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THINKING ALLOWED

Congress to DOT Secretary

Where is GPS Backup Demo?
I

n a letter dated March 7, Congressman Peter
DeFazio (D-Oregon) chided Transportation
Secretary Elaine Chao for slow progress on
a mandate for a GPS Backup Technology
Demonstration and asked for a status update.
“We are concerned
that 14 months after the
mandate … became law,
and 11 months after Congress provided substantial
funds… the administration
has made little observable
progress,” DeFazio said.
As chairman of the
powerful House TransCONGRESSMAN DEFAZIO
portation and InfrastrucDESCRIBES A GPS BACKUP
ture Committee, DeFazio
arguably has the most
SYSTEM IN THE LETTER AS “…
influence over the departAN IMPORTANT MISSING
ment of any member of the
House of Representatives.
PIECE OF OUR NATION’S
The letter was co-signed by
CURRENT AND FUTURE
congressmen Rick Larsen
(D-Washington), chair of
INFRASTRUCTURE.”
the Aviation Subcommittee, Sean Patrick Maloney
(R-New York), chair of the Coast Guard and Marine
Transportation subcommittee, and John Garamendi
(D-California), chair of the Armed Services Readiness subcommittee.
DeFazio also observed in the letter that the
government first formally recognized the need for
a GPS backup in 2001. On August 29 of that year
the Volpe Transportation System Center issued its
final report, “Vulnerability of the Transportation
Infrastructure Relying on the Global Positioning
System.” Soon after the report was released the Federal Aviation Administration abandoned its plan to
have aviation in the U.S. rely entirely on space-based
navigation.
Previously it had planned to save hundreds of
DANA GOWARD
millions of dollars by eliminating its network of
FOR INSIDE GNSS
terrestrial air navigation beacons. The Volpe study
also led to a Presidential policy in 2004 requiring the
Department of Transportation (DOT) to establish a
GPS backup capability “…to meet growing national,
homeland, and economic security requirements.”
This policy, National Security Presidential Directive 39, was kept in place by the Obama and Trump
administrations and remains in force today.
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Citing the failure of the last two administrations
to follow-though on commitments in 2008 and 2015
to back up GPS with an eLoran system, DeFazio’s
letter said that Congress has taken the initiative.
As one example, the 2017 National Defense Authorization Act required a GPS Backup Technology
Demonstration by June of 2019. In 2018 Congress
appropriated $15M for the project.
Congressman DeFazio describes a GPS backup
system in the letter as “…an important missing piece
of our nation’s current and future infrastructure.”
Referring to a GPS Backup as “missing infrastructure” could be an important signal. DeFazio has said
that his focus for this Congress will be on infrastructure.
The letter also says that the technology demonstration should be a key component of the department filling its requirement under the National
Timing Resilience and Security Act of 2018. This act
mandates DOT establish a terrestrial timing backup
for GPS by 2020.
Congressman DeFazio asked for a reply to his
letter within two weeks. We understand that, as of
March 25, none had been received.
The failure of the last two administrations to
focus on their own mandates for a system to complement and backup GPS has been attributed by many
to the lack of a champion within the executive
branch. Leadership of PNT issues is the responsibility of a very senior committee, and, until now, no
individual or department has been willing to step
forward and direct the project.
This maybe changing. Congress’ increased focus,
recent legislation, and funding to support this issue
has gone a long way to raise visibility within the
administration. Also, a new leader has been appointed to the DOT’s office responsible for PNT. Diana
Furchtgott-Roth has recently arrived as the Deputy
Assistant Secretary for Research and Technology
(there is currently no serving Assistant Secretary).
We understand that she understands the importance
of this issue and has already been engaging with
industry and other stakeholders. A very hopeful,
optimistic start.
Dana Goward is the President of the Resilient Navigation and
Timing Foundation.
A copy of the letter from DeFazio and the other three congressmen
to Secretary of Transportation Chao is available at: https://rntfnd.org/
wp-content/uploads/PNT-Ltr-to-Chao_3_7_2019.pdf
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Lawmakers Launch New GPS Caucus
T

DEGREES
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News from the
world of GNSS

See Additional News Stories
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• GNSS Chip Manufacturers Expect Big
Galileo Roll-Out In U.S.
• FY20 Budget Request Focuses on GPS
IIIF, Boosts Money for User Equipment
• Air Force Seeks Input on Modular
Satellite Buses to Support GPS, Other
Missions
• Updated BeiDou Interface Control
Document Released; Details on
Launch Plans, Message Service Emerge
• Schriever Air Force Base Announces
Next GPS Week Number Rollover
. . . and more.
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here are congressional caucuses
dedicated to building support for
everything from auto care and addiction treatment to chickens and Vietnam.
Some caucuses become powerful voting
blocks of lawmakers — the House Freedom Caucus played a role in the 2015
resignation of Speaker John Boehner.
Others exercise influence by educating
congress members and their staff about
issues impacting their cause and quietly heading off ill-conceived proposals
before they get too far along.
Now there is a new caucus dedicated
to raising awareness about the wideranging economic and societal benefits
of GPS. The newly launched Global Positioning System (GPS) Caucus counts as
its inaugural members Senators Joni
Ernst (R-Iowa) and Tammy Duckworth
(D-Illinois), and Representatives Dave
Loebsack (D-Iowa) and Don Bacon
(R-Nebraska).
“GPSIA applauds Senators Ernst and
Duckworth and Representatives Loebsack and Bacon for their leadership in
establishing the GPS Caucus as a platform for highlighting the ever-increasing
importance of GPS technologies to our
economy and infrastructure,” said GPS
Innovation Alliance (GPSIA) Executive
Director David Grossman. “We look
forward to working with congressional
leaders through the caucus to further
GPS innovation, creativity and entrepreneurship.”

GPS and the Economy
In addition to helping bring the caucus together, Duckworth and Loebsack
introduced a resolution recognizing “the
importance of continuous availability,
accuracy, reliability, and resiliency of
the Global Positioning System constellation” and “the contributions made by the
men and women of the Air Force who
are responsible for operating and maintaining the Global Positioning System
constellation.”
Bacon co-sponsored the resolution
in the House while the language was coM A RCH /A P R IL 2019

sponsored in the Senate by Ernst as well
as Jeff Merkley (D-Oregon) and Maggie
Hassan (D-New Hampshire). A full version of this article can be read online.

GPS III SV ‘Magellan’
arrives in Florida

T

he U.S. Air Force’s Space and Missile
Systems Center’s Global Positioning
Systems Directorate achieved another
major program milestone, recently successfully delivering the second GPS III
Space Vehicle to Astrotech Space Operations in Titusville, Florida, to begin satellite launch processing.
“The shipment of this second GPS III
satellite is once again an excellent representation of the collaborative effort and
increasing efficiencies of SMC’s push
towards rapid acquisitions and operations of space technologies,” said Lt Gen
John F. Thompson, SMC commander
and Air Force program executive officer
for Space. “We are adding this second
GPS III satellite just seven months from
the launch of the inaugural Block III
space vehicle, continuing our objective
of modernizing GPS.”
The satellite, dubbed “Magellan” in
honor of Ferdinand Magellan, the Portuguese explorer who led the first expedition to circumnavigate the Earth, was
transported in a custom container from
the Lockheed Martin factory facility
in Waterton, Colo., to the Space Coast
Regional Airport in Titusville, by a C-17
Globemaster III originating from Shepherd Field Air National Guard Base,
West Virginia, 167th Air Lift Wing. The
transportation crew consisted of both
contractor and government personnel
who oversaw the entire operation to
ensure that the conditions of the transport environment would not damage any
of the satellite’s sensitive components.
The delivery of SV02 starts the clock
for final testing and checkout of the
spacecraft prior to a planned launch in
July of this year.
www.insidegnss.com
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Driverless Crash Truck

1

Colorado, USA
The Colorado Department of Transportation (CDOT),
in partnership with Kratos Defense and Security
Solutions Inc., Royal Truck and Equipment and Colas
Ltd., launched the first autonomous truck designed
to follow behind road workers and protect them
from traffic.
They are calling the vehicle the Autonomous
Impact Protection Vehicle (AIPV), also known as the

electric “robotaxi” that can shuttle passengers around
China’s crowded cities with no drivers at all.
DiDi’s move into autonomous vehicles is coming
just as China is moving toward the creation of an allelectric vehicle ecosystem, at least in its major east
coast cities. Two major obstacles have historically
plagued all efforts to roll out true battery-electric
vehicles (BEVs): charging and range. It will be
interesting to see if these hurdles can be overcome
soon.

Where’s Billy?

Clearwater, Florida, USA
Multiple companies are offering GPS ankle monitors
used by parents to track their teenagers, including
Tampa Bay Monitoring. The company’s Buddi
product locates people precisely and instantly, using
advanced technology to locate people. The system
is used worldwide by justice authorities, healthcare
professionals and individuals, including parents who
want to keep tabs on their children’s driving, or risk
of running away.
Lightweight, accurate and waterproof, the Buddi
Smart Tag provides instant alerts and evidence in the
event of tampering, removal, loss of communication
and entering or leaving set geographic zones,
according to the company.

2

3

Autonomous Truck Mounted Attenuator (ATMA).
Officials in Colorado said there have been, over the
past four years, an average of seven crashes per year
in which a passing motorist has hit a CDOT truck,
putting the driver in danger.
Enter the “crash truck” to shadow road crews
and act as a shield to protect workers from being
struck by speeding vehicles. It’s one of the earliest
meaningful deployments of self-driving technology
in the United States.
Crash trucks are a staple on U.S. highways. One
unlucky worker is tasked with driving the crash truck
behind a road crew that may be mowing, painting
lines or performing other maintenance. The job is
dangerous given the risks of being at the wheel of
a slow-moving truck that may be crashed into by
vehicles moving at 75 mph.

Robo Taxis

4
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Beijing, China
When people in China want a car to pick them up
and take them somewhere, one app in particular
owns the car hailing customer, and that app is DiDi.
But Beijing-based Didi Chuxing, or DiDi for short,
is also developing autonomous driverless cars. Its
technology partner is an electric car startup called
CHJ Auto. Together they are working to create an allM A RCH /A P R IL 2019

GNSS Kits for Farming

Malawi, in southeast Africa
Mzuzu University in Malawi is improving agricultural
surveying with the help of GNSS technology and
thanks to their ongoing relationship with the
University of New Brunswick (UNB). Since 2007,
the UNB has sent more than 100 undergraduate
and graduate students to Malawi under the Queen
Elizabeth Scholars (QES) program.
Malawians could readily see the potential of
geospatial technology in their everyday lives, and
that plantations would benefit from access to
accurate GNSS positioning to map their boundaries
and control operations and better height systems
would improve irrigation planning in sloping
fields. Identified as an economical way to obtain
high-quality GNSS gear, UNB donated two Swift
Navigation Piksi Multi “build-your-own GPS” kits to
Mzuzu University.
Image credits
1. Autonomous Impact Protection Vehicle. Photo: Colorado
Department of Transportation.
2. Taxis on a crowded street. Photo: Lexi Ruskell via Unsplash.
3. GPS ankle monitor. Photo: Tampba Bay Monitoring.
4. Tea plantation. Photo: University of New Brunswick.
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WASHINGTON VIEW

I

n testimony and reports U.S. military officials have been stressing for
some time that the GPS constellation is a top target on the hit list of
America’s space adversaries.
“PLA (People’s Liberation Army)
writings emphasize the necessity of
“destroying, damaging, and interfering
with the enemy’s reconnaissance…and
communications satellites,” suggesting
that such systems, as well as navigation
and early warning satellites, could be

Redesign of Military Space
Architecture Includes GPS
DEE ANN DIVIS

Dee Ann Divis has covered
GNSS and the aerospace
industry since the early
1990s, writing for Jane’s
International Defense
Review, the Los Angeles Times, AeroSpace Daily and
other publications. She was the science and technology
editor at United Press International for five years,
leaving for a year to attend the Massachusetts Institute
of Technology as a Knight Science Journalism Fellow.
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among the targets of attacks designed
to “blind and deafen the enemy,” the
Defense Intelligence Agency wrote in
its annual report on China Military
Power, released in January.
Even so, steps to protect GPS would
get little public mention when defense
experts talked about making U.S. space
assets more resilient. For example, GPS
didn’t often come up in discussions
about spreading on-orbit capabilities
across more satellites—a technique
designed to reduce the impact of losing
a spacecraft and increase the difficultly
of taking out a system. After all, the
satellite navigation network was already
a distributed system with roughly three
dozen satellites (if you count the spares)
and more satellites on the ground
awaiting launch.
Things have changed. The Air Force
is now working through ideas to make
the GPS constellation part of a far broader plan that will likely include modular
satellites with common interfaces and
reprogrammable payloads as well as onorbit system defense capabilities.
In a wide-ranging talk Col. Russell
Teehan, the first portfolio architect for
the Air Force’s Space and Missile Systems Center (SMC) and Michael Dickey, director of the Enterprise Strategy
M A RCH /A P R IL 2019

and Architectures Office at Air Force
Space Command, spoke about integrating space activities across American
and allied programs, across U.S. civil
and military agencies and across government and commercial satellites.
The competitive landscape has
changed now that China, Russia and
other nations are becoming sophisticated on-orbit operators, Dickey told
a breakfast meeting of the Air Force
Association’s Mitchell Institute for
Aerospace Studies in Washington, D.C.
To meet the challenge, he said, “everything has to change.”
“I like to think of it as kind of the
difference between playing golf and
playing rugby,” Dickey said. “Golf is an
individual game. You just work on getting from the tee to the hole every time”
and hopefully your game is better every
time you go out. Rugby, on the other
hand, is just kind of a hot mess—lots of
people involved, lots of jostling for position, lots of aggressive behavior going
on and it’s hard to watch and harder to
succeed at.”
We have to get out of golf and start
playing rugby, Dickey said. “We have to
be able to take a punch and keep doing
what we do.”
To do that, he said, the U.S. must
work to protect its assets, which may
include enabling systems to participate
in their own defense. “I don’t want to
get into the details but it’s not hard to
imagine. If there’s someone shooting
at you, you’d like to maybe get out of
the line of fire. So creating some agility
with our space systems becomes very
important.”
“Maneuver in orbit is bigger than
you may realize,” said Teehan. “We
have too predictive of an architecture.”

New Architecture
The emphasis is now on changing that
architecture so that adversaries cannot
easily achieve their goals by attacking space assets, Dickey said. “What
are the things we can do to spread out
the architecture—to diversify outside
in different orbits, to proliferate new
capabilities, to work more substantially
www.insidegnss.com
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WASHINGTON VIEW
with our allies like we do in every other
domain, to leverage all the commercial
growing presence in space in every
orbit and in every mission. That’s where
the focus is now.”
Working across organizations is key,
Teehan told the audience.
“To do the thing that Mike’s talking
about you have to be in lock-step—
headquarters, Air Force Space Command, SMC and our partners NRO
(National Reconnaissance Office) and
MDA (Missile Defense Agency) within
the inner circle.”
That includes integrating nonmilitary U.S. agencies like NASA, the
National Oceanic Atmospheric Administration (NOAA) and the Department
of Commerce, Teehan said. “That’s
what many other countries are doing.
They plan at the national level, not at
the Air Force center level. They plan at
the national level.”
And that also means leveraging the
growing number of commercial space
satellites.
“I’ll use commercial capability anywhere I can get it,” Teehan said, including to support positioning, navigation
and timing (PNT).

