
T he first successful landing of a reus-
able rocket first stage occurred on 

April 8 when the first stage of a Space 
Exploration Technologies Corporation's 
(SpaceX) Falcon 9 settled down onto 
an autonomous spaceport drone ship 
(ASDS), piquantly named Of Course I 
Still Love You, in the Atlantic Ocean off 
the coast of Florida. 

Guided by GPS, inertial measure-
ment units, and SpaceX-designed-and-
manufactured controllers, the Falcon 9’s 
first stage landed on the drone ship — a 
converted ocean-going barge formerly 
named Marmac 304 — was at 9 minutes 
and 10 seconds after launch. The floating 
platform measures 90 by 50 meters.

The rocket was secured to the ASDS 
and towed back to Port Canaveral. The 
company said it would attempt to repeat 
the accomplishment during the launch of 
a Japanese telecommunications satellite 
on a Falcon 9 in early May.

The successful recovery of an expensive 
rocket asset, after four previous unsuc-
cessful landing attempts on the ASDS 
and a successful landing at a leased land-
ing zone at Cape Canaveral last Decem-
ber, exemplifies a successful merger of 
advanced technology, operational skills, 
and imagination. 

The primary goal of the mission, 
known as SpaceX CRS-8, was to deliver 
supplies and equipment to the Interna-
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Just the Usual 
Extraordinary 
PLANS Content
Launched in 1976 by the Institute of 

Electrical and Electronics Engineers 
(IEEE) Aerospace and Electronic Systems 
Society (and united in sponsorship with 
the ION since 2006), the biennial Posi-
tion Location and Navigation Sympo-
sium (PLANS) has always looked beyond 
the technology mainstream.

And, if today the Positioning, Naviga-
tion, and Timing (PNT) mainstream is 
dominated by global navigation satellite 
systems, then the PLANS 2016 event 
upheld its 40-year-old legacy.

Most of the 167 papers accepted for 
the event focused on non-GNSS topics as 
well as three of the four technical session 
tracks: Inertial Sensing and Technology; 
Perception for Autonomous and Semi-
Autonomous Systems; and Networked, 
Collaborative, and Opportunistic Naviga-
tion. And almost all of the 17 exhibiting 

IEEE/ION PLANS 2016 continued on page 4

FALCON 9  continued on page 10

FALCON 9

Precision  
Nav Underpins 
Rocket Landing 
on Drone Ship

Falcon 9 first stage approaches an autono-
mous spaceport drone ship, Just Read the 
Instructions, in the Atlantic Ocean after 
successfully launching CRS-6 to the Inter-
national Space Station, April 14, 2015. The 
attempt to land the first stage of the rock 
failed, however. 
SpaceX photo

tional Space Station (ISS), which also was 
completed successfully. But landing the 
rocket's first stage on the barge makes pos-
sible its refurbishment and reuse as part of 
an effort to reduce overall launch costs.

SpaceX estimates that being able to reuse 
the first stage of a Falcon 9 would reduce 
cost about 30 percent for a subsequent 
flight. Based on the current advertised price 
of $61 million, that could bring the rocket’s 
price tag to less than $42 million.
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I would like to congratulate the organizers of the 
jointly sponsored IEEE/ION Positioning, Location 

and Navigation Symposium (PLANS), which was 
held April 11–14, 2016, in Savannah, Georgia. This 
inertial navigation–oriented conference was attended 
by just shy of 300 people. 

A very special “thank you” goes to General Chair, 
Phil Dugandzic, Vice-chair, Dr. Gary McGraw, and 
Program Co-chairs, Dr. Jacob Campbell and Dr. 
Demoz Gebre –Egziabher, for putting together such 
a dynamic and informative technical program. I also 
want to thank the representatives of the PLANS 
Executive Committee and IEEE Aerospace and 
Electronic System Society (AESS) that collaborated 
on the PLANS event.

I was pleased to see several sessions reporting the 
state-of-the art in multi-sensor navigation (profes-
sional bias), in particular, on collaborative and 
networked navigation, personal navigation, indoor 
navigation, and UAV navigation. I especially enjoyed 
getting updated on navigation using environmental 
and natural phenomena.   

We are looking forward to hosting the ION Mili-
tary Division’s Joint Navigation Conference (JNC 
2016), which will take place June 6–9, 2016, in 
Dayton, Ohio. This year’s technical program looks to 
be very strong, with scheduled keynotes from newly 
appointed Maj Gen Sandra Finan, Deputy Chief 
Information Officer for Command, Control, Com-
munications and Computers (C4) and Information 
Infrastructure Capabilities, Office of the Secretary of 
Defense, Pentagon, USAF, and a plenary presentation 
from Caitlin Durkovich, Assistant Secretary, Office 

of Infrastructure Protection, National Protection 
and Programs Directorate, Department of Home-
land Security. See <www.ion.org/jnc> for attendance 
requirements.

Fast Forward to ION GNSS+ 1980s Flashback
Another item to look at is the release of the ION 
GNSS+ 2016 technical program — the ION 
GNSS+ program committee received close to 500 
abstracts this year, and the technical program and 
registration is now available online.  

During this year’s ION GNSS+ in Portland, Ore-
gon, the Satellite Division will be celebrating 30 years 
of the ION GPS, ION GNSS, and ION GNSS+ 
conference series with a 1980s-style celebration; 
so, go through your closet and plan your attire for 
the evening’s festivities now. Vintage 1980s dress is 
encouraged, and I have been told there will be raffle 
tickets for some great prizes for those who attend in 
costume. Those of you who have been wearing Levi’s 
505 and blue shirts since the 1980s are essentially 
ready for the party!

Additionally, the organizers of ION GNSS+ ’80s 
celebration event have also made arrangements for 
you to upload a 
photo of your-
self from the 
1980s on the 
Special Events 
page at <www.
ion.org/gnss>. 
Photos will be 
used in a special 
montage during 
the event. Hope 
to see you 
there. . . . I’ll be the one rockin’ in the radical jacket 
with the ’80s shoulder pads.

FROM THE ION PRESIDENT, DR. DOROTA GREJNER-BRZEZINSKA

Back to PLANS, Ahead to JNC, ION GNSS+

Follow us on 
Facebook and Twitter 
at ionavigation.

Representatives 
of IEEE and ION at 
IEEE/ION PLANS 
2016: Dr. Mark 
Davis, IEEE AESS 
VP of Conferences 
of the IEEE AESS 
Board of Gover-
nors; Dr. Michael 
Braasch, IEEE/
ION Liaison; Phil 
Dugandzic, PLANS 
Executive Commit-
tee Chair; Dr. Gary 
McGraw, PLANS 
Executive Commit-
tee Vice Chair; and 
Dr. Dorota Grejner-
Brzezinska, ION 
President.
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Searching Made Easier

The Purpose of the ION®

Founded in 1945,  
The Institute of Navigation is 
the world’s premier non-profit 
professional society dedicated 
to the advancement of the art 

and science of positioning, 
navigation and timing. 

2016 Executive Committee
President:  

Dr. Dorota Grejner-Brzezinska

Executive Vice President:  
Dr. John Raquet

Treasurer:  
Dr. Frank van Graas 

Eastern Region Vice President:  
Dr. Michael Veth

Western Region Vice President:  
Mr. Greg Turetzky

Satellite Division Chair:  
Dr. John Betz

Military Division Chair:  
Mr. Jan Anszperger

Immediate Past President:  
Ms. Patricia Doherty

How to Reach the ION®

Telephone: 703-366-2723

Facsimile: 703-366-2724

Web site: http://www.ion.org

E-mail: membership@ion.org

The ION® National Office 
8551 Rixlew Lane, Suite 360 

Manassas, VA 20109

The ION® National Office Staff 
Executive Director: Lisa Beaty 

Director of Information Technology:  
Rick Buongiovanni

Director of Membership & Marketing: 
Kenneth P. Esthus

Program/Author Liaison/ 
Executive Assistant: Miriam Lewis

Meeting Planner: Megan Andrews

Graphic Designer: Gwen Rhoads

Newsletter Editor: Glen Gibbons

Tired of looking through CD-ROMs to find a copy of that conference paper you 
need? The ION website contains over 15,000 articles and papers from ION 

conference proceedings and the peer-reviewed NAVIGATION, The Journal of the 
Institute of Navigation. ION members receive 12 free paper downloads each year. 
However, there are a variety of options available if you require additional access to 
the ION paper collection.

If you are interested in purchasing a download subscription or site license, contact 
the ION National Office today!

