIDED 
MULTIDMES ................................................................................................................................................ 1890 

Xiao Liang, Carl Milner, Christophe Macabiau, Philippe Estival 

DATA-DRIVEN PROTECTION LEVELS FOR CAMERA AND 3D MAP-BASED SAFE 
URBAN LOCALIZATION ............................................................................................................................ 1898 

Shubh Gupta, Grace X. Gao 

A HYBRID BAROMETRIC/ULTRASONIC ALTIMETER FOR AIDING ZUPT-BASED 
INERTIAL PEDESTRIAN NAVIGATION SYSTEMS ............................................................................... 1915 

Chi-Shih Jao, Yusheng Wang, Yu-Wei Lin, Andrei M. Shkel 

INTEGRATED NAVIGATION FOR TRACKED COMPOST TURNERS USING GNSS, INS, 
ODOMETERS, STEREO CAMERA AND 3D MAP .................................................................................... 1933 

Eva Reitbauer, Christoph Schmied, Michael Schedler 



POSITRINO: POSITIONING, NAVIGATION AND TIMING WITH NEUTRINO PARTICLES ............. 1948 
J. Fidalgo, S. Melis, A. Cezón, C. Prajanu, F.J. Mata, M. Azaola, C. Andreopoulos, C. Barry, 
J. Tena Vidal, M. Roda, F.-C. Grec, L. Mendes 

ASSESSING REAL 5G SIGNALS FOR OPPORTUNISTIC NAVIGATION ............................................. 1963 
Ali A. Abdallah, Kimia Shamaei, Zaher M. Kassas 

VOLUME 4 

LOW-COST INDOOR VISION-BASED NAVIGATION FOR MOBILE ROBOTS .................................. 1975 
Shaza I. Kaoud Abdelaziz, Aboelmagd Noureldin, Georgia Fotopoulos 

D6: NAVIGATION USING ENVIRONMENTAL FEATURES 

MACHINE LEARNING-BASED VISUAL ODOMETRY UNCERTAINTY ESTIMATION FOR 
LOW-COST INTEGRATED LAND VEHICLE NAVIGATION ................................................................. 1984 

Hany Ragab, Shaza Kaoud Abdelaziz, Mohamed Elhabiby, Sidney Givigi, Aboelmagd 
Noureldin 

HIGH-PRECISION INFANTRY TRAINING SYSTEM (HITS) .................................................................. 1994 
Stephen DelMarco, Simone B. Bortolami, Helen Webb, Justin Delva, David Chen, Frank 
Tucker, Travis Hillyer 

LIDAR-BASED TERRAIN RECOGNITION IN OFF-ROAD MOBILE ROBOT ...................................... 2005 
Xinao Wang Joseph G. Walters 

CARRIER PHASE TRACKING ARCHITECTURE FOR POSITIONING IN LTE NETWORKS 
UNDER CHANNEL FADING CONDITIONS ............................................................................................. 2020 

Pai Wang, Y. Jade Morton 

DIGITAL TRACK MAP AIDED TRACK OCCUPANCY IDENTIFICATION METHOD IN 
RAILWAY STATIONS ................................................................................................................................. 2033 

Tao Yang, Debiao Lu, Baigen Cai, Jian Wang, Jiang Liu, Philippe Laviron 

HIGH-PRECISION POSITIONING AND MAPPING USING FEATURE-BASED 
RTK/LIDAR/INS INTEGRATED SYSTEM FOR URBAN ENVIRONMENTS ........................................ 2043 

Wenyi Li, Xiaowei Cui, Mingquan Lu 

DYNAMIC USER TEST AND EVALUATION SYSTEM FOR THE KOREAN REGIONAL 
NAVIGATION SATELLITE SYSTEM ........................................................................................................ 2056 

Jung-Hoon Lee, Jong-Sun Ahn, Sung-Hyuck Im, Jung-Min Joo, Moon-Beom Heo 

E1: ADVANCED TECHNOLOGIES IN HIGH PRECISION GNSS POSITIONING 1 

DGNSS-BASED COOPERATIVE POSITIONING USING STATISTICS-ADAPTIVE 
PARTICLE FILTER ...................................................................................................................................... 2067 