Reprogrammable
Teehan said that when they were going
through mission area roadmaps they
looked at PNT and decided to develop
digital reprogrammable payloads that
could be carried on non-GPS satellites.
“This is a signal program,” said Teehan. “I want to shift this away from just
a MEO (medium Earth orbit) architecture. I want to proliferate payloads
around the architecture and I want
to work with commercial (and) allied
teams and disseminate those and then
look to synchronize that capability
within a theater.”
Work on a digital satellite navigation payload has already begun through
the Air Force Research Laboratory’s
On-Orbit Digital Waveform Generator
and Navigation Technology Satellite 3
(NTS-3) programs.
Under those programs the Air Force
is prototyping a digital reprogrammable payload that will be launched
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into geostationary orbit aboard NTS-3.
The mission will provide space qualification for core technologies such as the
waveform generator and high power/
efficiency solid-state amplifiers, the
Space Enterprise Consortium said in a
statement.
And Teehan is already looking at
the next step.
“So the goal is for NTS-4 to not be
40 years from now but to get into an
architecture where we’re flying these
digital reprogrammable payloads,” he
told Inside GNSS. “(The) first one is
going to GEO. We’re looking at where
we’re going to send the second and
third.”
Braxton Technologies is developing
the ground control segment, which is to
include the ability to command multiple antennas to form high-gain regional
beams in conjunction with traditional
earth coverage beams and processing
the subsequent impact on phase center
bias and pattern variation. The ground
system will also incorporate commercial antennas for telemetry, tracking,
and command and automate common
functions to reduce the level of handson control that GPS requires.
At least two handset manufacturers
are involved in the demonstration so
that the receiver technology is able to
evolve in step with the changes in the
space component. “If one element of the
architecture is open and can be reprogrammable and the other one can’t
receive it—you get out of sync pretty
fast,” Teehan said.
When asked if other receiver
manufacturers might become part of
the development effort Teehan told
Inside GNSS he’d be open to discussing
whether SMC had all the right vendors
watching the demonstration. He wants
to include as many traditional, industrial-base firms as possible, he said, with
an eye toward their participation in the
follow-on programs.

Cost Efficiencies
To help build on this initial work, SMC
put out a “sources sought” announcement in early March to find commercial satellites operators willing to have
M A RCH /A P R IL 2019

government payloads fly on their spacecraft. Under its Hosted Payload Solutions program SMC is looking for firms
that can integrate government payloads, provide flight opportunities in
the desired orbits and supply bent-pipe
communication capabilities. Interestingly, SMC is also looking for vendors
that can provide the infrastructure for
payload and satellite control as well as
frequency spectrum. Once the responses are in the government hopes to formulate an acquisition strategy. Though
the initial deadline for responses is past,
potential vendors can lean more about
the program, by looking up Solicitation
FA881414D0001 on FBO.gov.
SMC is also moving to develop
common elements and collapse programs to save money. Teehan pointed
to cooperation on shared data analytic
programs and a shift toward shared
ground systems and a modular satellite bus that can be used by multiple
programs.
There were seven programs last year
that were looking to set up data analytics programs—all set to do basically
the same thing, Teehan told the room.
“We’re going to have one data analytics program. We’re going to have one
services program. A lot of times you’re
finding (that) six or seven programs are
about to partner with Japan or partner
with Australia to do commercial SSA
(space situational awareness). Let’s collide and collapse those organizations.”
If a communications program and
a PNT program seem to be heading
in the same direction, Teehan said, it
might be best for the two teams to work
together. “When they’re birthing some
of their next set of programs—the standards, interfaces and architectures that
we’re looking to go build—they may be
a comm-PNT program and all that’s
different are the signals or the bands
that I’m looking to go do.”
Perhaps the best example of this so
far is the work underway to develop a
common satellite bus.
“It would be inefficient for us to have
next-gen GEO and ESS (Evolved Strategic SATCOM) both go off and build
their own buses,” said Teehan. “They’re
www.insidegnss.com

both going to be going after the same
exact things. Why don’t I create a bus
program to go after those?”
SMC released a request for information March 6 to help it work out the
feasibility issues and acquisition plans
for a modular satellite bus. The new
hardware will be used for GPS and the
Nuclear Detection System (NDS) payload, which has been flying on the GPS
satellites for some time, as well as for
protected communication and missile
warning payloads.
SMC also plans to establish a consortium of bus and payload providers to
develop a standard interface specification (SIS) for the spacecraft bus—that
is a standard for the mission payload
interface and other interfaces such as
those supporting bus-auxiliary payloads, bus-ground payloads and busmission communications payloads.
The buses would meet militaryunique requirements and use a modular open-system approach (MOSA)

quent technology upgrades. It remains
to be seen if SMC’s efforts to coordinate
will stop at agency boundaries or will
truly extend across all of the Department of Defense.
What is clear is that the U.S. must
innovate on capabilities, structure and
costs if it is going to maintain its advantage in space.
“We can find ways to proliferate
buses, work with commercial architectures—but if we don’t have proliferatable payloads that can be disseminated
into these architectures, it’s killing us,”
said Teehan. “Think about what I’m
saying. Go to every mission area right
now. We do not have sub-$30 million
proliferatable, good-enough payloads.
...Our architecture is close to the F-35
view of an architecture and a lot of the
stuff that we’re trying to get into is the
UAV (unmanned aerial vehicle) equivalent of the architecture. That’s where
we’re heading and we’ve got to find a
way.”

to achieve an upgradable design and
higher fielding rates. Those higher rates
would support frequent, regular technology insertions to update capabilities
and enhance resiliency. Using a common, scalable bus would also “help offset the cost associated with high fielding rates by combining the bus needs
across SMC mission areas, maximizing
production efficiencies and increasing
the bus production order quantity,” the
notice said.

Going Forward
It is not clear, as yet, if SMC’s focus on
research, prototyping and rapid innovation will mesh smoothly with the
proposed shift to a Space Force and the
newly created, Pentagon-wide Space
Development Agency. Teehan already
has insight into DARPA’s Blackjack program, which is working on a low-Earth
orbit network using a commoditized
bus and low-cost interchangeable payloads with short design cycles and fre-
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WEBINAR RECAP È GNSS JAMMING

CROWDSOURCING SMARTPHONES
TO DEFEAT GNSS JAMMING

Seemingly ubiquitous smartphones have entered the highly
technical realm, and their density, ease of deployment and
signal utility are being explored to counter the threats of GNSS
jamming. by Abe Peck

S

martphones have become our “third ear,” deployed
constantly for everything from staying in touch to
paying the bills. Now they’re entering a new domain,
as they are being considered for crowdsourcing numerous
smartphones to overcome GNSS jamming.
With specialties in electronic test equipment, broadcast and media, cybersecurity, radio monitoring and radiolocation, and radiocommunication, Rohde & Schwarz
takes special interest in communications and information protection. Consequently, it recently joined Inside
GNSS to sponsor a webinar during which a panel of experts from within and beyond the company explored key
learning opportunities across the crowdsourcing/GNSS
jamming theme.
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Android API allows jammer detection.

Jamming detector.

Photo courtesy of Jean-Christophe Benoist, CC BY 3.0.

These included:
• Portable detection and geolocation of GPS jammers
• Approaches for localizing jammers
• Android GNSS measurements
for jamming detection
• Standardization of crowd-sourced GNSS
jamming detection
• Measurement integrity to avoid abuse
• Building an app for jamming detection.
A high level of interest in this cybersecurity innovation
was demonstrated by the breadth of the 430 participants
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THE PANELISTS

who attended from directly relevant sectors. Another 98
participants joined in from across a wide variety of nonindustry fields.
Demoz Gebre-Egziabher, professor, aerospace engineering and mechanics at the University of Minnesota, served as
the webinar’s moderator. Panelists included: Sherman Lo,
senior research engineer at the Stanford GPS Laboratory
and a specialist in navigation safety, security and robustness; Stefan Maier, senior development engineer at the
Location-based Services Lab, Rohde & Schwarz; and Frank
van Diggelen, principal software engineer Android Location
Team at Google. All participants shared their expertise and
fielded a significant number of questions during and after
the January 22nd webinar.

STRENGTH IN NUMBERS
Sherman Lo began by noting how crowdsourced-based
sensing can complement fixed dedicated infrastructure.
“Ease of deployment, density and available measurement,” he indicated, “provide significant utility to interference detection and localization.” This, Lo added,
is relevant to safety applications, and also to GNSS degradation such as spoofing.
After exploring the varying precision needs of time
versus power difference of arrival localization, Lo noted
the value of smartphones’ ubiquity, low cost, and Android
delivery of many metrics and data collation. He stopped
short of over-promising, though, noting that lack of homogeneity, fixed position, dedicated coverage, controlled
environments, range of measurement, reference-grade
quality and time-resolution synchronization remain
deployment factors. A series of field jamming field tests
showed wide variety in smartphone AGC.
Nevertheless, Lo concluded, smartphones can “detect
and localize interference and spoofing that are not covered by dedicated networks.” They can complement traditional systems by “extending coverage of the network
or aiding sparse deployment of trusted receivers.” They
also can provide measurements for interference detection and aid spoof detection.
www.insidegnss.com

Moderator, Demoz Gebre-Egziabher
Professor, Aerospace
Engineering & Mechanics
University of Minnesota

Sherman Lo
Senior Research Engineer
Stanford GPS Laboratory

Stefan Maier
Senior Development Engineer
Location-based Services Lab
Rohde & Schwarz

Frank van Diggelen
Principal Software Engineer
Android Location Team
Google

PARTICIPANTS BY INDUSTRY

A Wide Spectrum of Interest
18%

GNSS equipment
manager

19%

16%

Product/
Application/
Designer

13%

Systems
Integrator

Government

23%

Other

11%

Professional
User

TO WATCH THE FULL WEBINAR, GO TO: https://register.gotowebinar.
com/register/9129823782682449923
FOR MORE INFORMATION
• Visit insidegnss.com and insideunmannedsystems.com
• Visit https://rohde-schwarz.com
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WEBINAR RECAP È GNSS JAMMING
ANDROID GNSS MEASUREMENTS
FOR JAMMING DETECTION
Google’s Frank van Diggelen, who
holds more than 90 patents around
GPS, concentrated on monitoring
input power levels. An early slide
defined his key measurements.
van Diggelen then examined how
the AGC level “may be used to indicate potential interference…in cases
of strong jamming, in the band of this
signal, this value will go more negative” than a nominal level set at zero.
After a “half-time” allowance for
questions and a poll, the second part
of van Diggelen’s presentation posited building an app for jamming
detection. Google’s GnssLogger
App (open sourced on GitHub) can
be used to monitor C/NO and AGC
from Android GNSS Measurement,
and a Fused Location Provider may
also be valuable. User permissions
are available at android.permission.
ACCESS_FINE_LOCATION.
van Diggelen concluded by reminding attendees to heed a triad of considerations: user trust (“permission,
transparency, control”), battery conditions and the need to “recover gracefully from various kinds of crashes.”

van Diggelen’s definitional measurements.

Establishing a crowdsourcing Virtual RF Network.

A MOVE TOWARD
STANDARDIZATION
A Rohde & Schwarz researcher
completed the seminar by exploring a central question: “How could
crowd-sourced GNSS Jammer
Detection become a reality?” Stefan
Maier, project leader of the company’s Location -b ased Services
Lab, observed that stepping stones
already are in place: Android 8.0
apps with fine-grained information capable of detecting jammers
have been available since 2017, as

Positing a Virtual RF blueprint.
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have published standards for standardized threat reporting (www.
a ic -a a chen.org/st r i ke 3/dow nloads/STRIKE3_D41_Reporting_
Standards_v2.1.pdf).
From there, Maier offered a schematic of what it would take to establish a Virtual RF network based
on crowdsourcing.
Maier then went beyond the technology itself to explore the legal,
privacy and security aspects around
this type of crowdsourcing. GNSS
jammer detectors might be regulated where used, while privacy regulations may vary and require user optins to achieve authenticated or even
anonymous reporting. On the other
side of the coin, Token IDs could be
furnished to authenticated, signedin users to differentiate their signals
from “incorrect reports.” One such
token mechanism can be found at
f irebase.google.com/docs/auth/
android/google-signin
As with other presenters, Maier
hoped for increased standardization. He closed his presentation
by offering a potential Virtual RF
monitoring, standardization and
reporting blueprint.

IN CONCLUSION
While obstacles from the technical to the regulatory exist, so does
increased ability to exploit collective use of smartphones to defeat
signif icant GNSS jamming. As
both the expert panelists and the
avid participants demonstrated,
this noteworthy interest can spark
continued development in this
area. Meanwhile, to hear more for
yourself, download the webinar at
https://register.gotowebinar.com/
register/9129823782682449923.
www.insidegnss.com

WHAT ATTENDEES WANTED TO KNOW
Participants had the chance to ask questions during the webinar.
Here are a few of those questions:

• Would there be a market for low power, small anti-jamming
antennas (i.e., for drones, UAV, etc.)?
• How often is GNSS interference a problem?
• How can actual jamming signals be extracted from natural signals
that may have a similar pattern?
• If some organization or group were to crowdsource GNSS
disruption information, has any government organization in the U.S.
or elsewhere shown interest in using it?
• How can we incentivize smartphone manufacturers to include this
app on their new devices?
• How difficult would it be to use existing GNSS network receivers,
say in a telecom network, for interference detection/location?
• Would it help or hinder ongoing development of this crowdsourcing
capability if the FCC was to lend its support?

BY THE NUMBERS: PARTICIPANTS’ VIEWS
Do you think jammer detection capabilities need
to be improved for civil applications?

What is your level of concern about the impact
of GNSS jamming?

39%

94%

15%

Only a local issue near
critical infrastructure

Cost-effective and
proportional solution
is critical

Yes, most definitely

44%
Critical concern
that warrants investment

Not certain of threat level; therefore uncertain 5%
Threat levels are concerning, but detection sufficient 1%
What is the best approach for localizing
jammers?

Level of current jamming doesn’t warrant
the investment 2%
Having attended [the] webinar, my plans to
acquire jammer detection technology to protect
by GNSS applications have:

81%

64%

Combination of network and mobile
techniques; omni-directional sensing

Increased

24%
4% 5%
Omnidirectional
sensing

11%

10%

Was researching;
now intend to acquire

Decreased 1%
Mobile
techniques
(Proximity
or AOA)

Network techniques
(Proximity, AOA, TDOA, PDOA)
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Was just researching,
now see no need
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BRUSSELS VIEW

A More Robust,
Available, Trustable PNT
Solution Among the Keys
Addressed in Munich
With its high-level draw, the
Munich Satellite Navigation
Summit is an annual must-attend
for everyone who is anyone in
the GNSS universe. This year’s
edition did not disappoint, with
prominent representatives of all
stripes touching on concerning
issues while highlighting
significant downstream value
chains.

PETER GUTIERREZ,
Inside GNSS’s European
correspondent, is a senior
reporter and editor based
in Brussels, Belgium, who
has written about Europe’s
GNSS programs for many
years. He received his
bachelor’s degree from
the University of Texas at
Austin and a M.S. degree
from the University of Massachusetts
at Amherst.