Premium Professional 
Membership
ION members may upgrade to a 
Premium Professional Membership 
which provides 25 paper downloads each 
month. The annual dues for Premium 
membership are $180 for members 
within the U.S., and $210 for members 
outside the U.S.

Annual Download 
Subscription – 
Individual
Members and non-members alike 
may purchase an annual download 
subscription which allows unlimited 
paper downloads for one year. Individual 
download subscriptions are $420 for 
members, and $490 for non-members.

Annual Download 
Subscription – 
Institutional
Organizations may purchase an annual 
download subscription that provides un-
limited paper downloads to all employ-
ees at a specific institutional location.  
Institutional download subscriptions are 
$4,200 for ION corporate members, and 
$4,900 for non-corporate members.

Single Conference 
Proceedings Site 
License 
Site licenses are also available to en-
able companies to share the contents 
of a single conference proceedings with 
all employees at a specific institutional 
location. This one-time purchase grants 
a perpetual license to share the contents 
of a specific conference proceedings. Site 
licenses cost $400 for ION corporate 
members, and $600 for non-corporate 
members.
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companies featured non–GNSS-related 
products — primarily based on inertial 
technologies.

It’s not as though the ION is ignoring 
GPS — the “gold standard” for PNT — 
and other GNSS systems. After all, the 
Institute's largest conference of the year 
— the ION GNSS+ series — focuses 
primarily on GNSS technical issues, poli-
cies, and applications. (See ION GNSS+ 
2016 articles on page 8.) 

And GNSS poked its head up fre-
quently amid the inertial-, vision-, and 
image-based navigation presentations at 
the April 11–14 event, which drew about 
300 attendees — almost evenly split, 
56/44 percent, between U.S. and inter-
national registrants — to its Savannah, 
Georgia, venue.

“PLANS has historically been a good 
venue for individuals from government, 
industry and academia to exchange ideas 
on the development and application of 
inertial navigation and GPS systems," 
said Phil Dugandzic, general chair for 
the 2016 meeting. "This year’s show was 
no different; in fact, it was exciting to see 
how much more non-U.S. participation 
we had this year versus past years.”

Nonetheless, the unexpected and 
innovative flourished at this year’s 
PLANS.

Best PLANS Papers
Two authors from Southwest Research 
Institute (SwRI), Kristopher Kozak and 
Marc Alban, took home the Walter Fried 
Award as the best technical paper present-
ed at the PLANS conference. (See award 
photo and story on page 5.) 

Their paper described development 
over the past five years of a ground-
facing-camera–based localization system 
for ground vehicles. Called “Ranger,” the 
system matches real-time detection of 
ground surface features by a camera sys-
tem mounted underneath the vehicle with 

maps consisting of strips of previously 
captured, sequential overlapping images.

As the title of the paper suggests, the 
project concentrated on such issues as 
camera design, lighting, mapping, image 
detection and matching, and data process-
ing. Images were captured using a pixel 
scale of 1.5 millimeters, which required 
a 60-hertz camera frame rate to produce 
exposures shorter than 40 microseconds 
to prevent motion blur. That, in turn, 
required artificial lighting, a challenge 

IEEE/ION PLANS 2016

Thanks to PLANS 2016 Meeting and Technical Program Organizers

PLANS 2016 Meeting Organizers: Chuck Bye, Tutorials Co-chair; Dr. Jacob Camp-
bell, Program Co-chair; Phil Dugandzic, Chair; Dr. Gary McGraw, Vice Chair; Dr. 
Demoz Gebre-Egziabher, Program Co-chair; Dr. Michael Veth, Exhibits Co-chair; 
and Wayne Soehren, Tutorials Co-chair. (Not pictured: Dora Zueck, Exhibits Co-
chair and Dr. Frank van Graas, Publications Chair.)

PLANS 2016 Technical Program Committee: Dr. David 
De Lorenzo, Dr. Todd Humphreys, Dr. Jacob Campbell, 
Dr. Demoz Gebre-Egziabher, and Mr. Earl Benser. (Not 
pictured: Dr. Clark Taylor.)

Program Co-chair Dr. Demoz Gebre-Egziabher, addresses a PLANS speakers' breakfast.

IEEE/ION PLANS 2016 continued from page 1
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Best Paper Awards
IEEE Walter Fried Award

The Walter Fried Award recognizes the best technical paper presented 
at the PLANS conference. The Walter Fried Award was endowed in 
memory of Dr. Fried’s professional engineering accomplishments, most 
notably his technical leadership in the development of Doppler radar 
and relative navigation systems. 

Ranger: A Ground-facing Camera-based Localization System 
for Ground Vehicles (from session B2)
Kristopher Kozak and Marc Alban, Southwest Research Institute (SwRI) 

Best Student Paper Award (from session C5)
A Software-Defined Receiver Architecture for Cellular CDMA-Based 
Navigation: Joe Khalife, Kimia Shamaei, and Zak (Zaher) M. Kassas, 
University of California, Riverside

Best Paper in Inertial Sensing and Technology Track (from 
session A4)
Robust Position and Velocity Estimation Methods in Integrated 
Navigation Systems for Inland Water Applications: Daniel Arias 
Medina, Michailas Romanovas, Iván Darío Herrera Pinzón, and Ralf 
Ziebold, German Aerospace Centre (DLR), Germany

Best Paper in Perception for Autonomous and Semi-
Autonomous Systems Track (from session B3)
Cooperative Relative Localization for Moving UAVs with Single Link 
Range Measurements: Jared Strader, Yu Gu, Jason Gross, Matteo De 
Petrillo, Jeremy Hardy, West Virginia University

Best Paper in Networked, Collaborative and Opportunistic 
Navigation Track (from session C4)
Integration of IMU in Indoor Positioning Systems with Non-
Gaussian Ranging Error Distributions: Shenghong Li, Mark Hedley, 
Commonwealth Scientific and Industrial Research Organization 
(CSIRO), Australia; Iain B. Collings, Macquarie University, Australia; 
Mark Johnson, CSIRO, Australia

Best Paper in Global Navigation Satellite Systems Track (from 
session D6)
Mitigating Jamming and Meaconing Attacks Using Direct GPS 
Positioning: Yuting Ng and Grace Xingxin Gao, University of Illinois at 
Urbana-Champaign

Kershner Award

John Weyrauch was awarded the 2016 Kershner Award for his 
contributions to the field of electronic navigation and development 
of advanced navigation technologies including the path planning 
and control for the re-entry and landing of the NASA Space Shuttle, 
missiles, projectiles, and commercial aircraft; as an educator and 
mentor who trained and inspired many navigation engineers; and as an 
active participant in industry related education and outreach. 

In 1986, the PLANS Executive Committee established an award for 
outstanding achievement, named for Dr. Richard Kershner who led 
the development of Transit, the world's first navigation satellite system.  
The purpose was to recognize individuals who have made substantial 
contributions to the technology of navigation and position equipment, 
systems or practices. 

Dr. Kershner directed the development and launch of some of the 
world's first satellites, developed user equipment for both submarines 
and surface ships, and founded the science of satellite Doppler geodesy 
to improve knowledge of the earth's gravity field. These efforts resulted 
in a navigation satellite system that served the U.S. Navy and tens of 
thousands of civil users worldwide. His technical contributions and 
his leadership of this program are examples of the highest standards of 
personal and professional performance the Kershner award emulates.  ION

Karen Galuchie, Executive Director, IEEE Foundation; Dr. 
Kristopher Kozak, 2016 IEEE Fried Award Winner; and Dr. 
Michael Braasch, IEEE/ION PLANS Liaison.

PLANS 2016 Student and Best in Track Paper Winners: Daniel 
Arias Medina, Jason Gross, Jared Strader, Joe Khalife, Mark 
Hedley, Yuting Ng and Grace Gao.

John Weyrauch (left), 2016 Kershner winner, being presented 
award by Phil Dugandzic (right), Chair of the PLANS Executive 
Committee.  
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solved by installing high-intensity LED 
arrays under the vehicle producing lumi-
nous flux levels of 40,000–70,000 lumens.

And that was the easy part. Selecting 
and describing the features to be first 
mapped and later detected by the sys-
tem, then creating the methodology for 
processing the data at vehicle speeds up to 

80 mph and matching the features in near 
real-time posed (while avoiding false posi-
tives) posed more substantial challenges.