Alex Minetto, Alessandro Gurrieri, Fabio Dovis 

PRIVACY-PRESERVING COOPERATIVE POSITIONING ...................................................................... 2082 
Guillermo Hernandez, Gerald LaMountain, Pau Closas 

STATE-SPACE POSITIONING CORRECTIONS VIA SINGLE-RECEIVER GNSS DATA .................... 2091 
A. Khodabandeh, N. Nadarajah 



UNCERTAINTY MODEL ESTIMATION IN AN AUGMENTED DATA SPACE FOR ROBUST 
STATE ESTIMATION .................................................................................................................................. 2101 

Ryan M. Watson, Jason N. Gross, Clark N. Taylor, Robert C. Leishman 

VIRTUAL BASE STATION ALGORITHM AND PERFORMANCE ASSESSMENT .............................. 2111 
M. Saidani ,P. Sarri, A. Guinamard, D. Gallego Maya 

HEIGHT FLUCTUATION KINEMATIC POSITIONING RELIABILITY ................................................. 2125 
Aoki Takanose, Yoshiki Atsumi, Kanamu Takikawa, Junichi Meguro 

ON THE EVALUATION OF CONFIDENCE LEVELS WITH APPLICATION TO GNSS ....................... 2133 
Safoora Zaminpardaz, Peter J.G. Teunissen, Christiaan C.J.M. Tiberius 

E2: GNSS RECEIVER TECHNOLOGIES AND PROCESSING FOR CHALLENGING 
ENVIRONMENTS 1 

GNSS SEQUENCE EXTRACTION AND REUSE FOR NAVIGATION .................................................... 2146 
 J. Rossouw van der Merwe, Sascha M. Bartl, Cillian O’Driscoll, Alexander Rügamer, Frank 
Förster, Philipp Berglez, Alexander Popugaev, Wolfgang Felber 

BLIND OPPORTUNISTIC NAVIGATION: COGNITIVE DECIPHERING OF PARTIALLY 
KNOWN SIGNALS OF OPPORTUNITY .................................................................................................... 2163 

Mohammad Neinavaie, Joe Khalife, Zaher M. Kassas 

LONG COHERENT COMBINING AND INTEGRATION FOR BOC SIGNAL ACQUISITION 
UNDER STRONG INTERFERENCE ........................................................................................................... 2173 

Chun Yang, Andrey Soloviev, Ananth Vadlamani, Joung C. Ha 

FREQUENCY DIVERSITY COMBINED ROBUST GNSS SIGNAL TRACKING USING A 
BANK OF CORRELATORS ......................................................................................................................... 2194 

Peirong Fan, Yang Gao, Xiaowei Cui, Mingquan Lu, Weihua Xie 

GNSS MULTI-FREQUENCY CARRIER TRACKING WITH CYCLE SLIP DETECTION AND 
MITIGATION UNDER STRONG IONOSPHERE SCINTILLATION ........................................................ 2210 

Rong Yang, Xingqun Zhan, Jihong Huang, Yu Morton 

COOPERATIVE NAVIGATION WITH THE VECTOR DELAY/FREQUENCY LOCK LOOP ............... 2218 
Tanner M. Watts, Scott M. Martin 

A POST PROCESSING BASED IRNSS/NAVIC SOFTWARE RECEIVER FOR ANALYSIS 
AND DEVELOPMENT OF NEW ALGORITHMS AND SIGNALS .......................................................... 2237 

Chittimalla Srinu, Laxminarayana Parayitam 

DEEP LEARNING OF GNSS SIGNAL CORRELATION ........................................................................... 2251 
Haoqing Li, Parisa Borhani-Darian, Peng Wu, Pau Closas 

AN IMPROVED DUAL BINARY PHASE-SHIFT KEYING TRACKING METHOD FOR 
STANDARD BOC SIGNALS ....................................................................................................................... 2263 

Chuhan Wang, Yang Gao, Xiaowei Cui, Mingquan Lu 

VECTOR DELAY AND FREQUENCY LOCK LOOP IN A REAL-TIME HARDWARE 
ENVIRONMENT ........................................................................................................................................... 2273 