A

ll the heavy-hitters showed
up in late March for the
2019 Munich Satellite Navigation Summit, from the
U.S. government’s GPS crew to BeiDou,
GLONASS and Galileo, flanked by upand-coming regional players, including Japan, India and new kid on the
block Korea. Without going into detail
in terms of the actual state of advancement of the individual systems, suffice
it to say that they all have impressive
achievements to report and all are
moving in a similar direction; hot topics for all and every GNSS, as expressed
throughout the Summit, include higher and higher accuracy and precision,
augmentation and correction services,
dual-frequency GNSS, 5G connectivity
and signal authentication.
Special notice was taken of the latest work on space service volume (SSV)
revealing the possibility of lunar-distance GPS navigation. This important
work was carried out by an international team within the framework of the
United Nations’ International Committee on GNSS (ICG).
For users, all of these topics or aims
really boil down to just one thing–a
more precise, more robust, more available and more trustable positioning,
navigation and timing (PNT) solution
in the form of GNSS, enabling a whole
new range of downstream technologies,
applications, services and businesses.

Let Us Count the Ways
Those GNSS-enabled technologies,
applications, services and businesses
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are many and varied. Speakers in
Munich cited any number of them,
depending on their own priorities and
perspectives. For example, Matthias
Petschke, Director European GNSS
Programs, repeated what European
officials have been saying more and
more openly in recent months, that
GNSS, and Europe’s civil-owned-andrun Galileo in particular, is now open
to exploitation for security and defense
applications. “Defense is becoming
more and more relevant as we move
into the future,” he said.
The idea itself will surprise no one,
but a high-level official representing
the Galileo Program saying it out loud
would have been unthinkable just a few
short years ago. We have already discussed this new trend that sees Europeans speaking more openly among themselves about GNSS for defense. Now we
have Petschke referencing defense in a
truly mixed forum that included, in his
words, “our American friends.” Galileo is the only one of the major GNSS
that was not created expressly to serve
a military master.
David Comby, French Interministerial Coordinator Delegate for the
European GNSS Programs, reminded
everyone of the important GNSS-based,
safety-critical applications, starting
with the most obvious—civil aviation. “But others are coming,” he said,
“including emergency services, and
medical applications that will ultimately
save thousands of lives.”
“Deep space and deep water are still
weaknesses for GNSS,” said Jia Peng,
www.insidegnss.com
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BRUSSELS VIEW
Deputy Director, China Satellite Navigation Office. “In the next
generation we will address these. It is still early, we are still
framing concepts.” This fascinating tidbit will have set many
an imagination working. It is certainly now within the realm
of the conceivable, given the recent SSV results, to have GNSS
signals being used for outward-looking, deep-space PNT applications. However, it is less clear just what Peng meant when he
spoke about “deep water”. If a GNSS-based, deep-water solution
is in fact achievable, then the quick and agile Chinese are as
likely as anyone to get there first.

The Cars Are the Thing
Carlo des Dorides, Executive Director, European GNSS
Agency (GSA), spoke the words everyone was waiting to
hear: “Autonomous driving,” he said. “It is a growing interest, and GNSS is a key enabling system, along with cameras
and other technologies.” Signal authentication, a service still
promised by the EU’s Galileo program, is seen by many as
a prerequisite for driverless mobility, des Dorides continued, providing much-needed assurance against the very real
threat of spoofing. The GSA has put a lot of resources into
getting Galileo into all variety of GNSS-dependant products,
including automotive, and neither are they waiting around
for full autonomy. “We already have eCall and eToll services

in Europe based on GNSS. All European major car manufacturers are now working with the GSA,” he said. “GNSS is
embedded within the standard car electronics and it is not
there only for navigation.”
Everyone, it would seem, wants a piece of the driverless
car. Pascale Ehrenfreund, chair of the Executive Board at
DLR, outlined her organization’s deep dive into autonomous
driving, stressing important roles to be played by artificial
intelligence (AI) and machine learning, but, “Bringing all of
the advanced technologies and algorithm-based innovations
together is a major task,” she warned.
The Russians are also keeping their eyes on the driverless
prize. Oleg Kem, Director of the Department of Navigation
Space Systems (GLONASS), ROSCOSMOS State Corporation, spoke about his country’s interest in unmanned driving.
“Prime Minister Dmitry Medvedev has recently weighed in
on this hot issue,” Kem said, confirming the importance and
popularity of this topic at all levels, from the highest political
right down to the man or woman in the street. “We know of
at least seven Russian companies now running pilot studies of
new driverless road vehicles,” he said, “and there are more than
30 prototype vehicles being tested using GPS and GLONASSbased systems.”
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BRUSSELS VIEW
The Unspeakable
And then there is that word, the one that sets ears burning,
the mere pronunciation of which draws titters, huffing and
puffing, rustling of affairs and bodily shifting. The reality of
the much-speculated-upon event is truly nigh.
The EU’s Petschke said, “About BREXIT–there will be
effects felt in all domains. GNSS is only one among many,
but there will be no catastrophic effect for us. The UK, like
everyone, will have access to the Galileo open signal. It is a
free and open service. As for the PRS, which is restricted to EU
member States and third countries that have negotiated access,
everyone knows we are negotiating with the U.S. and Norway.
So, after the divorce, the next step would be to establish the
future common relationship with the UK, and any PRS agreement would be in this context.”
In the Galileo security domain, he said, the story is a little
different. “The Galileo Security Monitoring Center, which was
to be based in the UK, has already been moved back to the
continent,” he stated. So there’s no issue there.
Petschke did not speak to the question of UK investment
in the program itself, nor to the question of UK contractors
and suppliers. Some light was shed earlier this year by the
unflappable European Space Agency (ESA) Director General Jan Woerner, for whom it seems to be getting harder

and harder to stay out of the Brexit
dust-up, try as he might. “From the
beginning,” he said, “what I clearly
stated was that whatever the referendum said, the UK will remain
an ESA member state. And this is
good. We have no intention at all to
reduce our activities with the UK.
Concerning contracts that are right
now signed, they will of course be
done. There is some discussion Matthias Petschke,
about what happens with Galileo, or Director European
other projects, wherever it involves GNSS Programs
EU money. On the other hand, with
our ESA money, we don’t see any border between here and
the UK.”
Des Dorides put it even more simply: “There are lots of
dimensions here. Galileo has continued to move forward. We
don’t know the result of BREXIT for the world, but our users
won’t suffer. Galileo won’t suffer marketwise.”
And just so no one imagines that everyone at the show was
bonnie for BREXIT, we refer readers to the presentation, at
the “Legal Aspects” session, of Prof. Dr. Lesley Jane Smith of
Leuphana University, during which the words “chaos”, “con-
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fusion” and “shambles” were delivered repeatedly and with
appropriate feeling.

More Car Talk
European politics aside, there was plenty of exchange of ideas
of the nuts-and-bolts kind going on in Munich. Automated
road transport continued to draw attention throughout the
event, as it now draws ours.
Curtis Hay, Technical Fellow at General Motors, said, “GM
is really evolving into a transportation services company, not
just a carmaker. We’re looking at electric engines, talking
about zero-accident and zero-congestion targets.”
Hay presented the new Cadillac CT6 with SuperCruise.
“This is a Level-II automated vehicle,” he said. “We see the
map as a critical sensor, and we have precise GNSS down to
90cm using single-frequency. Now 90cm might not sound so
precise, but when we compliment it with sensors, this is good
enough for what we need.”
Earlier at the event, Petschke had commented on the recent
U.S. Federal Communications Commission (FCC) decision
to allow in U.S. radio space the Galileo E1 and E5 signals,
which overlap with U.S. GPS signals. That approval means
that those signals will be protected from future interference
when requests to use spectrum in other ways come before the
Commission.
The original request was for approval of the Galileo E1,
E5 and E6 signals, but the FCC declined to approve the E6
signal. “The FCC decision helps to close the gap for Galileo
in the American market,” Petschke said in Munich. “But we
are disappointed about the E6 denial. It is the U.S. that will
ultimately lose out.”
Back to Hay, we know that
he and GM are very interested
in dual-frequency GNSS, and
would like to be able to move
in that direction, with the help
of the FCC. Hay said, “Unlike
some other makers, and I don’t
want to name any names– Curtis Hay, Technical Fellow
Tesla–we at GM believe in at General Motors and Sandy
GNSS. We want to see and use Kennedy, VP Innovation
correction services like Trim- at Hexagon Positioning
ble RTX and others. We want Intelligence.
multi-frequency and multi-constellation. We want authentication. When you see everything that’s out there, this is a great
time to be an automaker. This is a great time to innovate.”
Joining Hay at the automated driving session was Sandy
Kennedy, VP Innovation at Hexagon Positioning Intelligence.
She talked about moving towards common performance
standards. “Collaborating, sharing, coordinating means we
need a common language, and that can start with absolute
positioning. GNSS gives you that. It is that absolute context.
It is not perfect, but it is essential,” she said.
Hexagon Positioning Intelligence is another key player providing enhanced hardware, correction services and advanced
M A RCH /A P R IL 2019
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algorithms, building on its experience in the aviation sector
and slotting nicely into automated driving.
Like Hay, Kennedy sees dual-frequency GNSS as an enabler. “The Hexagon concept includes four key elements: a good
multi-frequency and multi-constellation GNSS chipset, with
inertial measurement; a good solid antenna with predictable
performance; a state-of-the-art corrections network delivering
convergence to less than one meter; and a functional safety
concept backed by the most intelligent and efficient software
available.”

Cities Getting Smarter
Smart cities use information and communications technologies to increase efficiency, share information with the public and to improve the quality of key services such as public
transport. Advances in GNSS-based technologies are enabling
better and more competitive services across the board, while
minimizing negative environmental and social impacts. On
the communications and connectivity side, 5G represents the
latest generation of cellular mobile communications and is
set to make a big splash, delivering ultra-wide bandwidth and
massive input and output capabilities.
Speaking at the “Smart Cities” session, Roberto Prieto-Cerdeira, GNSS Evolutions Principal Engineer at ESA,

said, “5G is going to enable a large number of mission-critical
services, in health, autonomous drones, massive internet of
things (IoT). It can deliver high-accuracy GNSS corrections
through the network. Of course that will depend on the availability of the 5G network. GNSS is global, so there will be some
weaknesses for 5G, but then we have the strength of 5G which
is indoor positioning, because there GNSS does not work.”
Hybrid PNT, using both GNSS and 5G, and any other
available tools, Prieto said, is the next big step forward: “At
ESA, we are working with many partners–GMV, DLR, u-blox,
NovAtel and others, doing field testing, etcetera. There is plenty of room and a need for GNSS, but be aware of other technologies that we need to work with in hybridization scenarios.”
Words of wisdom from the ESA man. Clearly, there is a
lot still to be done in terms of PNT innovation, with GNSS
technologies at the core. The GNSS community has been working very hard and coming together in cooperative initiatives.
Assets are being deployed in increasing numbers and the
resulting services are being delivered more and more widely,
enabling a revolution in how we live and do business. Judging
by the quality and breadth of the discussions that took place
at the Munich Satellite Navigation Summit, of which the current summary stands as a pale reflection, the effort seems to
be paying off.

Ready for CRPA Testing
SDX powers two simulator configurations for
testing controlled radiation pattern antennas:
SDX Anechoic, and the new SDX Wavefront.
Both configurations feature all the SDX benefits,
including dynamic user-defined interferences
seamlessly integrated within simulation scenarios.
Contact a Skydel engineer today to review
your project needs.
LEARN MORE AND REQUEST A DEMO

at skydelsolutions.com
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James Joseph Miller

Miller’s Wild Ride
NASA

This present edition of
our “Human Engineering”
article features a man
who is not actually an
engineer, although we
believe the exception, in
this case, is worth making.

PETER GUTIERREZ
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“I AM A LICENSED COMMERAnother generation later and a
CIAL AIRPLANE PILOT with two
new form of uprising swept across
undergraduate science degrees and
the country, a social revolution in the
two master’s degrees,” said James
1960s; once again young people were at
Joseph “JJ” Miller. “At NASA, I am a
the forefront, showing us all a new way
technologist manager overseeing the
to be American. Miller’s own parents
work of a team of engineers at several
played their part in that movement.
NASA field centers across the USA.”
Miller’s two uncles went to fight
How JJ Miller got to where he is
in Vietnam, returning to celebrate
is a remarkable story. “I started out
arm-in-arm with the flower children
doing hands-on technical work, operof the civil rights movement. And in
ating aircraft, then spent nearly
an indirect way, the
a decade in management at
Vietnam War had
a role in bringing
United Airlines, finally transiMiller together with
tioning to serve as a policy lead
his future wife.
in the U.S. government,” he
Miller grew up in
shared.
the era of the space
Miller’s family record reads
race, when humans
like an outline of the last 100
years of American history. It’s
first escaped the
all here: World War I – Miller’s
bonds of Earth and
great-grandfather fought “over
reached for the stars.
HUMAN
there”. During World War II, the
He ran away from
ENGINEERING
aircraft carrier USS Wasp was
home repeatedly,
torpedoed and sunk in the Pacific, with
hitchhiked across the country more
many young American seamen killed
than once, worked overseas, worked
or injured. One of the injured was
with his hands, grew up, came back
Miller’s grandfather.
home and went to work for NASA.
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HUMAN ENGINEERING
Along the way, he even learned how to
spell “GPS”.

Back to Start
“I was born on the south side of Chicago, in Oak Lawn, Illinois,” Miller told
Inside GNSS. “My parents were hippies,
both just 17 when I was born. It was
1965, the civil rights era.” Among his
favorite memories is that of riding on
the back on his dad’s Harley Davidson
motorcycle.
He learned about the value of
money early on: “I earned a penny for
every cigarette butt I picked up the
mornings after one of my parents’ parties.” And he learned the meaning of
the word “reputation”. “I went to the
same elementary school that my father
did. The school principal told me I
better not be a trouble-maker like my
father was! My dad had punched the
principal in the nose on accident when
he was breaking up a fight my dad was
in.” For two years, Miller said, he was
in so much trouble in school his desk
was next to the teacher’s facing the
students.

“My mom grew up in Chicago like
I did,” Miller said. “Unfortunately, she
left the fami ly when I was young, and
so I did come from a broken home.
My father raised me by himself when
my mother left.” One thing his mother
gave to Miller was a love of reading.
“She used to designate ‘quiet times’
because of her migraine headaches.
Neither of my parents finished high
school thanks to me landing in the
their laps, but they instilled a love of
reading by bribing me to be good with
comic books. They just wanted me to
be quiet, but the unintended consequence was that I became a lifelong
reader and learner.”
Miller added, “I would be wealthy
today if I had kept my comic book collection.”
During his early years, Miller did
construction with his father. “My dad
was a carpenter and ran a construction
crew in Chicago. Working with him is
how I learned to make things with my
hands. And I also learned what I would
be doing for a living if I did not continue in school. Blisters and sunburns

lit a fire under me on the importance of
education.”
Miller’s mother would eventually
return and rebuild her relationship
with her son. “She drove me from Chicago to Carbondale, Illinois, in 1985,
when I first entered college and flight
school at Southern Illinois University
(SIU). She then helped me pay for two
semesters of my senior year, using
money from her retirement account.”

Finding His Way
Paying for school was always an issue
for Miller. “At the end of my freshman
year at SIU,” he said, “I saw an article
in our school newspaper about jobs in
Alaska. And so I bought a bus ticket to
Seattle, then walked the docks fixing
fishing nets for food until I landed a
job as a cook on a fishing boat named,
no kidding, ‘Alaskan’. I spent the next
three salmon fishing seasons all over
the Inside Passage of Alaska.” The
beauty of the great northern wilderness was breathtaking and, for a poor
college student, the money was pretty
good too.

