
Unsettled Topics in the 
Application of Satellite 

Navigation to Air Traffic 
Management

James L. Farrell, Ph.D.

Curre
ntly

 in
 p

re
vie

w, c
lic

k b
uy f

ull v
er

sio
n

https://www.stdhive.com/standards/sae-epr2020010-pdf/


Unsettled Topics in the 
Application of Satellite 

Navigation to Air Traffic 
Management

James L. Farrell, Ph.D.
VIGIL, Inc.

EDGE DEVELOPMENT TEAM

Dana A. Goward, Resilient Navigation  
and Timing Foundation and Maritime 
Governance, LLC

Dorota Grejner-Brzezinska, Ph.D., Ohio State 
University College of Engineering

Tim Murphy, Boeing

Maj. Ron Ogan, Civil Air Patrol

Logan Scott, Logan Scott Consulting

Doug Taggart, Overlook Systems 
Technologies, Inc.

Erik Theunissen, Ph.D., Netherlands Defence 
Academy

Maarten Uijt de Haag, Ph.D., Technische 
Universität Berlin

William Woodward, SAE International 
Aerospace Avionics Systems Division

Warrendale, Pennsylvania, USACurre
ntly

 in
 p

re
vie

w, c
lic

k b
uy f

ull v
er

sio
n

https://www.stdhive.com/standards/sae-epr2020010-pdf/


About the Publisher
SAE International® is a global association of more than 
128,000 engineers and related technical experts in the 
aerospace, automotive and commercial-vehicle industries. 
Our core competencies are life-long learning and voluntary 
consensus standards development. Visit sae.org

SAE EDGE™ Research Report Disclaimer
SAE EDGE™ Research Reports focus on topics that are 
dynamic, in which knowledge is incomplete, and which 
have yet to be standardized. They represent the collective 
wisdom of a group of experts and serve as a practical guide 
to the reader in understanding unsettled subject matter. 
They are not meant to provide a recommended practice 
or protocol. The experts have assembled as a commu-
nity of practitioners to contribute and collectivize their 
thoughts and points of view; these are not the positions of 
the institutions or businesses with which they are affili-
ated, nor is one contributor’s perspective advanced over 
other contributors. SAE EDGE™ Research Reports are the 
property of SAE International and SAE alone is responsible 
for their content.

About This Publication
SAE EDGE™ Research Reports provide state-of-the-art 
and state-of-industry examinations of the most significant 
topics in mobility engineering. SAE EDGE™ contributors 
are experts from research, academia, and industry who 
have come together to explore and define the most critical 
advancements, challenges, and future direction in areas such 
as vehicle automation, unmanned aircraft, cybersecurity, 
advanced propulsion, advanced manufacturing, Internet of 
Things, and connectivity.

Related Resources
SAE MOBILUS® Automated & Connected Knowledge Hub 
https://saemobilus.sae.org/automated-connected

SAE Team
Frank Menchaca, Chief Growth Officer
Michael Thompson, Director, Standards, Information and 

Research Publications
Monica Nogueira, Acquisitions Director
Beth Ellen Dibeler, Product Manager
William Kucinski, Managing Technical Editor

Copyright © 2020 SAE International. All rights reserved.

No part of this publication may be reproduced, stored in a retrieval system, distributed, or transmitted, in any form or by any means without the prior 
written permission of SAE International. For permission and licensing requests, contact SAE Permissions, 400 Commonwealth Drive, Warrendale, PA 
15096-0001 USA; e-mail: copyright@sae.org; phone: +1- 724-772-4028; fax: +1-724-772-9765.

Printed in USA

Information contained in this work has been obtained by SAE International from sources believed to be reliable. However, neither SAE International nor 
its authors guarantee the accuracy or completeness of any information published herein and neither SAE International nor its authors shall be responsible 
for any errors, omissions, or damages arising out of use of this information. This work is published with the understanding that SAE International and its 
authors are supplying information but are not attempting to render engineering or other professional services. If such services are required, the assistance 
of an appropriate professional should be sought.