In live autonomous testing over an 
SwRI test track mapped with the system 
eight months earlier, the Ranger system 
was able to produce feature matches 
at a rate of 10 hertz, a performance 

sufficient, along with state estimation, 
“for reliable and repeatable autonomous 
control to within centimeters of the 
desired path.”

Other honors went to best-of-track 
papers on such subjects as “Robust Posi-
tion and Velocity Estimation Methods in 
Integrated Navigation Systems for Inland 
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Water Applications,” “Cooperative Rela-
tive Localization for Moving UAVs with 
Single Link Range Measurements,” and 
“Integration of IMU in Indoor Position-
ing Systems with Non-Gaussian Ranging 
Error Distributions.” 

The Best Student Paper Award went to 
a team that proposed “A Software-Defined 

Receiver Architecture for Cellular CDMA-
Based Navigation.” 

The hallmark PLANS honor — the 
Kershner Award — went to avionics engi-
neer and educator John Weyrauch (details 
in accompanying article). ION

Calendar  
of Upcoming 
ION Events
MAY 2016 
30 May - 02 June: ENC-GNSS 2016, 
Helsinki, Finland    
Contact: ENC 2016 Conference Office 
Email: enc2016@confedent.fi
Web: www.confedent.fi/enc2016

JUNE 2016 
6-9: ION Joint Navigation Conference 
(JNC) 2016, Dayton Convention Center, 
Dayton, Ohio    
Contact: The ION  
Tel: +1 703-366-2723 
Web: www.ion.org

SEPTEMBER 2016 
12-16: ION GNSS+ 2016, Oregon 
Convention Center, Portland, Oregon    
Contact: The ION  
Tel: +1 703-366-2723 
Web: www.ion.org

NOVEMBER 2016 
8-10: International Navigation Conference 
(INC), Glasgow, Scotland    
Contact: The Royal Institute of 
Navigation 
Web: www.
internationalnavigationconference.org.uk
Email: conference@rin.org.uk

JANUARY 2017
30-February 2: ION International Technical 
Meeting (ITM) & ION Precise Time and 
Trime Interval Meeting (PTTI) 2017, 
Hyatt Regency Monterey, Monterey, 
California
Contact: ION
Tel: 703-366-2723
Web: www.ion.org 

May 2017
1-4: ION Pacific PNT, Marriott Waikiki 
Beach, Honolulu, Hawaii
Contact: ION
Tel: 703-366-2723
Web: www.ion.org
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ION GNSS+ KEYNOTE

The Positioning 
Systems of  
the Brain

ANobel laureate 
will tell attend-

ees at ION GNSS+ 
2016 how our brains 
function to provide 
us a sense of place 

and the capability of navigating through 
the physical world.

The keynote address on September 
13 in Portland, Oregon, entitled "The 
Positioning System of the Brain" will be 
presented by Professor John O’Keefe, 
Neuroscientist and Professor at the 
Sainsbury Wellcome Centre for Neural 
Circuits and Behaviour and the Research 
Department of Cell and Developmental 
Biology at University College London.

Professor John O'Keefe is the winner 
of the Nobel Prize in physiology and 
medicine for discovering cells that consti-
tute a positioning system in the brain. 

He will explain how animals and 
humans find their way - by working out 
the relationship between where they are 
and where other things are. The brain 
does this by representing places (where 
you are now), and representing distances 
and directions. 

Prof O'Keefe and his colleagues have 
established which part of the brain does 
this, and how it works. Human brains 
have cells that represent places; so, when 
we are in a familiar environment differ-
ent cells represent different locations in 
this environment. 

There are cells that represent direc-
tions, for where we are looking and 
where we are moving. Other specialized 
cells tell the distances moved in particu-
lar directions. All this together forms 
a so-called "cognitive map", which is a 
framework for identifying where we are, 
where other things are in our environ-
ment, and how we can get from one 
place to another.  ION 

The ION brings its world-leading 
GNSS and related navigation tech-

nology and applications conference back 
to Portland, Oregon, this year.

In addition to two days of tutori-
als, six technical tracks of papers will be 
presented in Research and Innovations 
Sessions and Applications and Advances 
Sessions. A series of panel discussions on 
GNSS-related topics, which has become 
a popular addition to the meeting, is also 
planned.

Dr. John 
Betz, of The 
MITRE 
Corporation, 
is serving as 

general chair of this year's event. Program 
co-chairs are Dr. Sherman Lo, Stanford 

University, and Neil Gerein, of NovAtel, 
Inc.

A popular venue from previous ION 
GNSS+ meetings (in 2002, 2003, 2010, 
and 2011), Portland enjoys a vibrant 
cultural scene, historic architecture, and 
strategic location near the Pacific Ocean, 
Cascade Mountains, Columbia River 
Gorge, and regional wineries (featuring 
pinot noir, pinot gris, riesling, and other 
varieties). 

The city has become a popular destina-
tion of young people — "Where Millen-
nials come to retire," as one wag has put 
it. In addition to many fine and varied 
restaurants, micro-breweries, and coffee 
houses, Portland is a venue for several 
well-known television shows, including 
Portland, The Librarians, and Grimm. 

Call for Nominations: The Johannes Kepler Award
Nominations Due: June 30

The purpose of the Johannes 
Kepler Award is to honor an 

individual for sustained and significant 
contributions to the development of 
satellite navigation. The winner of this 
award will be determined by a special 
nominating committee. The Kepler 
Award is presented only when deemed 
appropriate. All members of the ION 
are eligible for nomination. You are 
encouraged to submit nominations for 
deserving individuals.

For complete nomination instruc-
tions, and to submit a nomination, go 
to www.ion.org/awards, and click on 
“Kepler” in the left-hand menu. Nomi-
nations must be received by June 30.

For a complete list of previous 
winners please visit www.ion.org

Dr. Frank van Diggelen, 2015 Kepler 
Award  Winner. For his significant 
and fundamental contributions to the 
practical, affordable and enhanced use of 
satellite based navigation for consumer 
applications, especially for mobile 
handheld devices; contributions to GNSS 
interoperability; and dedication as a 
navigation educator.

ON THE OREGON TRAIL

The Really Big Show  
Returns to Portland

September 12-16:  
ION GNSS+ 2016 
Oregon Convention Center 
Portland, Oregon
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Longer term, a reusable rocket repre-
sents a key element in SpaceX CEO Elon 
Musks dream of colonizing Mars. Both 
the first and upper stages of the Mars Co-
lonial Transporter, a future launch vehicle 
proposed by the company, would employ 
the reusable technology. 

“If one can figure out how to effec-
tively reuse rockets just like airplanes, the 
cost of access to space will be reduced 
by as much as a factor of a hundred” 
says Musk. “A fully reusable vehicle has 
never been done before. That really is the 
fundamental breakthrough needed to 
revolutionize access to space.” 

Dance Instructions
The controlled descent and landing 

operation requires the rocket’s first stage, 
after separating from the upper stages of 
the Falcon 9, to perform a flip maneuver, 
reenter from space at hypersonic velocity, 
restart main engines twice, deploy land-
ing legs, and touch down at near zero 
velocity. (See accompanying figure.) This 
requires a carefully orchestrated naviga-
tion of the rocket and positioning of the 
drone ship.

The ASDS is outfitted with thrust-
ers — hydraulic propulsion outdrive 
units repurposed from deep-sea oil rigs 
— that are reported to be able to hold 
the platform’s position to within three 
meters, even in choppy weather. The 
company that manufactures the thrusters, 
Thrustmaster, also provided its Portable 
Dynamic Positioning System, a modular 
system incorporating azimuth thrusters, 

power modules, and controls. The drone 
ship can be navigated remotely.

The SpaceX’s Falcon 9 User Guide 
describes the rocket’s avionics as a three-
string, fault-tolerant architecture that has 
been designed to human-rating require-
ments. Avionics include flight comput-
ers, GPS receivers, inertial measure-
ment units, and SpaceX-designed and 

“A fully reusable vehicle 
has never been done 
before. That really is the 
fundamental breakthrough 
needed to revolutionize 
access to space.” 

Elon Musk, SpaceX

FALCON 9  continued from page 1

ROCKET LANDING

Flight maneuvers of SpaceX reusable rocket. 
SpaceX graphic 
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-manufactured controllers for vehicle 
control (propulsion, valve, pressuriza-
tion, separation and payload interfaces), 
a network backbone, S-band transmit-
ters and a C-band transponder for range 
safety tracking. The S-band transmitters 
are used to transmit telemetry and video 
to the ground, from both the first and 
second stages. 