Miller’s parents were hippies. His dad was a carpenter and ran a construction crew. “Working
with him is how I learned to make things with my hands,” he said.

(left) Miller supported himself driving a taxicab in Las Vegas. “To this day, in my
everyday interactions, I use what I learned about people during those years,” he
stated. (above) Miller worked in the Pacific Northwest as a cook on a fishing boat
during fishing seasons for three years during college.
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HUMAN ENGINEERING

Miller and his wife Orn,
have three children.

In 1988, now a young airplane pilot
and undergraduate at SIU, Miller needed to find a research topic for a studyabroad program. “My professor/advisor at the time was Dr. Terry Bowman,
a former USAF Air Traffic Controller.
One day he remarked that ‘GPS’ was
going to be a ‘very big deal’ and that I
should ‘get into it’. I responded, ‘What
is GPS, and how do you spell it?’ ”
This rather enlightening conversation resulted in Miller studying “down
under” at the Curtin University of
Technology (CUT) in Perth, Western
Australia. “And my conversations with
Dr. Bowman continued for decades
after,” he said.
While in Australia, Miller focused
on the geopolitical implications of a
foreign nation, in this case Australia,
using an American military system for
civil aviation applications. “This work
still goes on at NASA,” Miller said,
“as new nations join the GNSS community, introducing new constellations
and services with a vast scope of utility
and application.”
The GPS constellation being so
novel when Miller was first introduced
to it, there were many questions to
be answered, concerning things like
signal performance for safety-of-life
applications, or who would be liable if
services were disrupted. For a young
GPS expert from the American heartland, the reception by CUT faculty was
therefore understandably quite warm.
“As it turned out,” said Miller, “Australia, with sparse terrestrial nav aids
spread out across its vast interior, had
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a keen interest in this new ‘leap-frog’
technology. I had stumbled upon a
red-hot research topic at an impeccable
moment, having no idea that it would
launch a most interesting and gratifying career.”
It was an important step in Miller’s
trajectory, and another chance to have
some fun. “I made some extra money
in Australia rounding up sheep using a
motorcycle and an overly friendly dog.
We moved the flock from one paddock
to another to eat and drink. It was one
of the most fun and peaceful jobs I ever
had, racing the sunsets.”
In 1990, back in the USA, Miller
received two undergraduate degrees
from SIU Carbondale: an Associate’s
in Applied Science, Aviation Flight,
and a Bachelor of Science in Aviation
Management.

The Fun’s Just Starting
Miller was now a college graduate, but
adventure was still in his blood. “While
I was contemplating graduate school,”
he said, “I went to work for my uncle
in Las Vegas, driving a taxi-cab during
the night shift; one of the uncles who
served in Vietnam. My intention was
to do it for a short while as I accrued
flight time, but it was too much fun
and I stayed a lot longer than I had
intended. I ended up doing it for two
straight years!”
Miller got his Nevada Taxi license
in 1990, just after he turned 25, which
made him the youngest taxi driver
in the entire state. “To this day, in
my everyday interactions, I use what
M A RCH /A P R IL 2019

I learned about people during those
years,” he stated.
Once again though, the classroom
beckoned. In 1995, Research for his
Master’s thesis took him back to Australia, this time to the Queensland
University of Technology (QUT) Space
Center for Satellite Navigation in Brisbane.
“By this time my professional contacts in Australia were many,” Miller
said, “and I was fortunate to be sponsored by Brian O’Keefe, executive at
Australia’s Civil Aviation Authority in
Canberra. I was also in contact with
key airline executives back in the United States. In the aviation world, as in so
many other fields, once you prove yourself to a key player, additional introductions can fire your career trajectory up
and away. Thus, after doing research
under Professor Kurt Kubik at QUT, I
was offered a paid internship with Captain Bill Cotton at United Airlines, near
my home town of Chicago.”
Captain Cotton was and is still
viewed as something of a pioneer in
the aviation industry. He had coined
the term “Free Flight” to describe what
GPS/GNSS flight flexibility could mean
for the future of the aviation community. United was the largest airline in
the world at the time, and was investing heavily in using GPS on its new
fleet of B747-400s.
These aircraft were the first to be
equipped with a Honeywell avionics
package known as FANS-1 (Future Air
Navigation System), which enabled aircraft to downlink a GPS position fix to
controllers on the ground. This became
the precursor to adoption of Automatic
Dependence Broadcast in the industry,
and saved the airline millions of dollars per annum by enabling it to fly
new direct routes over Russia without a
refueling stop.
In 1996, Miller became Program
Manager/Sr. Staff Specialist, Flight
Standards and Technology, Flight
Operations, at United Airlines World
Headquarters in Elk Grove Village,
Illinois.
“While at United, I became a vocal
advocate and defender of GPS on
numerous airline industry commitwww.insidegnss.com
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HUMAN ENGINEERING
tees,” Miller said, “and thanks to Ann
Ciganer of Trimble and the US GPS
Industry Council, I was invited to the
White House for the unveiling of the
1996 Presidential Decision Directive
(PDD) on GPS.
“A year later, in 1997, I represented
United at the World Radiocommunications Conference, when GPS faced an
existential spectrum encroachment
threat from the Mobile Satellite Service
industry. The experience truly exposed
me to the geopolitics of GPS. At United
alone, our airline was investing millions of dollars in GPS for new avionics
capabilities. I realized that airlines had
a responsibility to team with regulators such as the FAA [Federal Aviation
Administration] to ensure such investments were protected.
“At the same time, the FAA and
other regulators needed industry to

help support them in international
standards forums. These activities led
to my briefing the FAA Administrator,
NASA Administrator, FCC Chairman,
and other key policy makers. At the
International Air Transport Association (IATA), we created the Spectrum
Protection Steering Group (SPSG), and
I was appointed as its spokesperson for
the U.S. Ambassador at the next WRC,
held in Istanbul in 2000.”
After working at United for nearly
a decade, Miller found himself being
recruited by the First Undersecretary
of Transportation, the Honorable Jeffrey Shane, Office of the Secretary at
the Department of Transportation
(DOT). The transition from academia,
to industry, to government had progressed quite smoothly.
One of his first tasks at the DOT
was to chair the interagency govern-

ment group that would update the
1996 PDD, and turn it into the 2004
President’s PNT Policy, still in effect
today. “We jointly developed the charters for the still-existing PNT EXCOM,
National Coordination Office (NCO),
and National Space-based PNT Advisory Board, where I have served as the
Executive Director, working closely
with the ‘Father of GPS’ Dr. Brad Parkinson, for well over a decade.”

More Than One Kind of Love
2007 was a good year for J.J. Miller.
He had risen to Sr. GPS Technologist
at NASA. He had already worked in
many overseas locations, representing
United Airlines. And, as it happened,
many of his older friends were Vietnam-era veterans who had settled in
Asia upon retirement. Now, something
extraordinary was about to happen.

Compass Points
Professional Path
James Joseph “JJ” Miller describes himself as, “a technologist manager
overseeing the work of a team of engineers at several NASA field
centers across the USA, from Goddard Space Flight Center (GSFC) to
Glenn, Johnson, Kennedy, Ames, and the Jet Propulsion Laboratory
(JPL) on the west coast.”
He is currently Deputy Director, Policy and Strategic Communications (PSC), Space Communications and Navigation Program (SCaN),
Human Exploration and Operations Mission Directorate (HEOMD), at
NASA Headquarters.
Before working at NASA, Miller worked for United Airlines for nearly 10 years as Program Manager/Sr. Staff Specialist, Flight Standards
and Technology, Flight Operations, at United Airlines World Headquarters in Elk Grove Village, Illinois.

Other Technologies
Besides GNSS, Miller deals with a variety of technical innovations, from
pushing the envelope on optical communications and navigation, to
building photon detectors known as X-Ray Nav that can process pulsar energy from across the galaxy.
The Space Communications and Navigation (SCaN) Program that
he works in acquires and operates all the NASA communications networks, also used for traditional radiometric tracking and navigation
long before GNSS came on the scene.
Professional Mentor(s)
“I have been so fortunate to have a few key professionals take an
interest in my work,” Miller said, “and to serve as mentors and role
models throughout my career. In college, Dr. Terry Bowman introduced me to GPS, what it was, and how to spell it. My original research
was supported by Dr. Brian O’Keefe of the Australian Civil Aviation
Authority. I was then hired by Captain Bill Cotton of United Airlines.
After nearly a decade representing United in governmental forums,
Ann Ciganer of Trimble/GPS Industry Council made some introductions, one of which was to NASA Deputy Chief of Staff at the time, Dr.
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Scott Pace. He recruited me into government service and is now the
Executive Secretary of America’s National Space Council, reporting to
Vice-President Mike Pence. Finally, I started at DOT working for Under
Secretary Jeffrey Shane and Director Mike Shaw, who taught me how
to survive the bureaucracy as I transitioned from industry.
“Without any of these very talented people in my life, my career
could have gone down an entirely different path.”

GNSS Event that Most Signified to You that GNSS had
‘Arrived’
Miller said, “GNSS ‘arrived’ for me when it became a successful research
topic in college, leading to my first ‘real’ job at United Airlines. I believe
it arrived for most other people when they first saw themselves as a
pale, blue dot on Google Maps on their smart phones.”

What Popular Notions About GNSS Most Annoy You?
Miller hates it when people blame GNSS for mapping software errors,
or simply don’t use common sense and multiple sources, such as their
own eyes, to verify what the GNSS unit is telling them while navigating. “People should not rely so much on an imperfect technology that
is susceptible to interference or errors just like any other mechanical
device. As pilots we are taught to cross-check and verify everything,
using all of our senses. Even our own eyes can trick us if we are not
careful, and so we must augment our sight with instruments. The
same goes with using GNSS – use it with care and common sense.”

As a Consumer, What GNSS Product, Application, or
Engineering Innovation Would You Most Like to See?
Miller would like to see a highly reliable Advanced Kid Tracker (AKT)
with Bad Behavior Alerts (BBA). “I made that up, of course. I have three
preteens, and they are hard to keep track of already!”

Favorite Equation
Miller said his favorite equation is:
E = mc²
“Isn’t this everyone’s favorite?!”
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“I was on a trip visiting some
friends in Southeast Asia, and, well, I
met my wife, Orn. She was working as
a registered nurse in Kohn Kaen, Thailand. She was the sweetest person I had
ever met. Orn grew up in a small village in Thailand, near the Lao border.”
To Miller, she was beautiful and exotic,
and he felt like he was living a great
adventure. The rest, as they say...
“Twelve-plus years and three kids
later,” Miller said, “Orn and I are continuing our adventure together.” Miller
has a lot to say about family life, but
we’ll get to that later.
Miller’s star was still rising. In 2009
he was made Deputy Director, NASA
Headquarters, Policy & Strategic Communications (PSC) Division, Space
Communications and Navigation Program, Human Exploration and Operations Mission Directorate, Washington
D.C. And he received a second Master’s
degree, this one in International Policy
and Practice, Space Policy from George
Washington University.
“I view the progression of my career
as the textbook example of being in the
right place at the right time,” he said.
“GPS was becoming operational just as
aviation authorities around the world
were beginning to realize the enormous potential benefits to be gained by
transitioning to satellite navigation.
“I love GNSS because of the benefits it delivers to humanity on a daily
basis,” Miller added, “and these benefits appear to expand exponentially as
the technology evolves and becomes
more integrated into every facet of our
lives.”

Talking Work
Miller’s responsibilities at NASA are
to represent the Agency in all national
and international GPS and GNSS
policy matters, and to keep the political leadership apprised for their final
reviews and approvals. This includes
staffing the NASA Deputy Administrator for the PNT EXCOM, and leading
the NASA Delegation to the United
Nations’ International Committee on
GNSS (ICG).
“Our engineering projects focus
on ensuring that GPS modernization
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meets emerging science and space
operations mission requirements,”
Miller said, “as well as coordinating
with other PNT service providers and
GNSS constellations, to ensure their
operations are fully interoperable for
space users.”
Miller has been personally responsible for any number of important projects. “An early example,” he said, “was
the securing of approval from the U.S.
Air Force to place laser retro-reflectors
on to GPS IIIF. This will enable precise
optical ranging to compare with the
traditional radio-metric data already
being processed and will allow operators to isolate and correct systematic
errors.”
Another important project involves
the use of a Search and Rescue (SAR)
payload on all emerging GNSS constellations. Miller sponsors the MEOSAR
engineering group, headed by Dr. Lisa
Mazzuca. Her team is focused on optimizing emerging GNSS SAR payloads
and distress beacon capabilities, and
utilizing a modernized ground segment/station that can bring spread
spectrum satellite and radio signals
together for the most efficient rescue
operations.
“Global interoperability is a key
goal of ours,” said Miller, “and we are
proud to report that the NASA SAR
ground station was the only U.S. facility to track the November 2018 Soyuz
launch abort event in real-time. MEOSAR is what our astronauts rely on.”
Miller said his team is also quite
proud of its work towards the adoption, by the United Nations’ ICG, of
a multi-GNSS Space Service Volume
(SSV). Miller was the lead author of the
SSV article featured on the cover of the
January/February 2019 issue of Inside
GNSS. “The SSV began at NASA for
GPS in the 1990s,” he explained, “and
was predicated on the notion that GPS
energy broadcast around, or spilled
over the limb of the Earth could be utilized by satellites and other space users
on the other side up to GEO altitudes.”
GPS was built for terrestrial, aviation, and maritime users, not space
assets, and so much work had to be
done to prove this concept. This was
M A RCH /A P R IL 2019

initially done by Frank Bauer of NASA,
and was introduced by Miller and
his engineering team at the ICG for
consideration by other PNT service
providers building newer GNSS constellations.
At ICG-13, in Xi’an, China, in 2018,
after several years of international
analyses, Miller was recognized along
with Dr. Werner Enderle of the European Space Agency (ESA) for their
contributions in this area, and the publication “The Interoperable Global Navigation Satellite Systems Space Service
Volume” was released by the UN Office
for Outer Space Affairs. <http://www.
unoosa.org/res/oosadoc/data/documents/2018/stspace/stspace75_0_html/
st_space_75E.pdf>
“This document thus becomes a
key enabler for mission planners out
to GEO altitudes and beyond,” Miller
said, “and it sets the stage for NASA,
ESA, and other partners to equip
emerging space platforms, such as the
Lunar-orbiting Gateway, with GNSS.
At NASA, we are specifically aiming to
use GNSS for lunar space ops missions
in the foreseeable future.”