EPR2020010
ISSN 2640-3536
e-ISSN 2640-3544
ISBN 978-1-4686-0178-7

To purchase bulk quantities, please contact: SAE Customer Service

E-mail:	 CustomerService@sae.org
Phone:	 877-606-7323 (inside USA and Canada)
	 +1-724-776-4970 (outside USA)
Fax:	 +1-724-776-0790

https://www.sae.org/publications/edge-research-reports

Curre
ntly

 in
 p

re
vie

w, c
lic

k b
uy f

ull v
er

sio
n

http://sae.org
https://saemobilus.sae.org/automated-connected
copyright@sae.org
CustomerService@sae.org
https://www.sae.org/publications/edge-research-reports
https://www.stdhive.com/standards/sae-epr2020010-pdf/


About the Editor

James L. Farrell earned his MS in Engineering from UCLA in 1961 and his 
Ph.D. in Electrical Engineering from the University of Maryland in 1967. He 
is an Institute of Navigation (ION) fellow, former ION Air Representative, 
Life Senior Member of IEEE, former local board member of AIAA, registered 
professional engineer in Maryland, and member of various scholastic honorary 
fraternities. His technical experience includes teaching at Marquette University 
and UCLA, two years each at Minneapolis Honeywell and Bendix Pacific, and 
31 years at Westinghouse in design, simulation, and validation of navigation 
and tracking programs.

Farrell is the author of Integrated Aircraft Navigation (Academic Press, 
1976; now in paperback after five hard-cover printings); GNSS Aided Navigation 
& Tracking: Inertially Augmented Or Autonomous (2007) – see JamesLFarrell.
com – plus chapters in books edited by C.T. Leondes and by Cary Spitzer, and 
over 100 manuscripts (journal or conference papers, columns in GPSWorld, 
InsideGNSS, and Washington Technology). His section on satnav/inertial inte-
gration will appear in Position Navigation & Timing technologies in the 21st 
Century, co-edited by Brad Parkinson, to appear in 2020.

With VIGIL Inc., Farrell served as co-chairman of RTCA’s GPS Integrity 
Working Group. During this time, he continued teaching (at the university-, 
industry-, and conference-level) and consulting (for private industry, the U.S. 
Department of Defense, and university research programs).

Most recently, Farrell has focused his efforts on Global Positioning System/inertial integration research, calibration, and 
integrity – writing programs validated by in-flight data from Ohio University – and three-dimensional geometric morphomet-
rics. However, his scope includes any and all modes of navigation integration (including visual/IMU, increasingly common 
in recent times).

Curre
ntly

 in
 p

re
vie

w, c
lic

k b
uy f

ull v
er

sio
n

http://JamesLFarrell.com
http://JamesLFarrell.com
https://www.stdhive.com/standards/sae-epr2020010-pdf/


contents

© 2020 SAE International. All rights reserved. No part of this publication may be reproduced, stored in a retrieval system, or transmitted, in any form or by any 
means, electronic, mechanical, photocopying, recording, or otherwise, without the prior written permission of SAE.

	 1

About the Editor

Unsettled Topics in the Application of 
Satellite Navigation to Air Traffic  
Management. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 3

Introduction. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  4
State of the Industry. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  4
Unsettled Topics in the Application of 
Satellite Navigation to Air Traffic Management . .  .  .  4
Ground Rules. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  5

Flight Operations. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  6
NextGen: January 1, 2020. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  6
NextGen: “Start-Up Transients”. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  6
Recommendations. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  6

Robustness/Resilience. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 7
Recommendations. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  8

Data Validation. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  8
Authentication. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  8
Integrity. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  8
Recommendations. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  8

Data Sharing (Communications). .  .  .  .  .  .  .  .  .  .  .  .  .  8
Some Factors Are Less Clear . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  8
Recommendations. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  9

Integration and Federation . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  9
Focus on the Important Information. .  .  .  .  .  .  .  .  .  .  .  .  9
Why Individual Measurements Are So  
Important. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  9
Dynamics . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  10
Recommendations. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 11

Guidance Strategies . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  11
This Needs to Be the New Way. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 11
It Can Be Done. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 11
Recommendations. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 12

Man-Machine Interface. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 13
Not Everything Labeled AI Is Really Artificial. .  .  .  .  . 13
This Is One Area Where a “Go Slow” 
Incremental Approach Can Serve Well . .  .  .  .  .  .  .  .  .  14
Recommendations. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  14