“Falcon launch vehicle avionics, and 
guidance, navigation and control systems 
. . . [provide] full vehicle single-fault 
tolerance and uses modern computing 
and networking technology to improve 
performance and reliability. The fault 
tolerance is achieved either by isolating 
compartments within avionics boxes 
or by using triplicated units of specific 
components.”

The Falcon 9 will also be used to carry 
the second GPS III satellite into orbit. 
On April 27, the Air Force Space & Mis-
sile Systems Center announced the award 
of an $82.7-million contract to SpaceX 
for launch vehicle production, mission 
integration, and launch operations and 
spaceflight certification of the satellite 
expected to be launched in May 2018. 

ROCKET LANDING

On December 21, 2015, SpaceX succeeded 
in landing a Falcon 9 first stage on the for-
mer Launch Complex 13 at Cape Canaveral 
where the company had built a large rocket 
landing pad.

Blue Origin, a company owned by 
Amazon founder and CEO Jeff Bezos, is 
also working on reusable rocket systems. 
The company's New Shepard rocket has 
landed successfully on the ground several 
times. ION

First stage of Falcon 9 after land-
ing on autonomous drone ship Of 
Course I Still Love You 180 miles 
off the Florida coast on April 8.
SpaceX photo 
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This is the second of a series of three articles. The 
first article chronicled early civilizations’ futile efforts to 
explain tides and ended with Sir Isaac Newton’s epochal 
discoveries that provided a mathematical foundation for 
the understanding of tides.

Although one fall of an apple in Lincolnshire, 
England in 1644 may have lead to a fundamen-

tal understanding of the primary cause of tides, the 
practical navigator was still flummoxed with what 
appeared to be aberrations with this theory.  

If you applied Newton’s gravitational theory to a 
hypothetical shell of water encircling the globe and 
ignored the tidal attraction of the sun along with 
some other simplifying assumptions, the amplitude of 

FROM THE ION HISTORIAN, MARVIN MAY

Tidal Analysis and Prediction
Part II: Math, Physics and the Flood and Ebb of the Sea

the equilibrium tide would have a maximum of only 
25 centimeters. However, along the North Atlantic 
coasts the tidal amplitude is commonly 10 times that 
and more. In Canada’s Bay of Fundy, the tide may 
exceed 15 meters — almost 50 feet — compared with 
a theoretical equilibrium tide of 42.5 feet (13 meters).

Confronted by the gap between Newton’s expla-
nations on the gravitational effects of the sun and 
moon, and mariners’ empirical measurements of 
tides, the French Academie Royale Des Sciences in 
Paris sponsored several important studies to improve 
tidal prediction at French ports. In 1738, the Acad-
emie offered one of its prestigious prizes for the best 

Marvin B. May

Colin Maclaurin

Leonhard Euler

Pierre Simone 
de LaPlace

Fog visualization
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philosophical essay on le flux et le flux de 
la mer: the flood and ebb of the sea. 

The responses included papers by Scot-
tish mathematician Colin Maclaurin, of 
Maclaurin-Taylor series fame, and Swiss 
mathematicians Daniello Bernoulli (of 
whose law of fluid dynamics is used to 
calculate aircraft wing lift) and Leonhard 
Euler, (whose incredible output included 
rotational coordinate system theory). The 
three authors accepted Newton’s theory of 
universal gravitational attraction as incon-
testably proven and extended its implica-

ION HISTORIAN

Designed by Rollin A. Harris and E.G. Fischer, this tide prediction machine was constructed in 
the instrument shop of the U.S. Coast and Geodetic Survey in 1910. It summed 37 constitu-
ents and was capable of tracing a curve graphically depicting the results. 
NOAA Tides and Currents web portal

Ten of Sir George Darwin's Leading 
Tidal Harmonic Coefficients

Name
Angular Rate 

(degrees/hour) Coefficient

Lunar 
fortnightly

1.098 0.078

Solar 
semi-annual

0.082 0.036

Nineteen 
Yearly

0.002 0.033

Lunarsolar 
declinational

15.041 0.265

Larger lunar 13.943 0.189

Larger solar 14.959 0.088

Principal 
lunar

28.984 0.454

Principle 
solar

30.000 0.211

Larger lunar 
elliptic

28.440 0.088

Lunisolar 
declinational

30.082 0.082

tion for tides in significant ways. They 
all showed that, under the combined 
influence of the sun and the moon, an 
ocean-covered non-rotating earth would 
take the form of a prolate spheroid — the 
shape of an American football or English 
rugby ball — with its axis approximately 
aligned with the direction of the moon. 

Maclaurin considered the effect of the 
Earth’s rotation, Bernoulli computed the 
variation of tidal force with the lunar dis-
tance of the sun, and Euler showed that it 
is the horizontal component of the tidal 
force which causes the tides, and that this 
effect is greatest when the altitude of the 
moon is 45 degrees.  

But there was more to come. Eminent 
scientists, including Pierre Simone de 
LaPlace, Jean-Baptiste Fourier, Gaspard 
de Coriolis, William Whewell, William 
Thomson (1st Baron, or Lord, Kelvin), 
and Sir George Darwineach contributed 
to at least one of the following three 
major missing aspects of tidal analysis 
that Newton’s gravitational theory did 
not address: 
1)  a treatment of fluid dynamics;
2)  a long term accumulation of global 

tidal data; and
3)  use of harmonic analysis and statistical 

modeling. 
In 1776, Laplace, the “French New-

ton,” developed the equations of motion 
of large rotating liquid masses under 
gravitation that became the Laplace Tidal 
Equations. According to 20th century 
British tidal theorist, Joseph Proud-
man (for whom Liverpool’s Proudman 
Oceanographic Laboratory was named), 
Laplace’s analysis, in theory, could ac-
count for the tidal currents and sea sur-
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Tide forces
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face elevation over the entire oceans and 
for all times, given a complete description 
of the tide-generating forces and bound-
aries of the ocean basins. 

Although Laplace’s equations provide 
a theoretical basis for the fluid dynamics 
of tides, it is impractical to provide such 
a sufficiently detailed description in real 
life based on purely dynamical consider-
ations. Laplace himself was keenly aware 
of the limitation of his theoretical analysis 
and instituted systematic empirical tidal 
observation stations on the French coast-
line near Brest. 

By the early 19th century in Eu-
rope and along the eastern coast of the 
Americas, self-registering tide gauges 
provided continuous records of the 
height of the tide. The name of one of 
the pioneers of tidal data collection, 
Nathaniel Bowditch, is almost holy to 
everyone who has served on the bridge of 
a ship. In 1802 Bowditch published The 
New American Practical Navigator and 
offered a table with basic tide data for 
the principal American ports and such 
farflung places as the Amazon River and 
Cape Bianco. 

All of the collections of empirical data 
reinforced the conviction that a given as-
tronomical configuration always produces 
the same tide at the same place. As this 
configuration is essentially the position 
of the sun and moon, the same tidal con-
figuration can be expected to repeat when 
the sun and moon again align in the same 
way. This periodicity led to the use of 
harmonic analysis for tidal predictions, 
the mathematical basis for which was 

formulated based on 
Jean Fourier’s 1822 
work. Harmonic 
analysis is practical 
because the tide at a 
place bears a linear 
relationship with 
astronomical forces 
that are inherently 
periodic. 

In 1882 Sir 
George Darwin, one 
of Charles’ sons, 

proposed a system of tidal constituents 
that came into general use internation-
ally. The 10 largest constituents are listed 
in the accompanying table with names 
that correspond to the astronomic driving 
forces. The coefficients relate to the theo-
retical relative amplitude of the constitu-
ents, with the principal solar constituent 
having a period of 12 hours that is about 
46 percent as high as the principle lunar 
constituent.

George Darwin’s scheme was originally 
proposed by Lord Kelvin the 1860s. 
He had invented an early mechanical 
harmonic analyzer — in effect, an analog 
computer — to perform tidal predictions.

By 1910 a mechanical analog computer 
(see accompanying photo) was handling 
all the 37 constituents which Darwin 
had shown to be required for the most 
accurate predictions. The Harris-Fischer 
machine was used by the U.S. Coast 
and Geodetic Survey to make tide tables 
for 53 years, from 1912 to 1965. It is a 
massive brass contraption of which Rube 
Goldberg would have been proud. The 
tide predicting machines were considered 
to be of strategic military importance and 
were classified, along with the data that 
they produced. 