Home Matters
Despite, or perhaps because of, his
other-than-conventional upbringing,
Miller, has gone on to become a great
success. Through it all, the ties of family have remained strong.
“I have two younger brothers, one
who is a PhD in Economics, the other
with a Master’s degree in Social Work,”
he said. “I am told that I was their role
model, being the oldest and first in the
family to attend university. I think the
truth is more along the lines of they
saw how much fun they might have at
college parties.”
Miller keeps his grandfather’s
Purple Heart from WW II in his home
office. “He was on the USS Wasp when
it was torpedoed by a Japanese warship.
In going through his things, we found
that he had saved newspaper clippings,
including an article about both him
and my great-grandfather, who fought
before him in WW I.”
A century on from the Great War,
Miller said, “I am proud of my family
www.insidegnss.com

history. I like to think that those two
generations contributed for our entire
family, and that perhaps I am doing my
small part now working for NASA.
“Both my parents are still alive, and
only about 70 years old, since they were
so young when they had me. My mom
lives in Phoenix, Arizona, far away
from Chicago winters, and my dad
moved in with me just last summer
in Bristow, Virginia, to help raise his
grandkids.
“Orn had to retake all her medical exams to transfer her Thai license
credentials to work in America. She
is now a Registered Nurse at the Novant Prince William Medical Center in
Manassas, Virginia, and has been there
for over five years.”
JJ and Orn Miller are proud parents of three children. Natalie, 10
years old, is in fifth grade. Olivia,
eight, in third, and Aiden, six, is in
first. “They were all born in July and
August,” Miller noted, “the fruits of
staying warm in winter. Having them

so close together was challenging to
manage at first, but now they take
swimming, gymnastics, and tae kwon
do classes all together in the same age
group, thus making it easier for daddy
to manage taxi service.
“NASA is ranked the number one
place to work in the U.S. government,
largely due to its family-friendly work
policies. The hardest part is how much
the kids miss you when you travel.
My responsibilities include overseeing
much international work and collaborating with the U.S. Department
of State. I try to soften the blow by
bringing back goodies from around
the world. My children have eaten
chocolate from many nations, and have
souvenirs from almost every continent.
Show-and-tell at school has become an
event for them.”
In his free time, Miller enjoys a
variety of hobbies, pastimes and passions, from vigorous physical activities
to more intellectual pursuits. “I practice Muay Thai kickboxing and Brazil-

ian Jiu Jitsu for stress management, and
my bedroom is stacked full of history
books. I am a beach bum when not
working, and still travel the islands
whenever I can.”
If anyone is thinking Miller’s life
sounds like it would make a good book,
have no fear, it’s being written: “Finally,
I am writing a book about a young kid
from the south side of Chicago who is
born broke during the Apollo years but
ends up working for NASA decades
later.”
Earlier we suggested that Miller’s
life contained an outline of the last 100
years of American history. Actually,
it is much more than that. JJ Miller’s
story also points to the future. Through
his work and in his family life, Miller is
passing a torch to the next generation,
a next generation of engineers, space
scientists and administrators, and a
next generation of little Millers. And,
we feel, we are sure, he has many more
extraordinary things to do before the
job is done.
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GNSS SOLUTIONS

What are the challenges to localization
in autonomous cars in the Arctic and
how can they be addressed?
GNSS Solutions is a regular column
featuring questions and answers
about technical aspects of GNSS.
Readers are invited to send their
questions to the columnist, Dr. Mark
Petovello, Department of Geomatics
Engineering, University of Calgary,
who will find experts to answer them.
His e-mail address can be found with
his biography below.

MARK PETOVELLO is
a professor (on leave)
at the University of
Calgary. He has been
actively involved in many
aspects of positioning
and navigation since
1997 and has led several
research and development efforts
involving Global Navigation Satellite
Systems (GNSS), software receivers,
inertial navigation systems (INS) and
other multi-sensor systems.
E-mail: mark.petovello@gmail.com
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here are a number of challenges to localization of
autonomous vehicles (AVs)
and autonomous driving (AD) applications in northern latitudes. The
primary challenge is the harsh winter
weather, which limits the utility of
imaging sensors — snow, fog, mist,
and darkness adversely affect such
sensors and extreme low temperature
can affect sensor performance. Ice and
snow on the roads magnifies slippage
of wheels, reducing the accuracy of
wheel-mounted sensors.
From a GNSS perspective, GNSS
and satellite-based augmentation
system (SBAS) satellite visibility is
limited and the more active ionosphere hampers high-accuracy GNSS
positioning. GNSS interference monitoring networks in the Arctic region
are also minimal meaning positioning
systems are vulnerable in the absence
of alternate solutions to improve
robustness.
In terms of infrastructure, the
broadband cellular network connectivity — necessary to download assistance
data for GNSS, map updates, and traffic information — has spatial gaps in
uninhabited areas of the European
Arctic, such as northern Norway, Finland and Sweden. Lack of high quality
and detailed maps limits the usefulness
of absolute LiDAR- and camera-based
positioning methods. Also, transport
infrastructure in sparsely populated
areas is not regularly updated and
hence limit the potential market
opportunity.
This article describes how a European Space Agency-supported research
project called the Arctic-PNT Innovation Platform is investigating navigation accuracy and availability of signal
M A RCH /A P R IL 2019

and correction data using a specially
equipped road segment in northern
Finland and Norway.

The Aurora Borealis Intelligent Corridor
To address the many challenges
described above, the Aurora Borealis
Intelligent Corridor (“Aurora”) along
the E8 highway was created to validate
autonomous vehicle platforms under
Arctic conditions. It consists of the
Snowbox intelligent road inside Finland and the Borealis intelligent road
inside Norway. Diverse infrastructure
is deployed and otherwise available
along these intelligent roads in order
to provide precise absolute positioning
capability to AVs. As part of this activity, a team of researchers from the Finnish Geospatial Research Institute (FGI)
recorded relevant positioning data in
March 2018 using an experimental
autonomous vehicle called Martti
developed by the RobotCar Crew of
the VTT Technical Research Centre of
Finland Ltd. Below presents the first
results achieved from this campaign.
As shown in Figure 1, the 10 kmlong Snowbox test road section is
located in Muonio in western (Finnish)
Lapland, and the 35 km-long Norwegian Borealis test section is located
between Skibotn and the Finnish border at Kilpisjärvi. Special instrumentation is installed along and underneath
the Snowbox test road for sensing road
conditions and the category of passing
vehicles. Moreover, there are entities
in the area providing high quality
communication networks (e.g. LTE
and pre-5G test-network) and precise
positioning services for all major GNSS
constellations. EGNOS is also available
even though satellites are only visible
below about 10° elevation.
www.insidegnss.com
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Figure 2 shows how reference stations from Finland, Sweden, and Norway were combined in the National
Land Survey’s precise positioning
service to offer a tailored correction
service in the Aurora corridor area.
Lastly, Snowbox provides highdefinition map resources of the road
and surroundings, and ultra-wideband
beacons are available for GNSS-independent precise positioning. Data and
services in Aurora Snowbox are freely
available for potential users. Table 1
summarizes the available infrastructure at Snowbox and Borealis.
FIGURE 1 Map of the Aurora corridor. Test section in Finland = Snowbox, test section in Norway
= Borealis. Figure provided by the Finnish Transport Agency.

The Arctic-PNT Innovation Platform
Project
The project Arctic Positioning Navigation and Timing Innovation Platform:
Nordic Hub based on the Snowbox
Infrastructure, (“Arctic-PNT”) is supported by the European Space Agency
(ESA) to analyze the role of Aurora
Snowbox as a key infrastructure with
regards to precise absolute positioning and navigation needs for AVs
in Arctic conditions. The project is
broadly divided into two Tasks. Task
1 consists of understanding the state
of the art in PNT for AVs, to study
the capabilities of Snowbox through
literature surveys and interviews

with key stakeholders, and to prepare
a test plan for the experimentation
campaign at Snowbox. Task 2 consists
of recording positioning data from
the Snowbox test road during two
consecutive winters. Analysis of the
results will help potential users to
exploit fully the capabilities of Snowbox towards precise absolute localization in their own AV platforms. The
project has successfully accomplished
Task 1 and this article presents the
results of the first winter experimentation campaign at Aurora performed in
2018 as part of Task 2.

Minimum Operational Requirements for
Precise Absolute Positioning in AVs
Based on a literature survey it was
observed that there is no single standard definition of minimum operational requirements for absolute positioning performance in autonomous
driving, defined as Level 3 and above
on the driving automation scale from
SAE International. The European
GNSS Agency (GSA) recently released
a report on road user needs and
requirements, which is based on studies conducted through the European
GNSS’ User Consultation Platform.
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FIGURE 2 Reference stations from Finland, Sweden, and Norway close to the Aurora Corridor were combined into the NLS
precise positioning correction service. Numbers show the baseline distance between the stations.
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Infrastructure
Category

Snowbox

Borealis

• GNSS and SBAS satellites
Finnish FinnRef and
commercial GNSS reference
networks providing corrections
for precise positioning
• Commercial cellular broadband
networks
• Dedicated 4G+ broadband
network
• Ultra-wideband signal beacons
• EGNOS via terrestrial internet
(EDAS)

• GNSS and SBAS satellites
• GNSS reference stations for
providing corrections via
the Norwegian Centimeter
Positioning Service (CPOS)
• Commercial cellular broadband
networks
• EGNOS via terrestrial internet
(EDAS)

Relative Positioning

• Aurora digital archive of a-priori
mapping data
• Special reflective paint to assist
vehicle sensors

N/A

Traffic Conditions

• Roadside cameras
• Laser/RADAR scanners
• Embedded road sensors

•
•
•
•
•

• Underground fiber-optic cables
• Electric power supply
• Built facilities for temporary
office space

• Weather station
• Chain station
• Information board

Absolute Positioning

General

Traffic counting equipment
Roadside cameras
Travel time registration system
Fiber-optic acoustic sensor
Weight in Motion systems

Table 1. Infrastructure for assisting autonomous driving available at Snowbox and Borealis intelligent roads. Information courtesy Finnish Transport Agency and Norwegian Public Roads
Administration

Table 2 shows a summary of the different category of user requirements for
absolute positioning in AD, as defined
in this report.
Autonomous driving requires horizontal accuracy of position estimates to
be approximately 20 centimeters with
95% confidence and availability better
than 99.9%. The objective of the first

phase of data analysis in the ArcticPNT project was to investigate whether
this level of accuracy and availability
performance is possible at Snowbox
using GNSS, SBAS, and precise positioning using correction data from reference networks. Note that validation
of the positioning performance using
other techniques for localization as

well as the integrity performance was
out of scope of the experimentation
campaign and therefore not included
here.

Measurement Campaign
The measurement campaign was
performed over three days between
March 26-28, 2018 when there was
still considerable snow cover along
the Snowbox test road. Data was
recorded at multiple times during each
day, to ensure diverse conditions of
weather, road surface, visibility, satellite geometry, ionosphere, and animal
and vehicular traffic, etc. would be
recorded. One day was reserved for
data recording on the Borealis test
route inside Norway. The reference
trajectory was computed using a dedicated professional-grade GNSS receiver
and a high-grade Inertial Measurement
Unit (IMU).
The VTT experimental autonomous car, Martti was used for the
measurement campaign. It is a Volkswagen Touareg equipped with sensors, actuators, and control systems
necessary for fully automated operations. The sensor set includes GNSS
receivers, environment perception
sensors (RADAR, LiDAR, and cameras), vehicle dynamics sensors, and
a CAN-bus connection for data flow
from the vehicle’s built-in sensors.
Detection of
GNSS Interferences

Positioning
Accuracy

Timing Accuracy

Integrity
Message

> 99.5%

< 3 meters
(horizontal)

< 1 second

Required

Robustness vs. spoofing
threats required

Required

Safety Critical
– Automated
Driving

> 99.9%

< 20 cm
(horizontal)
< 2 meters
(vertical)

< 1 micro
second

Required

Robustness vs. spoofing
threats required

Required

Payment Critical

> 99.5%

< 3 meters
(horizontal)

< 1 second

Required

Authentication message
required

Required

Regulatory
Critical

> 99.5%

< 5 meters
(horizontal)

< 1 second

Required

Authentication message
required

Required

Smart Mobility

> 99.5%

< 5 meters
(horizontal)

< 1 second

Required

Authentication message
required

Required

Availability
Safety Critical
– Traffic and
Safety Warning

Robustness vs. Spoofing

Table 2. User Requirements for Absolute Positioning in AD (source: European GNSS Agency’s “Report on Road User Needs and Requirements”)
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Mass-market Rx

Professional-grade Rx

Morning
& Evening

Afternoon

Morning
& Evening

Afternoon

GPS
GALILEO

GPS
GALILEO
EGNOS

GPS
GALILEO

GPS
EGNOS

2D 95 CEP (m)

0.74

0.69

0.57

0.79

Along-track 95
% (m)

0.63

0.82

0.55

0.70

Cross-track 95
% (m)

0.64

0.52

0.51

0.58

Height 95 %
(m)

1.30

1.76

2.11

0.71

Speed
accuracy

3D Mean (km/
hr)

0.12

0.11

0.07

0.09

PDOP

Mean

1.48

1.31

1.50

1.60

Availability of
position
solution

Total (%)

99.55

100

100

100

Test Duration

Total (min)

57

74

34

37

Positioning
accuracy

Positioning Results

Table 3: Standard positioning performance at Snowbox using single-frequency (SF) GNSS and

SBAS at different times of the day

In addition, the ITS-G5 and cellular
LTE communication devices are available. The sensor data is readable via
Ethernet inside the vehicle. Note that
although the data from the diverse
sensors was recorded, the vehicle was

(including the reference receiver). The
mass-market receiver was not capable
of processing the precise positioning
correction data and therefore, it was
used primarily for standard GNSSonly positioning. Also, the professional-grade receivers were capable of
processing in real-time the DGNSS
and RTK corrections but not the State
Space Representation (SSR)-based PPP
corrections. So, the DGNSS and RTK
processing was performed in real-time,
while PPP processing was performed
post-mission using the in-house Matlab-based FGI-GSRx software navigation engine developed at FGI.

driven manually during the measurement campaign.
Both mass-market and professional-grade receivers were used in the
experiments, and the same antenna
input was provided to all the receivers

GNSS & Correction Data (Morning)

Standard Positioning at Snowbox
Table 3 shows the results of standard
positioning performance at Snowbox
using GNSS and SBAS with 1 hertz
update rate at different times of the
day. Note that to save on space only
those receiver configurations providing the best performance have been
shown. In general it was observed
that for the mass-market receiver,
GNSS & Correction Data (Afternoon)

RTK (correcRTK (corrections from Commercial
tions from Commercial
Network- Network- nearest staNetworkNetwork- Network- nearest staNetworkDGNSS
RTK
tion only)
RTK
DGNSS
RTK
tion only)
RTK
2D 95 CEP
(m)

0.26

0.14

0.05

0.10

0.26

0.05

0.04

0.04

Alongtrack 95 %
(m)

0.25

0.04

0.04

0.05

0.25

0.04

0.04

0.04

Crosstrack 95 %
(m)

0.17

0.15

0.04

0.11

0.23

0.04

0.04

0.02

Height 95
% (m)

0.49

0.28

0.10

0.29

0.56

0.10

0.08

0.08

Speed accuracy

3D Mean
(km/hr)

0.10

0.04

0.04

0.05

0.07

0.05

0.05

0.05

PDOP

Mean

1.63

0.71

0.70

0.57

1.28

0.68

0.64

0.65

Availability
of correction data

Total (%)

100

99.94

99.91

99.84

100

99.97

99.91

99.91

Test Duration

Total (min)

11

30

19

11

39

61

19

21

Positioning
accuracy

Table 4: Precise positioning performance using professional-grade receiver at Snowbox at different times of day
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0.2

Differential-GNSS and RTK at Snowbox

Table 4 shows the results of precise positioning performance

using a professional-grade receiver at Snowbox at different
times of the day. The receivers process GPS and GLONASS
dual-frequency signals and are provided differential corrections in the form of DGNSS and RTK with a maximum baseline length of approximately 10 kilometers. This is possible
due to the new FinnRef stations constructed in the vicinity
of Snowbox to improve the local validity and density of the
corrections.
As can be observed, DGNSS improves the accuracy
performance to approximately 25 centimeters with an availability of 100%. However, it is when we apply the RTK corrections that the horizontal accuracy improves to within the
bounds set for autonomous driving (marked in green). The
best possible 95 CEP horizontal accuracy obtained was 4 centimeters with an availability of 99.9%. (Note that this refers
to availability of correction data. The position solution was
available 100% of the test duration, out of which 0.1% of the
time correction data for precise positioning was unavailable
Standard Positioning (GNSS
& SBAS) via satellites
GNSS-only

SF GPS
EGNOS

Horizontal Position Error
Along-track Error
Cross-track Error
Height Error

0.1
Position Error (m)

adding Galileo and EGNOS improved the GPS-only performance, especially in the afternoon (left green row). For the
professional-grade receiver however, the benefits of EGNOS
were evident in improving the height estimation during the
afternoon (right green row). Overall, under dynamic (moving vehicle) conditions both category of receivers offered
similar performance.
Overall, using standard positioning, the best possible 95
Circular Error Probable (CEP) horizontal accuracy of about
60 centimeters in the early and late hours and 70 centimeters
in the afternoon was obtained with better than 99.5% availability. A possible reason for this correlation between the
performance and time of day may be the ionospheric delay,
which is expected to be more pronounced during the afternoon as compared to early and late hours.
Although these are promising results, they are not sufficient to satisfy the requirements of autonomous driving and
are provided here to give an idea of the GNSS-only baseline
performance for absolute positioning that can be expected at
Snowbox.