Administration, Awareness, and Coordination . . 14
Enough Information?. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  14
What Did and Did Not Happen. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  14
Recommendations. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  14

Summary. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 14

Appendices. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 15

Appendix 1: Precise Position Methods  
and Successes . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 15

Appendix 2: Integration. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 15

Appendix 3: Integrity . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 16

Appendix 4: Role of Other Navaids . .  .  .  .  .  .  .  .  .  . 16

Appendix 5: Integrity Test (“Spiders in the 
Woodpile”). .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 16

Appendix 6: Modern Estimation Methods  
Are Covered. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 17

Appendix 7: Navigation and Tracking 
Similarities and Differences. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 17

Appendix 8: How Much Modeling Error Is 
Excessive?. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 18

Appendix 9: Transmitted Measurements 
with Respect to Center of Gravity. .  .  .  .  .  .  .  .  .  .  .  . 18

Appendix 10: High Accuracy in Velocity 
without High Accuracy in Position. .  .  .  .  .  .  .  .  .  .  . 19

Appendix 11: “Unlikely” Isn’t a Strong 
Enough Condition. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  20

Ramifications of Inapplicable Gaussian Models . .  .  . 21
Additional Ramifications from Another Direction. .  . 21

SAE EDGE™ Research Reports. .  .  .  .  .  .  .  .  .  .  .  .  .  .  22
Next Steps for the Application of Satellite 
Navigation to Air Traffic Management. .  .  .  .  .  .  .  .  .  .  22
Recommendations. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  22
Definitions . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  23
Acknowledgements. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  23
References. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  24
Contact Information . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  28

Curre
ntly

 in
 p

re
vie

w, c
lic

k b
uy f

ull v
er

sio
n

https://www.stdhive.com/standards/sae-epr2020010-pdf/


	 3

JAMES L. FARRELL, PH.D.
VIGIL, Inc.

Edge Development Team
Dana A. Goward, Resilient Navigation 

and Timing Foundation and Maritime 
Governance, LLC

Dorota Grejner-Brzezinska, Ph.D., Ohio 
State University College of Engineering

Tim Murphy, Boeing
Maj. Ron Ogan, Civil Air Patrol
Logan Scott, Logan Scott Consulting
Doug Taggart, Overlook Systems 

Technologies, Inc.
Erik Theunissen, Ph.D., Netherlands 

Defence Academy
Maarten Uijt de Haag, Ph.D., Technische 

Universität Berlin
William Woodward, SAE International 

Aerospace Avionics Systems Division

ISSN 2640-3536

Unsettled Topics in the Application 
of Satellite Navigation to 
Air Traffic Management

Abstract
Contemporary air traffic management (ATM) challenges are both (1) acute and (2) 
growing at rates far outpacing established ways for absorbing technological innova-
tion. Lack of timely response will guarantee failure to meet demands. Immediately 
that creates a necessity to identify means of coping and judging new technologies 
based on possible speed of adoption. Paralleling the challenges are developments in 
capability, both recent and decades old. Some steps (e.g., Global Positioning System 
(GPS) backup) are well known and, in fact, should have progressed further long ago. 
Others (e.g., sharing raw measurements instead of position fixes) are equally well 
known and, if followed by further flight tests initiated (and successful) years ago, 
would have produced a wealth of in-flight experience by now if development had 
continued. Other possibilities (e.g., automated pilot override) are much less common 
and are considered largely experimental.

This SAE EDGE™ Research Report is aimed at focusing industry attention on 
unsettled ATM issues and activities that appear most likely to offer solutions, starting 
with the near term and continuing on toward increasing versatility and confidence as 
experience accumulates. In general, the more familiar developments tend to suggest 
quicker acceptance of test trial initiation, while comparatively unexplored techniques 
call for a more gradual assimilation. Flexibility for growth is needed in any event, 
without the pervasive delays that have obstructed progress for so long.

NOTE: SAE EDGE™ Research Reports are intended to identify and illuminate key 
issues in emerging, but still unsettled, technologies of interest to the mobility industry. 
The goal of SAE EDGE™ Research Reports is to stimulate discussion and work in the 
hope of promoting and speeding resolution of identified issues. SAE EDGE™ Research 
Reports are not intended to resolve the challenges they identify or close any topic to 
further scrutiny.
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