Today, in the U.S., government agen-
cies including the National Ocean Service 
of the National Oceanic and Atmospheric 
Agency and the Naval Oceanographic 
Office utilize sophisticated models 
augmented by historical archives and an 
extensive network of real time empirical 
data to predict tides and related conse-
quences affecting the mariner. 

Even easier for us moderns, there are 
Smartphone apps for that!  ION
Marvin B. May is the Chief Scientist of the 
Pennslyvania State University’s Applied Re-
search Laboratory’s Navigation R&D Center 
in Warminster, Pa. His email is mbm16@arl.
psu.edu

FUN FACT: The highest possible tide will occur when moon 
and sun are simultaneously at proxigee-syzygy, at the 

same declination, 
and with the Earth 
near its closest 
annual approach 
to the sun; a 
conjunction which 
last occurred in 1340 
and which will occur 
next in 3300.

Due June 30

Kepler Award 
Nominations
The purpose of the Johannes Kepler 
Award is to honor an individual for 
sustained and significant contributions 
to the development of satellite naviga-
tion. The winner of this award will be 
determined by a special nominating 
committee. The Kepler Award is present-
ed only when deemed appropriate. All 
members of The Institute of Navigation 
are eligible for nomination. We are 
encouraged to submit the names of 
individuals for consideration.

To submit a nomination, go to the 
ION website at www.ion.org. Click on 
Awards, scroll down, click on Kepler 
Award, then click on the Awards form 
for complete nomination instructions. 
Nominations must be received by June 
30. Nomination packages may be sent 
to: Satellite Division Awards Committee 
Chair, The Institute of Navigation, 8551 
Rixlew Lane, Suite 360, Manassas, VA 
20109.

Due June 30

Parkinson Award 
Nominations
Graduate students in GNSS technol-
ogy, applications, or policy who have 
completed a single-author thesis or dis-
sertation and who are ION members are 
eligible for this prestigious award and 
$2,500 honorarium. Nominations are to 
be submitted by a regular research fac-
ulty member of a college or university.

This award honors Dr. Bradford W. 
Parkinson for establishing the U.S. 
Global Positioning System and the 
Satellite Division of The Institute of 
Navigation.

For application details and entry 
rules, go to www.ion.org. Nominations 
must be received by June 30.
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Defense Matters

National PNT Policy: Space and Beyond

Doug Taggart
President
Overlook 
Systems 
Technologies, Inc.

A new national policy 
perspective should 
consider expanding 
oversight responsibilities 
for PNT reliance 
beyond GPS and its 
augmentations.

I recently had the pleasure of attending a Washing-
ton, D.C., lunch-time panel discussion hosted by 

the Secure World Foundation on space and spectrum 
issues. The panel was focused on examining the 

policy and practical implication of 
space assets and spectrum protection. 

During the course of the meeting 
the event moderator asked the panel 
members to comment on whether 
there were any adjustments to national 
policy that the next administration 
might consider to improve spectrum 
protection for U.S. space systems. The 
moderator’s question was specifically 
focused on space-based position-
ing, navigation, and timing (PNT) 

capabilities and directly referenced the Bush Admin-
istration’s December 2004 Space-Based PNT Policy 
(NSPD-39).

The consensus of the four panel members in 
response to the moderator’s question was that today’s 
high-level national policy message is adequate. They 
each felt that NSPD-39, when combined with the 
Obama Administration’s June 28, 2010, National 
Space Policy (see <https://www.whitehouse.gov/sites/
default/files/national_space_policy_6-28-10.pdf>) 
and its Radiofrequency Spectrum and Interference 
Protection section, provided an appropriate degree 
of protection for space-based PNT systems and the 
associated spectrum needs.

A Broader Context
Given that the panel members were knowledgeable 
on the topic of spectrum protection and space sys-
tems, it is reasonable to conclude that their consen-
sus opinion is correct. But, what if the question had 
been posed in a broader sense, e.g., “Are there spe-
cific national policy issues that need to be considered 
by the next administration to address PNT issues 
in general?” Had this been the question, I would 
suggest that both of the Executive Branch national 
policy issuances should be readdressed by the next 
administration to provide greater clarity regarding 
uses of PNT technologies and expanded authorities 
for their provisions.

First and foremost, NSPD-39’s emphasis on space-
based PNT policy should be broadened to include 
more than just space-based PNT systems. Establish-

ing a national level structure to address the vulner-
abilities of over-reliance on GPS for national security 
and critical infrastructure systems has proved to be 
problematic for the current National Space-Based 
PNT Executive Committee (ExCom) to reconcile.

A new national policy perspective should consider 
expanding these oversight responsibilities for PNT 
reliance beyond GPS and its augmentations. If a 
broader national policy perspective is considered by 
the next administration, it could be aided by con-
ducting a thoughtful and well-crafted PNT policy 
and capabilities review. The policy and capabilities 
that such a review considers should be founded upon 
a layered PNT architecture with users being afforded 
assured access to PNT through multiple sources of 
diverse PNT information. 

Bolstered by a broader national policy vision, such 
an effort might prove helpful in breaking the log 
jam that has confounded the efforts of the current 
ExCom in executing responsibilities stated in NSPD-
39. As stated in the 2004 Presidential Directive, these 
responsibilities include identifying and pursuing a 
backup PNT capability to “support critical transpor-
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tation, homeland security, and other criti-
cal civil and commercial infrastructure 
applications with the United States. . . .”

A National PNT Policy: What and How?
Although the panel members in the Se-
cure World Foundation event noted that 
the Obama Administration’s National 
Space Policy was complementary to the 
Bush Space-Based PNT Policy in the area 
of spectrum protection, two other areas 
in the Obama Space Policy also address 
the topic of GPS resiliency, redundancy, 
and backup requirements. One statement 
addresses foreign PNT services and states 
in part, “Foreign positioning, navigation, 
and timing (PNT) services may be used 
to augment and strengthen the resiliency 
of GPS.” The other focuses on domestic 
applications, specifically that the na-
tion shall: “Invest in domestic capabili-
ties . . . and identify and implement, as 
necessary and appropriate, redundant 
and back-up systems or approaches for 

critical infrastructure, key resources, and 
mission-essential functions.” Although 
these are both reasonable, high-level, 
national policy statements, they reside in 
a policy document that emphasizes space, 
and they are silent on how to go about 
addressing the need. 

Although the current Executive Branch 
direction isn’t clear on the way ahead, 
Congress has recognized the value of 
directing a comprehensive, senior-level 
oversight of PNT employment for na-
tional purposes. Following through with 
this vision, Congress directed in the FY16 
National Defense Authorization Act 
(NDAA, Section 1603) the establishment 
of a “Council on Oversight of the De-
partment of Defense [DoD] Positioning, 
Navigation, and Timing Enterprise.” 

This “Council” is co-chaired at the 
highest levels of the DoD by officials 
responsible for military PNT require-
ments and for procurement of military 
PNT systems and applications for all of 

the Military Services. This action by the 
Congress recognizes that the security 
component of dual-use PNT technology 
requires senior attention and guidance 
to preserve its utility for our national de-
fense. It also implies that the nation could 
benefit from a broader policy guidance 
applicable to the totality of the national 
PNT enterprise as well. 

The means and resources to reach this 
end are not clear at this time. However, it 
is apparent that further action is necessary 
to clarify Executive Branch responsibili-
ties and prompt systematic additions to 
the nation’s portfolio of PNT options. 
A broader and more internally consis-
tent National PNT policy issued by the 
next administration would certainly be a 
worthwhile step in that direction. ION

DEFENSE MATTERS

new science  |  new technology  |  new practice

Join the

08 – 10 November 2016
University of Strathclyde, Glasgow, UK

ROYAL INSTITUTE         OF NAVIGATION

The International Navigation Conference series has a strong 
track record in attracting the best, most knowledgeable speakers 
from around the world. INC 2016 will feature the hottest topics 
at the cutting edge of navigation technology and development, 
and will be held at the University of Strathclyde, Glasgow, UK.

For more information and how to submit an abstract visit: 
www.internationalnavigationconference.org.uk or
Contact Conference Manager: Sally-Anne Cooke on 
(+44) 20 7 591 3135 conference@rin.org.uk 

•  Emerging Science
•  Modern Markets
•  Modern Threats

  •  Multisensor PNT
  •  Navigation Now

Themes for INC 2016: 
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Being the Eyes 
and Ears of a U.S. 
Senate Committee
Gerry Mader

Spring has arrived in Washington, 
bringing cherry blossoms, tourists, 

demonstrators, and the halfway point 
in my year as the American Association 
Advancement of Science (AAAS) ION 
Congressional Fellow. 