0

–0.1

–0.2
0

500 1000 1500 2000 2500 3000 3500
Time (s)

FIGURE 3 Precise positioning performance using a professional-grade
receiver and Network-RTK corrections from FinnRef at Snowbox

e.g. due to a gap in mobile internet connectivity. However,
during this gap the receiver was still providing standard position estimates based on GNSS-only).
Figure 3 plots the different precise positioning error estimates over a duration of 1 hour using a professional-grade
receiver and Network-RTK corrections from FinnRef. Note
that in all of these scenarios the vehicle averaged a speed of
80 km/hr.
Positioning Results Along the Aurora Borealis Intelligent Corridor

Table 5 shows the positioning performance along the E8

highway, from Muonio to Skibotn (196 kilometers). This
includes the 10 kilometers Snowbox intelligent road and the
35 kilometers Borealis intelligent road inside Norway. Here it
can be observed that EGNOS provides benefit over GPS-only
positioning accuracy (note that it was not possible to estimate
the height accuracy over the total duration for the GPS-only
case). Taking into account the very high latitudes (>69˚) and
the mountainous terrain at Borealis, it has an adverse effect
on the visibility of the EGNOS satellites, and consequently on
the availability of EGNOS-enabled position solution.
Table 5 also shows the results of precise positioning at
Borealis using network-RTK corrections generated by the
FinnRef and CPOS networks respectively. Note that the
GNSS & Correction Data via
cellular network (Morning)

GNSS & Correction Data via
cellular network (Afternoon)

FinnRef
CPOS
FinnRef
CPOS
Network-RTK Network-RTK Network-RTK Network-RTK

2D 95 CEP (m)

2.73

1.43

0.09

0.07

0.09

0.07

Height 95 % (m)

NA

3.10

0.35

0.21

0.14

0.19

Availability of
correction data

Total (%)

100

52.53 (69˚
latitude)

47.41 (Finnish
sim-card 1)

63.24 (Finnish
sim-card 1)

73.36 (Finnish
sim-card 2)

88.18 (Finnish
sim-card 2)

Test Duration

Total (min)

NA

40

146

147

204

204

Positioning
accuracy

Table 5: Positioning performance using a professional-grade Rx along the E8 Highway and Borealis smart road between Finland and Norway
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FIGURE 4 Comparison between GPS-only (left) and PPP-SSR (right) performance using a professional-grade receiver and corrections from
FinnRef at Snowbox (10 km)

FinnRef corrections are computed
based on the Finnish and nearby Swedish and Norwegian reference station
data, while the CPOS corrections are
computed exclusively from the Norwegian stations. The results show that the
performance is comparable and satisfies the requirements for autonomous
driving.
The availability of the corrections data was found to be strongly
influenced by the data link through
the mobile internet. During the two
test sessions, two separate subscriber
identification module (SIM) cards
from two different Finnish mobile
service providers were used for mobile
connectivity under international
data-roaming conditions. It can be
observed that when using the second
SIM card, correction data availability
is greatly improved as compared to
the first. In the future, similar scenarios have to be investigated using a
SIM card from a Norwegian mobile
services provider. In fact, this result
is significant as it shows one possible
challenge in enabling continuous
operation of fully autonomous vehicles across international borders.
PPP Results
The PPP solution is calculated using
the recorded single frequency GPS
code and phase observables from
professional grade receivers. Two
receiver models from two manufac46
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turers were used for logging the GPS
data. As neither of these receivers
support SSR corrections natively the
PPP processing had to be conducted
post-mission using the FGI-GSRx software navigation engine. Note that the
PPP algorithm is currently based on
float ambiguity estimation. The results
(decimeter-level accuracy) achieved
with this algorithm are in conformance with expected performance
and background literature. Prior to
PPP calculation, the observables are
corrected using the State Space Representation (SSR) model and using the
experimental SSR stream of the NLS
precise positioning service. The SSR
supplies corrections to orbit, clock,
phase bias, code bias, and ionosphere
errors.
It was observed that single-frequency PPP with float ambiguity resolution
provides sub-half-meter 3D positioning accuracy, which is improved compared to standard positioning, but not
as good as differential positioning.
Therefore, even though the best case
95% horizontal accuracy is 17 centimeters, the overall performance does not
consistently (meaning over multiple
trajectories) achieve the requirements
for autonomous driving.
The age of corrections does not
critically affect the positioning accuracy at this level, since similar accuracy
is achieved even when the corrections
are several minutes old. Therefore the
M A RCH /A P R IL 2019

availability is resilient against network
connectivity gaps to some extent,
which is a significant advantage of PPP
over RTK-based precise absolute positioning. Some test trajectories did not
show an improvement over standard
positioning; this result may indicate
the experimental nature of both the
SSR service and the positioning software at this stage.
Figure 4 shows the improved positioning accuracy performance of
PPP-SSR (right) in comparison to GPSonly (left) using a professional-grade
receiver and corrections from FinnRef
at Snowbox (10 kilometers). Figure 5
shows a similar comparison of results
obtained while driving over the E8
highway from Muonio to Skibotn (196
kilometers). In this case, even though
PPP-SSR does provide improvement
over standalone-GPS, the benefits are
not as pronounced as those obtained in
the Snowbox area. The best case 95%
3D accuracy was 26 centimeters. Note
that in both figures the test trajectory
was over 1 hour long.

Conclusions and Future Steps
This article describes the Aurora
Snowbox and Borealis intelligent
roads and the diverse infrastructure
deployed along them for vehicle localization. Assuming a 95 CEP accuracy
of 20 centimeters and availability of
better than 99.9% as reasonable user
requirements for autonomous driving,
www.insidegnss.com
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FIGURE 5 Comparison of GPS-only (left) and PPP-SSR (right) performance using a professional-grade receiver and corrections from
FinnRef over the E8 highway (196 km)

this paper illustrates FGI’s experimentation campaign at Aurora to validate
if these requirements are achievable
under Arctic conditions. It was shown
that using precise point positioning
and network-RTK corrections with a
professional-grade receiver the accuracy and availability requirements
can be satisfied under dynamic conditions. At the same time, gaps were
identified especially in continuous
availability of GNSS correction data
through cellular data-link when crossing international borders or visibility
of SBAS satellites.
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METROLOGICAL TRACEABILITY
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Metrological and
Legal Traceability of Time Signals

Metrological traceability requires an unbroken chain of
calibrations that relate to a reference, with each calibration
having a documented measurement uncertainty. In the field
of time and frequency metrology, the desired reference is
usually Coordinated Universal Time (UTC), or one or more of
its official realizations, termed UTC(k), and traceability to UTC
is a legal requirement for many entities. Traceability to UTC
can be established in three areas – frequency, time interval,
and time-of-day synchronization, but this paper focuses solely
on the traceability of time signals used for synchronization.
Not all of the available UTC time signals are considered in this
paper, as the authors primarily focus on direct broadcast and
common-view GPS signals, with uncertainties measured in
nanoseconds, and Network Time Protocol (NTP) signals, with
uncertainties measured in microseconds and milliseconds.
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he International Vocabulary of
Metrology (VIM) defines metrological traceability in section
2.41 (6.10) as “the property of a measurement result whereby the result can
be related to a reference through a documented unbroken chain of calibrations,
each contributing to the measurement
uncertainty”. The VIM is endorsed by
the International Bureau of Weights
and Measures (BIPM), the International Electrotechnical Commission (IEC),
the International Federation of Clinical
Chemistry and Laboratory Medicine
(IFCC), the International Organization
for Standardization (ISO), the InterM A RCH /A P R IL 2019

national Union of Pure and Applied
Chemistry (IUPAC), the International
Union of Pure and Applied Physics
(IUPAP), the International Organization of Legal Metrology (OIML), and
the International Laboratory Accreditation Cooperation (ILAC). Of these ILAC
has a more detailed definition, which
includes traceability to an international
or national measurement standard, a
documented measurement uncertainty,
a documented measurement procedure,
accredited technical competence, and
comparisons to the international system
of units (SI) with calibrations at regular
intervals.
The International Telecommunications
Union (ITU) adopted the following definition in 2013: “the property of the result of
a measurement or the value of a standard
whereby it can be related to stated references, usually national or international
standards, through an unbroken chain of
comparisons all having stated uncertainties”. The ITU definition is essentially the
same definition found in previous editions
of the VIM. The most noteworthy change
in the current VIM definition is probably the use of the words “documented”
and “calibrations” as opposed to “comparisons” in the earlier definition, but the
meaning and intent remain the same.

Determining whether enough evidence exists to establish traceability is
usually the role of an auditor or assessor who visits the laboratory or facility
www.insidegnss.com

where the measurements are performed.
These auditors or assessors are usually
working on behalf of an accreditation
body such as ILAC and/or a standards
organization such as ISO. In some cases,
however, the determination of whether
measurements are traceable is made by
a regulatory agency, such as, in the case
of financial markets, the U. S. Securities
& Exchange Commission (SEC). In cases
where losses or damages are incurred,
the final determination of whether traceability was properly established may be
made in a court of law. Those charged
with the responsibility of proving or
disproving traceability often refer to the
internationally accepted definition of
metrological traceability provided in the
VIM (See Joint Committee for Guides
in Metrology in Additional Resources).
This definition consists of four key parts,
as described and expanded upon in the
following sections.
Part 1 – Traceability is “the property
of a measurement result” – This means
that the concept of traceability only
applies to measurement results and not
to other things. Therefore:
• Traceability is not a property of a
system. For example, traceability is
not a property of the Global Positioning System (GPS) but a traceable
measurement that involves GPS can
be made provided it meets the definition as interpreted by the auditor or
relevant legal entity.
• Traceability is not a property of an
instrument. For example, traceability
is not a property of a time interval
counter or even a cesium clock but a
traceable measurement that involves
these instruments can be made.
• Traceability is not a property of
an organization or laboratory. For
example, simply being the United
States Naval Observatory (USNO)
or the National Institute of Standards and Technology (NIST) does
not guarantee that all measurements made at USNO or NIST are
traceable, nor does it guarantee that
all measurements referenced to as
USNO or NIST signals are traceable.
Part 2 – A traceable measurement “can
www.insidegnss.com

be related to a reference” – For nearly all
areas of metrology, including time and
frequency, the ultimate measurement
reference is the International System (SI)
of units. The SI units are definitions of
ideal values and as such have zero uncertainty. However, they are not physical
standards, and establishing traceability requires a real measurement that
involves a comparison against a physical standard.
Only two SI units apply to time
and frequency, the second (s) and the
hertz (Hz). The second is the standard
unit for time interval, and one of the
seven base units of the SI. Since 1967,
it has been defined as “The duration of
9,192,631,770 periods of the radiation
corresponding to the transition between
two hyperfine levels of the ground state
of the cesium-133 atom.” (See 13th Conference Generale des Poids et Mesures,
Additional Resources.) The hertz is the
standard unit for frequency. It represents
events per second (the events are usually
pulses or cycles in an electrical signal),
and is defined as s–1 in SI parlance. The
hertz is one of 21 named SI units that are
derived from the base units.
The world’s best approximation of
the SI units for time and frequency, and
thus the ultimate reference for establishing traceability, is UTC, an atomic time
scale based on the SI definition of the
second. UTC is computed by the BIPM
in France by performing a weighted
average of data collected from local
time scales located at more than 70 timing laboratories (Panfilo, Additional
Resources). UTC itself exists only on
paper, and is defined through its difference with the local time scales, known as
UTC(k), of participating laboratories. It
is published monthly in the BIPM Circular T (Figure 1). The Circular T is typically published around the tenth day of
a month, and covers the previous month.
Thus, the latency of the published measurement results typically ranges from
10 to 45 days.
The UTC(k) are the outputs of physical standards that continuously realize
the SI units of time and frequency, and
can thus serve as the reference for real
M A RCH /A P R IL 2019

measurements. Section 1 of the Circular
T shows UTC – UTC(k) for every contributing laboratory at 5-day intervals,
allowing each participant to establish
traceability to the SI. Three additional
points should be noted about UTC:
• The measurements of the UTC(k)
time scales never stop and thus traceability can be continuously established, not just at irregular intervals
as is the case in other fields of metrology. These measurements constitute
BIPM key comparison CCTF-K001.
UTC which has been ongoing since
1999.
• UTC is the ultimate reference not
only for frequency and time interval, but also for everyday time-of-day
synchronization.
• UTC has been synchronized, since
its inception, to stay within 0.9 seconds of the predicted value of UT1,
the rotation angle of the Earth and
effectively the successor to the nolonger existent Greenwich Mean
Time. This synchronization involves
the aperiodic insertion of leap seconds (Levine, Additional Resources).
Part 3 – Traceability requires “a
documented unbroken chain of calibrations” – This part of the definition tells
us that claims of traceability must always
be supported by actual measurements.
It is incorrect, for example, to say that
because a signal originates from NIST or
USNO that it is therefore traceable without calibration. A calibration is a comparison between a reference and a device
under test (DUT) that is conducted by
collecting and analyzing measurements.
In addition:
• The chain of calibrations must
be documented. The amount of
documentation will depend on the
requirements of the organization or
sector that needs to provide proof
of traceability. In the United States,
audit trail standards for the financial
community are set using Rule 613
(See the U.S. Securities and Exchange
Commission, Additional Resources).
This documentation should cover the
entire traceability chain; from the SI
to the end-user.
InsideGNSS
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FIGURE 1 A portion of Section 1 of the BIPM’s monthly Circular T document.