Katrin Dietmayer, Fabio Garzia, Matthias Overbeck, Wolfgang Felber 



E3: ADVANCED TECHNOLOGIES IN HIGH PRECISION GNSS POSITIONING 2 

CLOSED-LOOP GNSS/INS SIMULATION CHAIN WITH RTK-ACCURACY FOR SENSOR 
FUSION ALGORITHM VERIFICATION .................................................................................................... 2282 

Andreas Schütz, Mohamed Bochkati, Daniel Maier, Thomas Pany 

NAVIC SIGNALS MULTIPATH ANALYSIS, ESTIMATION AND MITIGATION FOR HIGH-
ACCURACY POSITIONING ........................................................................................................................ 2293 

A. Althaf, Hari Hablani 

CHALLENGES AND OPPORTUNITIES IN MASS MARKET RTK ......................................................... 2311 
Altti Jokinen, Ali Pirsiavash, Marco Mendonça, Ryan Yang, Hongtao Yu, Mingo Tsai, Gary 
Hau,  Yi-Fen Tseng 

RTK FEASIBILITY ANALYSIS FOR GNSS SNAPSHOT POSITIONING ............................................... 2326 
Xiao Liu, Miguel Ángel Ribot, Adrià Gusi-Amigó, Pau Closas, Adrià Rovira Garcia, Jaume 
Sanz Subirana 

IMPACT OF GPS FLEX POWER ON DIFFERENTIAL CODE BIAS ESTIMATION FOR 
BLOCK IIR-M AND IIF SATELLITES ........................................................................................................ 2337 

Özge Gizem Esenbuga, André Hauschild, Peter Steigenberger 

OPEN-WORLD VIRTUAL REALITY HEADSET TRACKING ................................................................. 2346 
Todd E. Humphreys, Ronnie Xian Thong Kor, Peter A. Iannucci, James E. Yoder 

POSITIONING FOR TRAIN-INFRASTRUCTURE ASSET HEALTH STATUS MONITORING 
WITHIN THE SIA-PROJECT ....................................................................................................................... 2363 

Ramin Moradi, Yuheng Zheng, Michael Hutchinson, Michael Roth, Kanwal Jahan, Jon Goya, 
Unai Alvarado 

MULTI-GNSS AMBIGUITY RESOLUTION AS A SUBSTITUTE TO OBSTRUCTED 
SATELLITES IN PRECISE POINT POSITIONING PROCESSING ........................................................... 2375 

Nacer Naciri, Sunil Bisnath 

E4A: GNSS RECEIVER TECHNOLOGIES AND PROCESSING FOR CHALLENGING 
ENVIRONMENTS 2 

A NEW METHOD FOR NON-LINE-OF-SIGHT GNSS SIGNAL DETECTION FOR 
POSITIONING ACCURACY IMPROVEMENT IN URBAN ENVIRONMENTS ..................................... 2387 

Zhitao Lyu, Yang Gao 

NLOS MULTIPATH DETECTION USING CONVOLUTIONAL NEURAL NETWORK ........................ 2404 
Taro Suzuki, Kazuki Kusama, Yoshiharu Amano 

A METHOD FOR LOS DETECTION UNDER THE NLOS GNSS SIGNAL TRACKING ........................ 2416 
Dmitry Kuznetsov 

COLLABORATIVE POSITIONING IN AUTOMATED CAR DRIVING: ACCOUNTING FOR 
COMMUNICATION CHANNEL AND MULTIPATH ................................................................................ 2423 

Nikolay Mikhaylov, Florian A. Schiegg, Shuo Li, Yan Jiang, Yichen Liu, Simon Ollander 

INTEGRATING GNSS SIGNAL TRACKING AND MAP-MATCHING FOR REFLECTED 
AND DIFFRACTED SIGNALS MITIGATION IN URBAN ENVIRONMENTS ....................................... 2427 

Nesreen I. Ziedan 



E4B: NEXT GENERATION GNSS POSITIONING 

NAVIGATION USING CARRIER DOPPLER SHIFT FROM A LEO CONSTELLATION: 
TRANSIT ON STEROIDS ............................................................................................................................ 2442 

Mark L. Psiaki 

BLIND DOPPLER ESTIMATION FROM LEO SATELLITE SIGNALS: A CASE STUDY WITH 
REAL 5G SIGNALS ...................................................................................................................................... 2461 