This has been an incredible op-
portunity to watch various aspects of 
the government in action and to make 
my own small contributions. I quickly 
discovered that the Senate Committee 
on Commerce, Science, and Transporta-
tion is the destination for many science 
delegations while they’re in Washington, 
usually to discuss pending legislation or 
making courtesy calls. I was surprised to 
see a few old friends show up as well as 
a few more with whom we had mutual 
acquaintances. 

The biggest thrill however, was talking 
with the teams from MIT and CalTech 
when they were in town to announce the 
first detection of gravity waves. Imagine 
an instrument able to detect a movement 
of one ten-thousandth the diameter of 
a proton arising from two massive black 
holes spiraling into each other, distorting 
the space/time continuum for a duration 
of less than 1 second. Are you kidding? 
Absolutely incredible! 

I keep a constant watch on the Senate 
calendar for any hearings that seem inter-
esting. You’d be amazed at the informa-
tion presented by the expert witnesses 
called to testify. I have sat through hear-
ings on the strategic petroleum reserve, 
cyber security, the global oil markets and 
ISIS, providing broadband Internet, and 
many more. I have seen testimony from 
departmental and agency heads, includ-
ing James Comey (FBI), Jeh Johnson 
(DHS), Ash Carter (DoD), Gen. Joseph 
F. Dunford, Jr. (Joint Chiefs of Staff), and 
Janet Yellen (Federal Reserve Bank). In all 
cases the level of detail was amazing. 

Equally impressive — and a little 
surprising at first — was the senators’ 
knowledge and ability to keep up with 
the witnesses. Sitting through a hearing 
and then hearing it on the radio on the 
way home or watching later on TV is a 
reminder of the history and news I have 
easy access to. This access is not unique to 
staffers; any member of the public need 
only get past the metal detectors to attend 
any hearing, a testament to how open 
much of the U.S. government is.

Reviewer Beware
One of the hearings I was most pleased 
to watch concerned the Consumer 
Review Freedom Act. Most of you, like 
me, when using a service on the Inter-
net skip past, never reading, the website 
Terms of Service that appears as a pop-up 
window. We just immediately scroll to 
the bottom and click that we agree or ac-

cept the terms and move on to complete 
the purchase of that product or service. 
What we don’t realize is that those terms 
sometimes include what’s known as a 
non-disparagement clause. These clauses 
allow the vendor to levy a fine on you if 
you post any negative reviews damaging 
to their business. 

Given how often many of us use web 
sites that review products and services 
and submit to them as well, it would be 
a great idea if people could offer each 
other honest appraisals without fear of 
retribution. My committee leaders, Sen. 
Thune (R-SD) and Sen. Nelson (D-FL), 
cosponsored a bill to make such non-
disparagement clauses illegal while also 
protecting businesses from malicious and 
false attacks. 

The hearing included a perfect witness 
— a young mother wrote a bad review on 
behalf of her husband who never received 

Gerry Mader at the 
Senate Office Building 
in Washington D.C.
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a $20 item before the company that was 
the subject of their complaint had even 
included non-disparagement clauses in 
their terms. After subsequently including 
the clause, the company then retroac-
tively billed this woman $3,500, accord-
ing to her testimony. When the couple 
could not pay it, the unpaid bill showed 
up on their credit report preventing them 
from purchasing a new home. They sued 
and eventually were awarded more than 
$300,000; however, because the company 
had gone bankrupt, they never received 
any compensation. 

Needless to say, this was a popular bill 
that passed easily. As a personal bonus, 
since I was sitting a few rows back from 
the witness, I was able to “photobomb” 
the hearing on NBC Nightly News.

Re-COMPETING Innovation
The America COMPETES Act renews 
previous COMPETES legislation that 
is designed to promote innovation in 
manufacturing, move developments from 
the lab to industry, and promote STEM 
education and workforce, among many 
other things. Coincident with my ar-
rival here, the cosponsors, Sen. Gardner 
(R-CO) and Sen. Peters (D-MI), were 
holding several informal round-table 

discussions with industry and academic 
leaders that I was able to attend. 

The cosponsors also solicited com-
ments via the web, and one of my first as-
signments was to review these comments. 
This was a quick introduction into the 
reality of sending a comment to the U.S. 
Congress. There is, of course, no way the 
senators could personally read the hun-
dreds of comments that were received. 
That’s a job for staff, i.e., me. 

Realizing I would be the only person 
reading these, I was determined that 
since someone went to the effort to 
write a comment, I was going to read it. 
The reward for several days of inten-
sive effort was to see the spreadsheet I 
created to summarize and collate these 
comments make its way into legislative 
language. 

There is one section of this bill I was 
particularly anxious to promote. In 
response to the GSA travel scandal of 
several years ago, the Office of Personal 
Management (OPM) issued to all federal 
agencies a policy severely restricting 
government travel. The effect for govern-
ment scientists, as I was while I worked at 
NOAA, was to place a travel cost ceiling 
30 percent less than what an agency spent 
in FY2010. 

It soon became clear that the effort 
to prevent future scandals was having 
the unintended consequence of severely 
limiting scientific exchanges. Ironically, 
sufficient funds were often available but 
could not be spent if costs would exceed 
this artificial ceiling. Having personally 
suffered under this policy, I was delighted 
to share the effort requiring OPM to 
rewrite this policy, removing this ceiling, 
and facilitating scientific exchanges at 
conferences while still monitoring poten-
tial abuse.

While working on COMPETES and 
a few other bills, I have come to re-
ally appreciate how well each political 
party's staffs can work together. Whether 
you’re on the majority or minority, your 
contributions and efforts get treated with 
respect and serious consideration. I’ve 
seen the same spirit of cooperation and 
camaraderie among the senators at the 
hearings I’ve attended. 

It’s clear that everyone involved in 
Congress’s operations recognizes their 
obligation to solve problems and keep the 
wheels turning. You certainly don’t always 
get this impression from the news. ION

gerry_mader@commerce.senate.gov
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OCEAN RESEARCH

A brand new 240-foot scientific 
research ship has just arrived at 

Woods Hole Oceanographic Institute 
(WHOI) in Massachusetts where it will 
ply the North Atlantic on scientific mis-
sions that will help us map the oceans, 
figure out the mysteries of climate 
change, and take closeups of the crea-
tures and features of the deep.

The R/V Neil Armstrong (AGOR 27) 
started life on the Left Coast in a shipyard 
in Anacortes, Washington. Its shakedown 
cruise took it down the Pacific Coast to 

San Francisco, through the Panama Canal 
and up to Charleston, South Carolina 
before docking at its permanent research 
base on the stormy North Atlantic coast. 

It’s part of an official United States 
academic research fleet used for basic 
oceanographic research. This one will be 
operated by WHOI and owned by the 
Office of Naval Research for the benefit 
of a host of scientists and academic insti-
tutions who have to schedule it for their 
research projects far, far in advance. 

The Armstrong and its sister ship, the 

DOWNLOAD a 
ringtone of the R/V 
Neil Armstrong 
ship’s bell on your 
mobile! <http://www.
whoi.edu/ringtones/
armstrong>

Sally Ride, are the most technologically 
advanced of the Navy’s Auxiliary General 
Oceanographic Research (AGOR) vessels. 
They replace a famous ship that helped 
find the RMS Titanic wreck off New-
foundland in 1985 and the first “Black 
smoker” hydrothermal ocean vents in the 
Galapagos Rift in 1977.

In a WHOI article about the ship, 
science instrument technician David 
Fisichella said, “Some ships carry cargo or 
oil. Ours carries data.”

The Armstrong’s state of the art instru-
mentation includes its navigation and 
positioning technologies.

It uses dynamic positioning, a com-
puter-controlled 
system that uses 
wind and mo-
tion sensors and 
gyrocompasses 
to automatically 
maintain a vessel’s 
position and heading by using its own 
propellers and thrusters. 

With integrated engine control, 
monitoring and positioning systems, the 
crew can access most of what they need, 
including navigation, from touch screens 
in the engine room and on the bridge. If 
necessary, the navigation system can be 
monitored and problems diagnosed from 
shore.

For its attitude, heading, reference 
system (AHRS), the Armstrong uses 

The 240-foot ocean-going research ves-
sel, R/V Neil Armstrong (AGOR 27) is fully 
loaded with new technology and ready for 
science projects all over the turbulent North 
Atlantic.