• There is no restriction or limit on
the number of calibration steps (or
links in the traceability chain), but a
simple traceability chain is easier to
maintain and/or to demonstrate to
auditors or assessors. The unbroken
chain of calibrations must trace back
from the measurement in question
to a representation of the SI, which
means that it will normally extend
from the end user to a UTC(k) reference maintained by a laboratory such
as NIST or the USNO.
Part 4 – Each calibration in a traceability chain is “contributing to the measurement uncertainty” – Traceability
cannot exist without knowledge of the
measurement uncertainty. Measurement uncertainty is defined in the VIM
as “The parameter, associated with the
result of a measurement, that characterizes the dispersion of values that could
reasonably be attributed to the measurand.” The measurand is the “particular
quantity subject to measurement,” which
in our case can be either time referenced
to a UTC realization, time interval, or
frequency.
Determining the uncertainty of a
measurement result involves knowing the uncertainty of each calibration,
or every link in the traceability chain,
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between UTC and the end user. The
uncertainty of some links may be negligible and easy to document, for example
the Circular T provides the uncertainty
between UTC and UTC(k), but determining the uncertainty of the links that
connect UTC(k) to the end user is often
the most difficult part of establishing
traceability. It requires knowledge of the
uncertainty of the path delay between
the time signal source and the user, as
well as knowledge of the uncertainty of
the calibration of the equipment used to
receive the time signal, which could be,
for example, a GPS receiver or a computer with network time protocol (NTP)
client software.
The internationally recognized
standards document for measurement
uncertainty analysis is called the “Guide
to expression of uncertainty in measurement,” colloquially known as the GUM.
The GUM recommends that:
• Every parameter that contributes
to the measurement uncertainty
should be evaluated with either the
Type A or the Type B method. Type
A parameters are evaluated by the
statistical analysis of a series of measurements, for example by use of the
standard deviation, Allan deviation,
or a similar statistic. Type B paramM A RCH /A P R IL 2019

eters are evaluated by non-statistical
means. An example might be a single
measurement of a cable delay that is
applied as a constant in all subsequent uncertainty analysis.
• It is customary to combine the Type
A and Type B parameters by taking
the square root of the sum of the
squares, and then multiplying the
result by the coverage factor, k. The
coverage factor relates to the range
of the distribution and reflects the
probability (which is approximately
68.3% for k = 1 or 95.5% for k = 2),
that a given measurement result will
fall within this range. This method
for estimating the combined uncertainty is utilized on the Circular T
(Figure 1) where k = 1 and all uncertainties are stated in units of nanoseconds. The Type A uncertainty, uA,
the Type B uncertainty, uB, and the
combined uncertainty, u, are listed
in separate columns. The equation
for determining u is

Official Time When There Are Multiple
Laboratories in One Country
As previously discussed, international
timekeeping is organized by a system
in which individual timing laboratowww.insidegnss.com
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not even possible to disable the corrections for many receiver
models. A receiver can obtain the UTC correction parameters
from any satellite, but should use the satellite whose information was most recently refreshed. The UTC offset correction,
ΔtUTC, is computed as
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FIGURE 2 Time differences between GPS timing signals and
UTC(USNO) as reported by the USNO, courtesy Stephen Mitchell
(USNO). The orange curve is for GPS Time modulo 1 s, and the black
curve is for UTC from GPS.

ries can realize UTC in real time, and those realizations are
termed UTC(k). The BIPM publishes its monthly Circular T
which shows the time difference between UTC and its local
realizations in the form of UTC – UTC(k). Most nations have
only one laboratory listed on the Circular T, but the United
States for example has four. In addition to the USNO and NIST,
the Naval Research Laboratory (NRL) and the Applied Physics
Laboratory (APL) at John Hopkins University also contribute
to UTC and, in theory, metrological traceability could also be
established through either NRL or APL.
In this situation, in the United States, strict legal traceability
is governed by law. The America COMPETES Act of 2007 [8]
specifies that the official time is UTC, as “interpreted or modified by the Secretary of Commerce, in coordination with the
Secretary of the Navy.” Ironically, until this bill was passed in
2007, official U. S. time was “mean solar time” as defined in the
Calder Act of 1918. In practice, this means NIST (an agency of
the U. S. Department of Commerce) is officially responsible for
determining the UTC that is used for the financial and electric
power sectors, while the USNO is the source of UTC for the
Department of Defense and GPS, as specified in DoD Instruction 4650.06 [9]. Therefore, the legal traceability path for time
measurements in the United States must involve either NIST or
the USNO although, as noted above, establishing traceability to
any UTC(k) can be used to establish metrological traceability
to all of them, at the expense of increased complexity.

Establishing Traceability via the Direct Reception
of GPS Time Signals
GPS has its own time scale, known as GPS time, but the satellites broadcast parameters in subframe 4, page 18, of the GPS
navigation message that receivers can apply to convert GPS
time to a prediction of UTC(USNO). Although GPS time could
in principle be used for traceability if the user were to carefully
apply a considerable number of corrections, it is intended only
for positioning and does not include leap seconds. It should not
be used by time users, and nearly all GPS receivers apply the
UTC corrections to their time determination by default. It is
www.insidegnss.com

where
ΔtLS is the number of leap seconds introduced into UTC
since GPS time began on January 6, 1980,
A0 is the constant UTC offset parameter expressed in seconds,
A1 is a dimensionless frequency offset value that allows the
correction of the time error accumulated since the UTC
reference time, tot, which is when A0 was last determined,
tE is GPS time (also known as the time of interest or the time
being converted to UTC),
604800 is a constant that equals the number of seconds in
one week,
tot is the reference time for UTC data,
WN is the GPS week number, and
WNt is the UTC reference week number.
The first part of Eq. (2), ΔtLS + A0, takes care of most of
the UTC correction. The ΔtLS term is the large, integer second
part of the correction, equal to the number of leap seconds
that have occurred since the start of the GPS time scale. The
A0 term is the small, nanosecond part of the correction, equal
to the difference between the GPS and UTC(USNO) second
markers. It is broadcast in units of seconds, but is typically < 1
× 10–8 s, or < 10 ns in magnitude. The second part of Eq. (2) fine
tunes the UTC output of a GPS clock by applying a dimensionless frequency offset, provided by A1, as a drift correction for
the interval between the time specified by tot and WNt and the
current time. This is normally a sub-nanosecond correction,
because A0 is normally updated in the GPS broadcast more
than once per day and the drift correction supplied by A1 is
typically near 1 ns per day.
The UTC(USNO) prediction is based upon an extrapolation
of the observed difference between GPS and UTC(USNO) from
the start to the end of the previous day. The accuracy of that
prediction, which we term UTC(USNO, via GPS), for the signal
in space, is less than 1 ns in practice. To illustrate this, Figure
2 shows the differences between GPS time and UTC(USNO)
modulo 1 s (to remove the leap second differential), as well as
the difference between UTC(USNO, via GPS) and UTC(USNO)
for the period from 2013 to the summer of 2017. More recent
data can be obtained from the http://tycho.usno.navy.mil and
ftp://tycho.usno.navy.mil/pub/gps. The procedures that GPS
uses to deliver time are documented in the Interface Control
Documents ICD202 and ICD200 (See Global Positioning Systems Directorate, 2013 and https://www.gps.gov/technical/
icwg/, Additional Resources), where the official accuracy is currently (and very conservatively) listed as 90 ns. The actual data
show that if we can accept a latency of up to two days, the time
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Establishing Traceability via Common-View
GPS Time Signals

FIGURE 3

A common-view GPS comparison with a UTC(k) laboratory.

obtained from the GPS signal in space as transmitted by the
satellite can be considered directly traceable to UTC(USNO),
with an uncertainty of a few nanoseconds or less. Alternately,
the real-time signal-in-space broadcast of UTC(USNO, via
GPS) can be considered to have negligible latency but with an
additional uncertainty component of order 1 ns.
Section IV of the BIPM’s Circular T document also publishes values for UTC – UTC(USNO, via GPS) as well as UTC
– UTC(SU, via GLONASS), but with larger uncertainties. The
Circular T does not currently include anything similar for the
European Galileo satellites because Galileo’s time is based on
an average of UTC realizations. However, as described in the
next section, a legal traceability chain that complies with the
VIM definition could also be established by use of Global Navigation Satellite System (GNSS) signals as with GPS.
The uncertainty of the GPS signal in space with respect to
UTC is ~1 ns, as shown in Figure 2, but will be considerably
larger when received on Earth. This is due to many factors,
including the quality and calibration of the user’s receiving
equipment, errors in the calibration of the user’s antenna and
antenna cable, antenna coordinate errors, environmental
effects, ionospheric and tropospheric delays, multipath signal
reflections, and other factors. For these reasons, the synchronization uncertainty of a GPS disciplined clocks (k = 2) will
be ~10 ns in the best case and ~1 µs in the worst case. It is the
responsibility of the user to provide enough documentation to
support and if necessary, to defend, the uncertainty that they
claim. Detailed methods for evaluating the uncertainty of GPS
disciplined oscillators and clocks are provided in 2016 paper by
Lombardi (Additional Resources).
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NIST and other national timing laboratories now distribute their UTC time scales
to their customers by publishing the difference between UTC(k) and the prediction of UTC(USNO) via GPS for every
satellite. These data can be used to compute the difference between a user’s local
clock and UTC(k) by observing the same
satellite at the same time and subtracting
the two measurements. However, the user
is responsible for the calibration of their
common-view equipment and needs also
to consider the latency of the published
data, which could be hours or days. A
similar use could be made of any GNSS
signal, provided that the reference laboratory makes the common-view information
available.
When a common-view comparison is
conducted with a UTC(k) laboratory (Figure 3), a reference system produces continuous measurements
of UTC(k) – GPS. A system at the customer’s site simultaneously produces continuous measurements of Local Clock – GPS.
The measurements from the reference system and the customer’s system are subtracted from each other, the time broadcast
by GPS falls out of the equation, and the result is an estimate
of UTC(k) – Local Clock. The GPS signals in this case are simply vehicles used to transfer or relay time from UTC(k) to the
customer’s site. The common-view equation for this example is

where the components that make up the (eSA – eSB) error term
include delay differences between the two sites caused by ionospheric and tropospheric delays, multipath signal reflections,
environmental conditions, or errors in the GPS antenna coordinates. These factors are either measured or estimated and
applied as a correction to the measurement of the local clock,
with the uncorrected portions contributing to the uncertainty.
NIST and other national timing laboratories also offer formal common-view and all-in-view (described below) based
services, in which each customer receives a common-view
system whose receiver, antenna, and cable delays have all been
calibrated prior to shipment. In the case of the NIST services,
both NIST and the customer simultaneously upload their measurements to a data server every 10 minutes, the data processing
is automated, and the results are published in near real-time.
NIST also offers a disciplined clock (NISTDC) service (Figure 4)
where the common-view measurement results are used to lock
the customer’s clock to UTC(NIST), just as a GPS disciplined
clock is locked to UTC(USNO, via GPS). The uncertainty of
the NIST common-view services with respect to UTC(NIST) is
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reported monthly to each customer and
is typically near 10 ns (k = 2).
A measurement technique similar
to common-view is known as all-inview. For all-in-view, the time difference between the laboratory clock and
all satellites in view is first averaged,
and the timing difference is estimated
from the difference between laboratory
averages. This method has been adopted by the BIPM because it affords better signal to noise over long distances,
when there may not be many satellites
visible at both labs at the same time.
Verifying all-in-view traceability is
more complicated than in the commonview method because it requires adding
a component to the error budget that
accounts for the difference between
the time as broadcast by the individual
satellites. This is because errors in the
broadcast ephemerides of the satellites,
which are attenuated in common-view,
must be allowed for and because the
method depends on the availability of
precise ephemerides and clock products. While these error sources can be
estimated from past data, and measured after-the-fact, all-in-view would
also remain sensitive to the same local
station-errors that affect common-view.

Traceability of Network Time Protocol
(NTP) Signals
As discussed above, GPS and other
GNSS signals can provide traceability with uncertainties measured in
nanoseconds. Another important and
widely used source of traceable time
signals are the NTP time servers that
reside on the public internet, albeit with
much higher uncertainties measured in
microseconds or milliseconds. The primary purpose of NTP is the synchronization of computer clocks and network appliances. The demand for these
services is so high that many billions
of NTP synchronization requests are
currently received every day (Sherman
and Levine, Additional Resources). As
of November 2017, the average number
of NTP requests received per second
is about 460 000 at NIST and about 15
000 at the USNO.
www.insidegnss.com

FIGURE 4

NIST disciplined clock system utilizing the common-view GPS method.

The NTP services measure the round
trip delay between the server and the client, assume that the one-way delay from
the server to the client is equal to half
of the round trip delay, and then correct
the time received by the client by the
one-way delay. This correction compensates for most, but not all, of the propagation delay between the server and the
client. The standard NTP equation is
where TD is the time difference between
the server and client clocks, T1 is the time
when the client made the request, T2 is
when the request was received by the
server, T3 is when the server transmitted its response, and T4 is when the time
packets transmitted by the server arrive
at the client. Using these same four time
stamps, the round trip delay between the
client and server is computed by the client as

The division by two in Eq. (4)
assumes that the delay from the server
to the client is equal to one half of the
round trip delay. If this assumption
were true, the network would be symmetric, meaning that the path delays to
M A RCH /A P R IL 2019

and from the server would be equal and
that dividing by two would compensate for all delays. In practice, however,
networks are asymmetric. This means
that the incoming and outgoing delays
are not equal and that the difference in
delays will contribute uncertainty to the
time received by the client. The worstcase time uncertainty that can be added
by network asymmetry is 50% of the
round trip delay, a situation that could,
of course, only occur if 100% of the
delay were in one direction. (For more
on this, see Levine, 2016 and Matsakis,
Additional Resources).
An additional assumption in the
use of Eqs. (4) and (5) is that the four
time values are measured with negligible uncertainty. This assumption is
questionable when the Network Time
Protocol application runs as a normal
user process on a system that supports
a graphical user interface. The overhead
in the communication between the user
process and the clock of the operating
system in this case may not be negligible, especially on a heavily-loaded
system or one that is supporting webbased services. In addition, all of the
time values are large quantities, and the
potential loss of significance when the
InsideGNSS
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Reference
Time
Source

Synchronization
Requirements with
Respect to Reference
Time Source

Author

Year of
Origin

Current
Status

OATS Rule
6953 [19]

NASD

1998

Superseded
by 7430

NIST

All clocks

3s

NYSE Rule
132A [21]

NYSE

2003

Superseded
by 7430

NIST

All clocks

3s

FINRA

2008

In effect

NIST

All clocks

1s

Computer
clocks

50 ms

Mechanical
clocks

1s

Automated
orders

50 ms

Manual
orders

1s

Time stamp
resolution

1 ms

Rule Number

OATS Rule
7430 [22]
Regulatory
Notice 16-23
[23]

Consolidated
Audit Trail
National
Market Plan
(CAT NMS) [24]

FINRA

SEC

2016

2016

In effect

In effect

NIST

NIST

Table 1. A summary of U. S. financial market synchronization requirements.

difference between two large quantities
is very small is an important detail in the
implementation of the software.
If the servers have been properly synchronized to a UTC(k) source such as
UTC(NIST) or UTC(USNO), network
asymmetry will probably dominate the
uncertainty of NTP time transfer on a
wide-area network. Because the maximum uncertainty cannot exceed 50% of
the round trip delay, the uncertainty of
NTP is likely to be much smaller on a
local area network (LAN) than it is on
a wide area network (WAN) such as the
public internet. On a WAN, care should
be taken not to underestimate the uncertainty when establishing a traceability
chain via NTP. A study of the USNO
NTP service involving multiple servers
and clients revealed semi-persistent systematic time errors as large as 100 ms,
often due to the rerouting of packets
and network congestion (See again Matsakis). Even when internet conditions
are favorable, it is uncommon to have a
network asymmetry smaller than a few
percent of the round trip delay. Thus, if
the round trip delay is 100 ms, it is reasonable to assume that the uncertainty
is not less than a few milliseconds. On
a controlled LAN, uncertainties much
smaller than 100 µs have been reported,
but the remaining uncertainties may
be difficult to characterize, including
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asymmetric delays in network interface
cards and client and server instability. To
properly estimate the uncertainty of an
NTP link, the received packets should
be compared to a UTC(k) time source,
such as UTC(NIST), UTC(USNO), or
UTC(USNO, via GPS). Finally, we note
that, at best, the Network Time Protocol synchronizes the system clock, as
seen by the NTP client software, to an
external reference time scale. This may
not be adequate to support end-to-end
traceability as we discuss below.