Joe Khalife, Mohammad Neinavaie, Zaher M. Kassas 

IMPACT OF CASCADING FAULTS ON MEGA-CONSTELLATION-AUGMENTED GNSS 
PPP INTEGRITY ........................................................................................................................................... 2470 

Danielle Racelis, Mathieu Joerger 

NAVIGATION USING DOPPLER SHIFT FROM LEO CONSTELLATIONS AND INS DATA ............. 2486 
Brian McLemore, Mark L. Psiaki 

E5: GNSS RECEIVER SIGNAL PROCESSING FOR DEGRADED SIGNAL CONDITIONS 

CONCEPTION OF A POST-CORRELATION RFI MITIGATION APPROACH BASED ON RFI 
IMPACT ESTIMATION TO THE CORRELATORS AND COMPARISON WITH THE 
CLASSICAL PRE-CORRELATION FDAF METHOD ............................................................................... 2502 

Thomas Kraus, Thomas Pany 

DATA BIT ASSISTED ADAPTIVE IMM FILTER FOR CARRIER PHASE TRACKING 
THROUGH INTERFERENCE ...................................................................................................................... 2513 

Wengxiang Zhao, Boris Pervan 

A UNIFORM FRAMEWORK SEMI-ANALYTIC MODEL FOR STL AND VTL 
PERFORMANCE EVALUATION ................................................................................................................ 2523 

Qiongqiong Jia, Renbiao Wu 

MITIGATION OF CARRIER PHASE DISTORTIONS INDUCED BY SPATIAL FILTERING 
USING ANTENNA ARRAYS ...................................................................................................................... 2535 

Tobias Bamberg, Andriy Konovaltsev, Michael Meurer 

PERFORMANCE OF CYCLE SLIP FILTERING ALGORITHM DURING IONOSPHERE 
SCINTILLATION .......................................................................................................................................... 2547 

Brian Breitsch, Yang Wang, Y. Jade Morton 

ANALYSIS AND PRE-PROCESSING OF RAW MEASUREMENTS FROM SMARTPHONES 
IN REALISTIC ENVIRONMENTS .............................................................................................................. 2555 

Ganga Shinghal, Sunil Bisnath 

DEEPLY COUPLED INTEGRATION OF A SOFTWARE DEFINED GNSS RECEIVER AND A 
VIBRATORY MEMS RATE GYROSCOPE BASED SOFTWARE DEFINED IMU ................................. 2570 

Baoyu Liu, Kaixiang Tong, Yang Gao 

PERFORMANCE ANALYSIS OF A VECTOR TRACKING SOFTWARE DEFINED 
RECEIVER FOR GPS L5 .............................................................................................................................. 2578 

Charles Anderson Givhan, David M. Bevly, Scott M. Martin 



E6: PANEL: REDOING GLOBAL SATELLITE NAVIGATION SYSTEMS FROM SCRATCH 
- THE PERFECT SYSTEM 

THE PERFECT SYSTEM (1) ........................................................................................................................ 2595 
Karl Kovach 

REDOING GNSS FROM SCRATCH: THE PERFECT SYSTEM (2) ......................................................... 2598 
Tyler Reid 

ION GNSS + PANEL: REDOING GNSS FROM SCRATCH - THE PERFECT SYSTEM (3) ................... 2602 
Lionel Ries 

REDOING GNSS FROM SCRATCH: THE PERFECT SYSTEM (4) ......................................................... 2605 
Frank van Diggelen 

F1: GNSS AUTHENTICATION AND ANTI-SPOOFING 1 

A SOLUTION SEPARATION MONITOR USING INS FOR DETECTING GNSS SPOOFING ............... 2616 
Birendra Kujur, Samer Khanafseh, Boris Pervan 

VOLUME 5 

A GNSS SPOOFING EXCLUSION METHOD BASED ON DENSITY CLUSTERING WITH 
THE ROUGH USER POSITION ................................................................................................................... 2633 

Jianfeng Li, Hong Li, Weiyu Gao, Mingquan Lu 

DEEP NEURAL NETWORK APPROACH TO DETECT GNSS SPOOFING ATTACKS ........................ 2647 
Parisa Borhani-Darian, Haoqing Li, Peng Wu, Pau Closas 

OPTIMAL SEQUENTIAL SPOOF DETECTION BASED ON DIRECTION OF ARRIVAL 
MEASUREMENTS ....................................................................................................................................... 2659 