OCEAN RESEARCH  continued on page 21

OCEAN RESEARCH

Doing Business in Great Waters
Scientists go down to the sea in new research ships that can find, 
track, photograph, observe, sample, collect, examine, listen to,  
analyze and interpret just about everything in the oceans

The Gulf Stream waters flow in somewhat parallel layers, slicing across a turbulent 
western North Atlantic Ocean on March 9, 2016. Pigmented phytoplankton make the 
turbulence visible. 
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  OSCILLATIONS OF ATOMS
When GNSS satellites have amazing clocks, the 
receivers want them, too

Satellites have cesium and rubidium clocks — now every 
watch, computer and GPS receiver in the world wants 

one too. 
The Defense Advanced Research Projects Agency is worried 

about GPS denial of service, like everyone else. And they're put-
ting $50 million dollars on the table to help mitigate the risk.

In February, DARPA held a Proposers Day in Arlington 
Virginia to broaden the field for their ACES project —Atomic 
Clocks with Enhanced Stability. They are seeking new technol-
ogy that would help our tools to maintain position information 
in case GNSS signals are not available. 

The goal is a palm-size battery powered clock with near-cesi-
um beam performance. It should be 1,000 times more accurate 
than what we have now, fit into a hand or a small, unmanned 
aerial vehicle and consume no more than a quarter-watt of bat-
tery power. 

In a press release, DARPA said a GPS receiver's accuracy 
degrades quickly once the satellite signal is lost. “Within 30 
seconds of a GPS shut-down, a GPS receiver would only be 
able to specify that it was somewhere within an area the size of 
Washington, D.C An hour of GPS shutdown would expand the 
area of uncertainty to more than the size of Montana.”

The ACES program clocks will use oscillations of atoms 
rather than the pendulums or quartz crystals now in watches, 
phones, computers and receivers and be able to maintain ex-
tremely accurate location information much longer. 
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the Applanix Corporation’s POS MV 
320 (Position and Orientation Systems 
for Marine Vessels). The AHRS system 
combines a GNSS receiver, three inertial 
measurement units, and three motion 
sensors plus a computer in a single unit 
and is specifically designed for water sci-
ence projects in which precision, sturdi-
ness, and uninterrupted data collection 
are key.

For vessels like the Armstrong, whose 
job is to provide stable and reliable data 
in rough water or in crowded docks, 
the POS MV precision GPS keeps its 
accuracy during blocked or intermittent 
signals, where reception is compromised 
by multipath effect or when position drift 
must be reduced or the GPS signal must 
quickly be reacquired.

Scientists will make use of remote 
operated vehicles and autonomous under-
water vehicles, of course, and for this the 
ship uses the ultra-short baseline (USBL) 
positioning and tracking method. A 
transceiver is mounted on the ship and an 
acoustic transponder on the subsea ves-
sel, known as a remotely operated vessel 
(ROV) or unmanned underwater vessel 
(UUV). The system can track several ves-
sels over a wide area and range of depths. 

A unique hull design and construction 
deflects bubbles, minimizing acoustic 
interference.

On its first mission later this year, the 
R/V Neil Armstrong will work in the 
North Atlantic along with another U.S. 
research vessel in the Arctic to keep study-
ing the effects of these waters on climate 
change, and vice versa. ION
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Corporate
Profile
Physical Logic

http://physical-logic.com/

MEMS is our expertise
Physical Logic develops and 

manufactures advanced MEMS 
(“Micro-Electro-Mechanical Sys-
tem”) accelerometers. Our meters 
have a wide range of high-end 
applications: vibration sensing, tilt 
sensing, seismic sensing and inertial 
navigation.

We serve diverse markets from 
security and defense to energy and 
industry and even to healthcare. 
Our meters are used in aircrafts, 
missiles, and drones. Even vibra-
tions in machinery can be measured 
and tracked with our meters. Our 
sensors can alert you to intruders 
on your property. They can even 
be used in pacemakers and highly 
sensitive medical devices.

We are set apart by the fact that 
our open loop MEMS accelerom-
eters offer extremely high linear-
ity, ultra-low noise, and excellent 
long-term stability. They offer a clear 
improvement over the performance 
of currently available tactical-grade 
MEMS accelerometers.

With our flagship closed loop 
MEMS accelerometer product 
line we managed to bring perfor-
mance at eye level of comparable 
currently available mechanical 
accelerometers.

Physical Logic founded in 2004, is 
a privately funded Swiss Group with 
a R&D and manufacturing center in 
Tel Aviv, Israel.

For more information on corporate 
membership in the Institute of 

Navigation, please contact Kenneth P. 
Esthus at 703-366-2723 extension 1004

  A ROBOT FOR THE REST OF US
Unmanned vehicles for defense and surveillance are all very well,  
 but here's something for gadgets and groceries

If our neighborhood social network is any 
example, people don't like the idea of 

quadrotors overhead, particularly if they 
can see into the backyard (or drop that 
Amazon package into the kiddy pool). But 
any retail company concerned about the 
high delivery costs of that last mile has to 
be looking at the robotic future for help.

A new company headed by several Skype 
cofounders thinks they have the answer— 
using available commercial techniques— 
and they're trying it out this month in 
Greenwich, London. They've combined a 
local hub delivery system to mobile phone 
technology to human psychology and come 
up with the Starship robot for gadgets and 
groceries. 

CEO and CTO Ahti Heinla said, "It 
has the GPS, it has nine cameras . . . and 
obviously it has the gyroscopes and things 
like that and a bunch of other sensors 
internally as well . . . It's mostly built on 
mobile phone technology." 

A combination of an autonomous vehicle 
with remote backup, the rounded, rolling 
robot looks like a very posh picnic cooler. 
It's quiet with zero emissions and carries 40 
pounds full loaded — about two grocery 

bags or lunch for everyone in the office. 
It rolls along at pedestrian speed in an 
unthreatening way and people seem to smile 
when they see it. 

The Starship UV has a range of about 
three miles and a battery that lasts three 
hours. It stops when it detects an obstacle 
and doesn't bump into your legs. When it 
gets to the destination, the customer opens 
the top with a mobile phone app. (The robot 
does not guarantee that you get what you 
ordered.)

But the creators understand the dark side 
of humanity, and so they also have included 
two-way audio and backup operators. If 
someone tries to attack the machine or open 
it up without permission, the operator gets 
on the line and threatens the attacker in a 
human-to-human way. When tested, the 
robot resists break-in for about 10 minutes, 
long enough for The Law to arrive (if local 
budget cuts haven't affected police response). 

Starship Technologies claims their new 
UV will bring down the cost of local delivery 
by 10 to 15 times. If it works, think of the 
possibilities! Neighbors could get rid of their 
extra zucchini and return tools without ever 
leaving the house.  ION
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GNSS Program Updates

News from Systems Around the World
GPS
With the last of the GPS IIF satellites 
now launched and on orbit, the Next-
Generation Operational Control Seg-
ment (OCX) and a new provider of GPS 
III launch vehicles mark the most strik-
ing developments for the U.S. GNSS 
system in recent months.

While acknowledging the fury over 
problems with the new GPS ground 
system, the head of Air Force Space 
Command recently told lawmakers that 
finishing the program with the current 
contractor is the best way forward.

At a March 15 hearing of the House 
subcommittee on Strategic Forces, 
Gen. John Hyten testified that the Next 
Generation Operational Control System 
(OCX) program should move forward 
with Raytheon Corporation as the 
contractor despite being $1 billion over 
budget and five years behind schedule. 

The program is being closely moni-
tored, Hyten said, and has been through 
two "Deep Dive" reviews before Frank 
Kendall, the under secretary of defense 
for acquisition, technology, and logistics, 
who has gone through the details and 
looked at various options.

In March Raytheon successfully 
passed the first formal qualification test 
milestone for the Next Generation GPS 
Operational Control System (OCX) on 
March 4. The test event was the Configu-
ration Item Qualification Test, or CIQT, 
milestone for the Launch and Checkout 
System, or LCS. The system provides 
launch and early orbit checkout capabili-
ties for the modernized GPS III satellites 
and implements 77 percent of the cyber-
security capabilities for the overall OCX 
program, according to the company.

On April 27 the Air Force announced 
the award to Space Technologies Cor-
poration (SpaceX) of an $82.7-million 
contract for GPS III Launch Services.

 The Air Force characterized the con-
tract as “the first competitively sourced 
National Security Space (NSS) launch 
services contract in more than a decade.” 
However, a decision last November by the 
United Launch Alliance (ULA), a joint 
venture of Boeing and Lockheed, not to 
compete for this GPS III launch effec-
tively left SpaceX as the only bidder.

Awarded by the Space and Missile 
Systems Center (SMC) at Los Angeles 
Air Force Base, California, the firm-
fixed price, stand-alone contract requires 
SpaceX to provide the Government with 
a total launch solution for the second 
GPS III satellite, which includes launch 
vehicle production, mission integration, 
and launch operations and spaceflight 
certification. The launch will be the 
second for the GPS III program and 
is scheduled to take place from Cape 
Canaveral Air Force Station, Florida, in 
May 2018. 

Meanwhile, addressing a long-
unfulfilled presidential mandate, the 
Space-Based Positioning, Navigation, and 
Timing (PNT) Executive Committee 
(ExCom) has taken on responsibility for 
initiating a process to identify and de-
velop requirements for a complementary 
national PNT, in effect, a backup system 
to GPS in case of outages from natural or 
man-made events.

The provision for a backup system was 
mandated in a 2004 President Decision 
Directive (PDD), with responsibility to 
do so assigned to the U.S. Department of 
Transportation (DoT) and the Depart-
ment of Homeland Security (DHS).

As Harold “Stormy” Martin, direc-
tor of the National Coordination Office 
(NCO) for PNT, has pointed out, any 
federal acquisition process begins with the 
creation of a requirements document. To 
begin the process, the ExCom, cochaired 
by deputy secretaries of defense and trans-

portation, and NCO will assess a wide 
range of user requirements. The ExCom 
will work toward decisions that can sup-
port “investment actions” for Fiscal Year 
2018 (FY18).

Galileo
Europe’s Galileo program plans to roll 
out its initial services in October, after 
launch setbacks delayed the original 
schedule from last year. These will in-
clude the civil Open Service (OS) signals 
and the encrypted Publicly Regulated 
Service (PRS). 

Partial introduction of the Commercial 
Service will take place with receiver man-
ufacturers able to test equipment using 
ground-based signals, according to Pierre 
Delsaux, deputy director-general for the 
European Commission (EC) Internal 
Market, Industry, Entrepreneurship, and 
SMEs directorate (DG-GROW).

Twelve on-orbit Galileo satellites will 
be enough to declare initial services, Del-
saux added. Nine healthy spacecraft are 
on orbit now, with a dual-launch sched-
uled for May 24 and the first launch of a 
modified Ariane 5 carrying four Galileo 
satellites planned for October.

The Galileo search and rescue (SAR) 
service will also be introduced in October 
and integrated into the existing CO-
SPAR/SARSAT global SAR system.

A recent agreement has removed a 
long-standing uncertainty surrounding 
the manufacture, sale, and use of Galileo-
capable receivers. The European Union 
(EU) has reached a deal with the British 
Ministry of Defense resolving a patent 
issue that could have limited the adoption 
of signals from the EU's Galileo satellite 
navigation constellation.

"The European Commission [EC] has 
secured access to UK-owned patents relat-
ed to Galileo signal in space technologies 
which will allow for their use by chipset 
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and receiver manufacturers on a royalty 
free basis," according to a joint UL/EC 
statement supplied by a spokesperson for 
the UK's Defense Science and Technol-
ogy Laboratory.

Paul Flament, the head of the Europe-
an Commission’s (EC's) Satellite Naviga-
tion Unit, confirmed that the EC and the 
UK Ministry of Defense had concluded a 
license agreement on December 28.

The issue came to light in 2011 when 
the UK Ministry of Defense began seek-
ing royalty payments through its com-
mercial subsidiary Ploughshare Innova-
tions, surprising receiver manufacturers 
around the globe. Originally the dispute 
involved two sets of patents — one on 
the signal structure of the new GPS L1 
signal and another on the signal structure 
of Galileo's new E1 civil signal. Both 
signals are centered at 1575.42 MHz.

The signal structures had been devel-
oped by the Galileo Signal Task Force of 
the European Commission — in a joint 
effort between the EU and the United 
States to enable GPS and Galileo to be 
both compatible and interoperable. 

In 2013, the UK government said it 
would dedicate “all government held 
patents and patent applications relating 
to U.S. GPS civil signal designs and their 
broadcast from GPS and other global 
navigation satellite systems to the public 
domain.” The US/UK deal, however, 
intentionally left the patents on Galileo 
unresolved. The new agreement appears 
to settle the issue for manufacturers both 
inside and outside of the European Union 
though that has yet to be confirmed. 

BeiDou
The BeiDou Navigation Satellite System 
(BDS) has entered its transition period 
from Phase II to Phase III, with test and 
validation of the next phase with its new 
signal structures and frequencies taking 
place through the second half of 2017. 
In the meantime, a “coexisting” of Phase 
II/III BeiDou signals, according to the 
China Satellite Navigation Office.

 On March 29, China launched an-
other new-generation BDS satellite. An 

inclined geosynchronous orbit (IGSO) 
spacecraft designated Beidou-2 IGSO-6, 
it is expected to operate at an altitude of 
about 22,000 miles (35,400 kilometers) 
with an inclination of about 55 degrees.

This is the second BDS launch this year, 
following one on February 1 that placed 
a middle-Earth-orbit (MEO) into the 
constellation. According to news reports 
from China’s Xinhua state news agency, 
only two BeiDou launches are planned 
this year, although the program proposes 
to add 16 more by the end of 2018.

Six new-generation BeiDou satellites 
are in orbit, with an eventual constella-
tion of five geostationary (GEO) satel-
lites, three inclined geostationary orbit 
(IGSO) satellites, and 27 middle-Earth-
orbiting (MEO) satellites planned for the 
global system expected to be in place by 
2020. At that time, a new interface con-
trol document (ICD) will be published 
for open signals as soon as possible.

The first GEO satellite for China’s sat-
ellite-based augmentation system (SBAS) 
is scheduled for launch in 2018.

GLONASS
The GLONASS program is continuing 

its modernization of space and ground 
segments, with advanced control of new-
generation satellites containing two ce-
sium and two rubidium atomic frequency 
standards on board the spacecraft.

According to the Roscosmos PNT 
Information and Analysis Center, syn-
chronization of GLONASS system time 
with coordinated universal time (UTC-
SU) will be implemented at less than two 
nanoseconds’ difference, while Russia’s 
PZ-90 geodetic system is aligned with the 
International Terrestrial Reference Frame-
work (ITRF) at the millimeter level. 

For the first time, a GLONASS-K 
next-generation satellite has begun 
providing on-orbit services for Russia's 
GNSS system. 

Launched December 1, 2014, the 
spacecraft began regular broadcasts on 
February 15, transmitting on channel –6 
from its orbital location in plane 2, slot 9 
of the GLONASS constellation. The deci-

GNSS PROGRAM UPDATES

sion to put the GLONASS-K spacecraft, 
designed and built by the ISS-Reshetnev 
Company, into service was made follow-
ing the results of its in-flight tests, which 
had lasted for more than a year.

The GLONASS-K satellite was built 
around an unpressurized platform, has a 
mass of 974 kilograms, an electric power 
supply system’s capacity of 1600 watts, 
and a design for a 10-year lifespan. It 
transmits five navigation signals in the 
GLONASS L1, L2, and L3 bands. The 
satellite also carries a COSPAS-SARSAT 
payload supporting the international 
satellite-based search and rescue system.

Launch of another GLONASS-M 
spacecraft is scheduled for May 24.

Over the longer term, the new-gen-
eration satellites will gradually replace 
the GLONASS-M series that currently 
form the backbone of the system’s orbital 
constellation.

According to a March 1 article by the 
Russian state news agency RIA Novosti, 
Reshetnev’s CEO Nikolai Testoyedov said 
that new GLONASS-K2 satellites would 
begin launching in 2018. 

Regional/Augmentation 
Systems
On April 28, the Indian Space Re-
search Organization (ISRO) successfully 
launched the seventh and final spacecraft 
for the Indian Regional Navigation 
Satellite System (IRNSS). The satel-
lite, IRNSS-1G, was placed into orbit 
by a Polar Satellite Launch Vehicle 
(PSLV-C33).

The satellite will be placed in geo-
stationary orbit at 129.5 degrees East 
longitude.

IRNSS is an independent regional 
navigation satellite system designed to 
provide position information in the In-
dian region and 1,500 kilometers around 
the Indian mainland. IRNSS provides 
two types of services, Standard Position-
ing Services (SPS), available to all users 
and Restricted Services (RS), provided to 
authorized users.  ION
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