Fabian Rothmaier 

BAROMETER BASED GNSS SPOOFING DETECTION........................................................................... 2674 
Dong-Kyeong Lee, Filip Nedelkov, Dennis Akos, Byungwoon Park 

SPOOFING DETECTION ON SHIPS USING MULTIPATH MONITORING AND MOVING-
BASELINE ANALYSIS ................................................................................................................................ 2689 

Kaito Kobayashi, Nobuaki Kubo 

BLIND SPOOFING DETECTION FOR MULTI-ANTENNA SNAPSHOT RECEIVERS USING 
MACHINE-LEARNING TECHNIQUES ...................................................................................................... 2700 

J. Rossouw van der Merwe, Ana Nikolikj, Sebastian Kram, Ivana Lukcin, Gorjan Nadzinski, 
Alexander Rügamer, Wolfgang Felber 

A PROPOSAL FOR SECURING TERRESTRIAL RADIO-NAVIGATION SYSTEMS ............................ 2719 
Ronnie X.T. Kor, Peter A. Iannucci, Lakshay Narula, Todd E. Humphreys 

GNSS ANTI-SPOOFING DEFENSE BASED ON COOPERATIVE POSITIONING ................................. 2732 
Akmal Rustamov, Neil Gogoi, Alex Minetto, Fabio Dovis 

ALL SIGNAL ACQUISITION PROCESSING FOR SPOOFING DETECTION, ESTIMATION, 
MITIGATION AND INTENT ANALYSIS .................................................................................................. 2744 

Chun Yang, Andrey Soloviev 



F2: PANEL: GNSS FOR AI-ENABLED AUTONOMOUS SYSTEMS – THE GOOD, THE BAD, 
AND THE UGLY 

PERSPECTIVES FROM ANDREW HANSEN ............................................................................................ 2758 
Andrew Hansen 

AERIAL AUTONOMOUS VEHICLES – OPPORTUNITIES, CHALLENGES, AND 
CONCERNS: THE GOOD … THE BAD … AND THE UGLY .................................................................. 2762 

Mitch Narins 

PRECISION GNSS FOR AL-ENABLED AUTONOMOUS SYSTEMS ..................................................... 2792 
Yang Gao 

ROBUST PNT FOR AUTONOMOUS SYSTEMS ....................................................................................... 2804 
Robert C. Leishman 

F3: ATMOSPHERIC EFFECTS ON GNSS 

TIME LAGS IN IONOSPHERIC SCINTILLATION RESPONSE TO GEOMAGNETIC 
STORMS: ALASKA OBSERVATIONS ....................................................................................................... 2830 

Zhe Yang, Y. Jade Morton 

ATMOSPHERIC CHARACTERIZATION OF ANTARCTIC POLAR REGIONS AND 
VALIDATION OF TROPOSPHERIC AND IONOSPHERIC MODELS BASED ON GNSS 
EXPERIMENTAL CAMPAIGN DATA ....................................................................................................... 2838 

C. Moriana-Varo, C. Sanz-Garzón, F. Martín-Porqueras, M. Castillo-Fraile, J. Ventura-
Traveset 

ASSESSMENT OF IONOSPHERIC CORRECTIONS ALGORITHMS USING THE GNSS 
LABORATORY TOOL SUITE (GLAB): FROM STEC TO NAVIGATION PERFORMANCE ................ 2851 

Angela Aragon-Angel, Adrià Rovira-Garcia, Deimos Ibáñez-Segura 

STUDY OF STRUCTURES OF THE SPORADIC E LAYER BY USING DENSE GNSS 
NETWORK OBSERVATIONS ..................................................................................................................... 2863 

Susumu Saito, Keisuke Hosokawa, Jun Sakai, Ichiro Tomizawa 

F4A: GNSS VULNERABILITIES AND ANTI-JAMMING 

RFI MONITORING OF GNSS SIGNALS ON NORWEGIAN HIGHWAYS ............................................. 2872 
Anders Rødningsby, Aiden Morrison, Nadezda Sokolova, Nicolai Gerrard, Christian Rost 

GPS/GNSS INTERFERENCE POWER DIFFERENCE OF ARRIVAL (PDOA) LOCALIZATION 
WEIGHTED VIA NEAREST NEIGHBORS ................................................................................................ 2886 

Johnathan A. Tucker, Charles Puskar, Chiawei Lee, Dennis Akos 

MACHINE LEARNING FOR GNSS PERFORMANCE ANALYSIS AND ENVIRONMENT 
CHARACTERIZATION IN RAIL DOMAIN ............................................................................................... 2897 

Alessandro Neri, Agostino Ruggeri, Alessia Vennarini, Andrea Coluccia 

IMPROVED AUTOMATIC DETECTION OF GPS SATELLITE OSCILLATOR ANOMALY 
USING A MACHINE LEARNING ALGORITHM ...................................................................................... 2903 

Yunxiang Liu, Y.T. Jade Morton 



CHARACTERIZATION OF ADS-B PERFORMANCE UNDER GNSS INTERFERENCE ...................... 2917 
Zixi Liu, Sherman Lo, Todd Walter 

PERFORMANCE ANALYSIS OF LOW SWAP-C JAMMING MITIGATION METHODS FOR 
COMMERCIAL APPLICATIONS ................................................................................................................ 2928 

Scott Burchfield, Scott Martin, David Bevly, Joshua Starling 

F4B: GNSS RECEIVER AND ANTENNA TECHNOLOGIES 

SYNCHRONIZING AND INTEGRATING ANDROID MULTI-GNSS/ACCELEROMETER 
SENSORS TO CAPTURE BROADBAND VIBRATIONS AT SUB-CENTIMETER 
RESOLUTION ............................................................................................................................................... 2948 

Guangcai Li, Chiyu Long, Feng Wang 

EXPLORING THE ULTRA-HIGH-PRECISION RANGING POTENTIAL OF BDS B1 SIGNAL ........... 2962 
Yang Gao, Zheng Yao, Mingquan Lu 

RETRIEVAL OF ENCRYPTED PRN SEQUENCES VIA A SELFCALIBRATING 40-
ELEMENT LOW-COST ANTENNA ARRAY: DEMONSTRATION OF PROOF-OF-CONCEPT ........... 2983 

D. Dötterböck, M. Subhan Hammed, T. Pany, R. Lesjak, T. Prechtl 

A COMPUTATIONALLY EFFICIENT ULTRA-TIGHT GNSS/INS INTEGRATION BASED 
ON NON-CONSECUTIVE GNSS SIGNAL TRACKING ........................................................................... 2998 

Baoyu Liu, Yang Gao, Yuting Gao 

RECEIVER BANDWIDTH COMPRESSION FOR MULTI-GNSS SIGNAL PROCESSING .................... 3007 
J. Rossouw van der Merwe, Fabio Garzia, Muhammad Saad, Barbara Kreh, Alexander 
Rügamer, Ricardo Monroy Gonzalez Plata, Wolfgang Felber 

AN ITAR-FREE DUAL FREQUENCY ANTENNA ARRAY IN THE ARINC FOOTPRINT FOR 
ROBUST AERONAUTICAL NAVIGATION .............................................................................................. 3022 

Veenu Kamra, Wahid Elmarissi, Stefano Caizzone 

F5: GNSS AUTHENTICATION AND ANTI-SPOOFING 2 

A TOOL FOR FURTHERING GNSS SECURITY RESEARCH: THE OAK RIDGE SPOOFING 
AND INTERFERENCE TEST BATTERY (OAKBAT) ............................................................................... 3033 

Austin Albright, Sarah Powers, Jason Bonior, Frank Combs 

CHARACTERIZATION OF MEACONING AND ITS IMPACT ON GNSS RECEIVERS ....................... 3049 
Maxandre Coulon, Alexandre Chabory, Axel Garcia-Pena, Jeremy Vezinet, Christophe 
Macabiau, Philippe Estival, Pierre Ladoux, Benoit Roturier 

GALILEO OSNMA PRELIMINARY IMPLEMENTATION IN THE GIANO GNSS RECEIVER ........... 3074 
Valeria Catalano, Ricardo Prata, Filipe Carvalho, Rui Nunes, Livio Marradi, Gianluca 
Franzoni, Marco Puccitelli, Roberto Campana, Ciro Gioia 

MAPPING BIT TO SYMBOL UNPREDICTABILITY IN CONVOLUTIONALLY ENCODED 
MESSAGES WITH CHECKSUMS, WITH APPLICATION TO GALILEO OSNMA ............................... 3087 

Cillian O’Driscoll, Ignacio Fernández-Hernández 

RECEIVER PROTOCOL AND PITFALLS OF NMA AND SCA PROCESSING UNDER 
SPOOFING CONDITIONS FOR FUTURE GNSS SIGNALS AUTHENTICATION ................................. 3102 

Markel Arizabaleta, Thomas Pany, Tommaso Scuccato, Andrea Dalla Chiara, Cillian 
O’Driscoll, Neil Hanley 



GPS CHIMERA: A SOFTWARE PROFILING ANALYSIS ........................................................................ 3117 
Micaela Troglia Gamba, Mario Nicola, Beatrice Motella 

RESILIENT METHODS FOR POSITION AND ATTITUDE DETERMINATION IN A 
SPOOFED ENVIRONMENT USING AN UNCALIBRATED MULTI-ANTENNA-SYSTEM ................. 3130 

Soeren Schoenbrod, Michael Niestroj, Marius Brachvogel, Michael Meurer 

POST-QUANTUM AUTHENTICATION SCHEMES ................................................................................. 3148 
Mark A. Mendiola, James. T. Gillis,  Andrew J. Binder, Ranwa Haddad 

AUTHENTICATED TIME FOR DETECTING GNSS ATTACKS ............................................................. 3162 
Marco Spanghero, Kewei Zhang, Panagiotis Papadimitratos 

NEW AND EXISTING SIGNAL QUALITY MONITORING METRICS TESTED AGAINST 
SIMULATIONS AND TIME SYNCHRONIZED SIGNAL GENERATOR ATTACKS ............................. 3171 

Ronny Blum, Nikolas Dütsch, Carsten Stoeber, Jürgen Dampf, Thomas Pany 

GNSS TIME SYNCHRONIZATION ATTACK DETECTION AND DISCRIMINATION BASED 
ON CORRELATIONS OF CALCULATED CLOCK DRIFT TIME-DIFFERENCES ................................ 3190 

Weiyu Gao, Hong Li, Jianfeng Li, Mingquan Lu 

F6: REMOTE SENSING; SPACE APPLICATIONS; TIMING AND SCIENTIFIC 
APPLICATIONS 

PRECISE ON-BOARD NAVIGATION OF LEO SATELLITES WITH GNSS BROADCAST 
EPHEMERIDES ............................................................................................................................................ 3202 

A. Hauschild, O. Montenbruck 

IMPROVED SINGLE-FREQUENCY ORBIT DETERMINATION FOR THE CYGNSS 
SPACECRAFT ............................................................................................................................................... 3211 

Alex V. Conrad, Penny Axelrad, Bruce Haines, Cinzia Zuffada, Andrew O’Brien, Eric Loria 

PRELIMINARY ASSESSMENT OF CICERO RADIO OCCULTATION PERFORMANCE BY 
COMPARING WITH COSMIC I DATA ...................................................................................................... 3224 

Hyeyeon Chang, Jiyun Lee, Yang Wang, Brian Breitsch, Y. Jade Morton 

COHERENT AND SEMI-COHERENT SPACEBORNE GNSS-R FOR LAND SURFACE 
ALTIMETRY APPLICATIONS .................................................................................................................... 3237 

Yang Wang, Y. Jade Morton 

SURFACE REFLECTIVITY VARIATIONS OF GNSS SIGNALS FROM A MIXED ICE AND 
WATER SURFACE ....................................................................................................................................... 3245 

Roohollah Parvizi, Shahrukh Khan, Li Jun Pan, Seebany Datta-Barua 

GPS SPOOFING MITIGATION AND TIMING RISK ANALYSIS IN NETWORKED PMUS 
VIA STOCHASTIC REACHABILITY ......................................................................................................... 3256 

Sriramya Bhamidipati, Grace Xingxin Gao 

A PERFORMANCE ASSESSMENT OF SECURE WIRELESS TWO-WAY TIME TRANSFER ............. 3274 
Cillian O’Driscol, Shane Keating, Gianluca Caparra 

Author Index 
 