Traceability in Financial Markets
In the United States, legal time traceability in financial markets has been a
concern since about 1996, when the U.S.
Securities and Exchange Commission
(SEC) began investigating the practices
of the National Association of Securities Dealers (NASD) and the NASDAQ
stock market, and found that the methods that they used to execute trades were
not always in the best interests of stock
market investors. As a result of a legal
settlement, the NASD was required to
develop an order audit trail system
(OATS) so that auditors could determine
whether or not trades were executed in
the same order that they were received.
Developing a successful OATS required
synchronizing every clock involved in a
stock market transaction to a common
M A RCH /A P R IL 2019

time reference. The official time reference for U. S. stock market transactions
was chosen to be NIST time, and the
first synchronization requirement for
financial markets, OATS Rule 6953, went
into effect in August 1998. Since then,
all major U. S. financial markets require
clocks to be referenced to UTC(NIST),
and to provide evidence that traceability to NIST has been established (Lombardi, et al., Additional Resources). The
synchronization requirement was originally just 3 s. It was later reduced to 1 s
(a requirement that is still in effect for
manual orders) and then to the current
50 ms synchronization requirement
that applies to all computer clocks and
all automated orders. The 50 ms requirement was approved by the SEC in 2016
and first implemented in February 2017.
Table 1 summarizes past and current
synchronization requirements for U. S.
financial markets.
The current European standard
is the MiFID II (Market in Financial
Instruments Directive). The European Securities and Markets Authority
(ESMA), who is empowered by MiFID
to draft regulatory technical standards, has a role similar to that of the
SEC in the United States. Except for
manual orders, where the 1 s requirement is identical to that in the U. S., the
proposed European synchronization
requirements are far more stringent.
Automated orders require 1 ms synchronization and high frequency trading (HFT) orders require 0.1 ms (100 µs)
synchronization, where synchronization
is defined as the maximum divergence
from UTC. The required time stamp
resolution, which does not exceed 1 ms
in the U. S., is 1 µs in Europe for HFT
orders. Table 2 summarizes the synchronization requirements for European
financial markets that went into effect
on January 3, 2018.
Traceability to UTC is required, but
any timing laboratory that contributes to
UTC (the UTC(k) laboratories) can serve
as the reference time source. According
to the MiFID II clock synchronization
guidelines published by ESMA,
“systems that provide direct tracewww.insidegnss.com

ability to the UTC time issued and
maintained by a timing centre listed
in the BIPM Annual Report on Time
Activities are considered as acceptable to record reportable events. The
use of the time source of the U.S.
Global Positioning System (GPS)
or any other global navigation satellite system such as the Russian
GLONASS or European Galileo satellite system when it becomes operational is also acceptable to record
reportable events provided that any
offset from UTC is accounted for and
removed from the timestamp. GPS
time is different to UTC. However,
the GPS time message also includes
an offset from UTC (the leap seconds) and this offset should be combined with the GPS timestamp to
provide a timestamp compliant with
the maximum divergence requirements ….”.
These guidelines indicate that
U T C ( N I S T ) , U T C ( U S N O) , o r
UTC(USNO, via GPS) can all satisfy
MiFID II requirements when the appropriate level of documentation is provided
and serve as the reference time source
for financial transactions in Europe. The
guidelines do not distinguish between a
real-time use of UTC(USNO, via GPS),
which is a prediction of UTC(USNO)
and at best require an addition to the
uncertainty budget, and after-the-fact
use, which could be a measurement.
The stock market requirements for
synchronization apply to all of the computer clocks that are involved in time
stamping financial transactions, and it
should be noted that it is typically easy
to synchronize a GPS clock to within
1 µs, but keeping a group of computer
clocks synchronized to within 100 µs
is a more challenging problem. Computer clocks are normally referenced
to inexpensive quartz oscillators with
large instabilities and drift rates, and
thus frequent synchronization to either
a NTP or a Precision Time Protocol
(PTP) server is required to ensure that
the synchronization requirements are
continuously met. The 50 ms requirement specified in the U. S. standards can
www.insidegnss.com

still be met through periodic synchronization to NIST or USNO NTP servers
via the public internet (Section V), but
the more stringent 100 µs requirement
for HFT in Europe will require the continuous synchronization of NTP or PTP
servers to a UTC source, and that these
ideally will be located very close to the
stock exchange, so that the round trip
network delay between the time servers and the computers involved in stock
transactions can be made as small as
possible.
NIST is currently providing synchronization and establishing traceability for financial markets in the United
States, Europe, and Asia with commonview GPS clocks that are disciplined to
UTC(NIST), as described in Section
IV. The NISTDC is located in the same
data center as the stock exchange, and is
used to synchronize NTP and PTP time
servers that are also located in the data
center. An additional service offered by
NIST can now measure and verify the
packets transmitted by the time servers
by comparing them to the NISTDC.
All of the methods we have described
can support the traceability of the system clock that is used to provide the
time stamps for commercial or financial transactions to a UTC(k) time
scale. However, completing the traceability chain requires assigning a measurement uncertainty to the time stamps
received by the end user, which in turn
requires knowledge of the latency in the
link between the application that time
stamps a transaction (often called the
“matching engine”) and the system time,
which is being controlled by a separate

process with its own latencies. These
latencies are probably small enough to
support traceability requirements at the
millisecond-level, but could be too large
to support microsecond-level uncertainties. Users are responsible for including
the uncertainties of this final link in the
traceability chain in their uncertainty
analysis. These uncertainties can be
especially large for applications that run
in the “cloud” where there is generally
a much weaker connection between the
physical system clock and the time seen
by an application.

Traceability in the Electric Power Industry
As electric power usage has increased,
the electric power industry has become
more and more dependent upon accurate time. Synchronized phasors, or synchrophasors, are referenced to an absolute point in time by using a common
UTC time reference. The devices that
perform the synchrophasor measurements are known as phasor measurement units (PMUs). A PMU measures
positive sequence voltages and currents
at power system substations, and time
stamps each measurement. The measurement results are then sent through a
network to a central site, where the time
stamps are aligned, the measurements
are processed, and real-time decisions
are made about how to allocate power
within the grid to prevent outages.
The IEEE C37.118.1 document is the
standard for synchrophasor measurements. Section 4.3 of the standard specifically mentions traceability to UTC in
three places, beginning with the clause
stating that “the PMU shall be capable of

Rule
Number

Author

Year of
Origin

Current
Status

Reference
Time Source

MiFID II

ESMA

2015

In effect
as of
January
3, 2018

UTC

Synchronization
Requirements with
Respect to Reference
Time Source
Manual orders

1s

Automated
orders, non-HFT

1 ms

HFT

0.1 ms

HFT time stamp
resolution

1 µs

Table 2. A summary of European financial market synchronization requirements.
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receiving time from a reliable and accurate source, such as the Global Positioning System (GPS), that can provide time
traceable to UTC ….”. Time synchronization of 26 µs corresponds to a phase
angle error of 0.57 º at the 60 Hz AC line
frequency, which in turn corresponds to
a 1% total vector error (TVE), as defined
in the standard. However, the standard
indicates that:
“A time source that reliably provides
time, frequency, and frequency stability at least 10 times better than
these values corresponding to 1%
TVE is highly recommended. The
time source shall also provide an
indication of traceability to UTC and
leap second changes.
For each measurement, the PMU
shall assign a time tag that includes
the time and time quality at the
time of measurement. The time
tag shall accurately resolve time
of measurement to at least 1 μs
within a specified 100 year period.
The time status shall include time
quality that clearly indicates traceability to UTC, time accuracy, and
leap second status.” (IEEE Power
& Energy Society, Additional
Resources)
The language calling for a source
providing time “at least 10 times better”
than 1% TVE indicates that at least 2.6 µs
synchronization is recommended. The
desired accuracy is usually given as 1
µs, which corresponds to a phase angle
error of only 0.022° at 60 Hz, and the
time tags also require 1 µs resolution.
These requirements are difficult to meet
at geographically dispersed locations
without GPS clocks. Therefore, in practice the time source is nearly always a
GPS clock, or a PTP system that is synchronized to a GPS clock and accessed
by multiple PMUs over a LAN.

Traceability Over Leap Seconds and Other
Irregularities
Leap seconds are integer seconds that
are added to UTC to ensure thatmaintain the difference between UTC and
56
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UT1 is less than ±0.9 s. They are always
added as the last second of the last day
of a month, with the last days of June
and December preferred. The leap seconds can also be added at other times
if needed.A leap second is inserted after
23:59:59 UTC, and its official name is
23:59:60. Since leap seconds are inserted in the UTC time scale, they occur
late in the afternoon in the U.S. Pacific
time zone and near noon in Asia and
Australia.
Digital clocks in general, and computer clocks in particular, cannot display a time corresponding to 23:59:60,
and various ad-hoc techniques must be
used to define a time stamp during a
leap second. Many systems, including
the NIST network time servers, effectively stop the clock during a leap second, and transmit a time corresponding to 23:59:59 a second time. A similar
technique repeats the time stamp corresponding to 00:00:00 of the next day
a second time. (This technique has the
correct long-term behavior but puts the
extra second in the wrong day.) Both of
these techniques have an ambiguity in
the time stamp transmitted in the NTP
format, since the format cannot distinguish between the first and second time
stamps with the same integer value.
This problem introduces an ambiguity
in the time-ordering of events in the
vicinity of the leap second. (For example, the NIST time servers will receive
about ~900 000 requests for time during the two seconds with identical time
stamps of 23:59:59.) Some operating
systems “solve” the leap second problem by ignoring them altogether, and
all systems are susceptible to software
bugs.
Leap seconds introduce a numerical
discontinuity into a time interval that
includes the leap second, so that realtime systems, such as GPS system time,
do not use them. GPS (and other GNSS,
with the exception of GLONASS) transmit the integer-second offset between
system time and UTC as part of the navigation message, shown in Eq. (2). User
equipment can use this parameter to
translate between system time and UTC,
M A RCH /A P R IL 2019

but this does not solve the problem of
the ambiguity in the name assigned to
the leap second.
Some corporations, in an attempt to
minimize the impact on their systems
and eliminate the discontinuity, have
implemented “smears”, that slow down
their clocks for a period around the time
of the leap second insertion (See Pascoe,
Additional Resources). This method has
the advantage that the time stamps are
monotonically increasing even in the
vicinity of the leap second, but it has an
error of order ±0.5 s with respect to the
definition of UTC during the interval of
the frequency adjustment. In addition,
there is no standard method for applying this frequency adjustment, so that
different implementations may disagree
among themselves in addition to the
time error with respect to UTC. Metrological traceability can be maintained
through a leap second only if the user
is able to program the systems to keep
track of the extra second, or the smear,
and take it into account.

Traceability and Latency
The official definitions of traceability
do not address the issue of the non-zero
latency between the measurement and
the determination of the uncertainty.
This often-small latency can convert
even a direct measurement into a prediction awaiting confirmation. In many
cases the assumption that the difference
between the actual value and the prediction of a UTC(k) is of zero mean and
has a near-Gaussian distribution can be
justified on the basis of past data. The
assumption can also be verified afterthe-fact, and any user whose traceability data are being carefully scrutinized
would be well-advised to take the verification into consideration. For example,
a user of GPS via direct access should
confirm that the results shown in Figure
2 continue as shown.

Traceability and the Mutual Recognition
Agreement (MRA)
The majority of laboratories contributing to UTC are signatories of the MRA,
which sets standards for documentawww.insidegnss.com

tion relevant to traceability. Although
in its section 10 it states that it “creates
no rights, liabilities or obligations that
will have binding effects in national
or international law”, and that it “covers, in each country, only the signatory
institute and others represented by it”,
it is difficult to imagine that any auditing entity would not consider being a
participant in good standing to be sufficient proof of adequate documentation. According to the MRA, only one
National Metrology Institute (NMI) is
allowed to represent a nation, although
this role can be assigned to a different
institution for specific physical quantities, such as time and frequency. The
BIPM supports the MRA with a web
page (https://kcdb.bipm.org) providing monthly time comparisons, along
with much other relevant information. Whether being a signatorie of the
MRA should be necessary or sufficient

www.insidegnss.com

for adequate documentation of a UTC
realization is up to the auditor or relevant authority (See Bauch and Whibberley, Additional Resources), but we
note that UTC(USNO, via GPS) and
UTC(SU, via GLONASS) may meet the
criterion since the BIPM’s evaluation of
their value and uncertainties are based
on data reported by the Observatoire de
Paris (OP) and the Astrogeodynamical
Observatory Borowiec (AOS) respectively, both of which are MRA signatories. In general, any MRA signatorie k
that has documented the calibration of
the full timing chain from the relevant
GNSS receiver to UTC(k) will have provided that same level of documentation
for the BIPM’s purpose of evaluating
the UTC prediction/estimate broadcast
by a GNSS system, so long as the uncertainty of the absolute calibration of the
GNSS receiver is allowed for.
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Summary
Time signals, including those transmitted by GPS satellites and network
time servers, can be used to establish
legal metrological traceability to UTC
through a UTC(k) time scale. These
signals have small enough uncertainties to meet industrial synchronization
and traceability requirements, but users
are responsible for having sufficient evidence to prove that their requirements
are being met. A critical part of this evidence is the ability to demonstrate that
an unbroken chain of calibrations back
to UTC through a UTC(k) laboratory
exists, and that each link of the traceability chain has a documented measurement uncertainty.
This paper is a contribution of the
U. S. government and is not subject to
copyright.
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WORKING PAPERS

Electric Propulsion
Technology Overview

Efforts in the realm of electric
propulsion have been both
steady and cutting-edge. Past,
present, and future projects
are discussed along with
both realized and potential
mission benefits arising from
this recent technology.

E

lectric Propulsion (EP) is a
class of space propulsion, which
makes use of electrical power
to accelerate a propellant by different
possible electrical and/or magnetic
means. The use of electrical power
enhances the propulsive performances
of the EP thrusters compared with conventional chemical thrusters. Unlike
chemical systems, electric propulsion
requires very little mass to accelerate
a spacecraft. The propellant is ejected
up to twenty times faster than from a
classical chemical thruster and therefore the overall system is many times
more mass efficient. Reduced propellant mass consumption can lead to
lower mission costs and/or can allow
embarking more experiments on satellites. Electric Propulsion is not limited in energy, but is only limited by
the available electrical power on-board

Propellent Storage
Fluidic Control
Power Processing Unit
Pointing Mechanism
Thruster

DAVINA M. DI CARA
JOSÉ A. GONZALEZ DEL AMO
EUROPEAN SPACE AGENCY, ESTEC,
NOORDWIJK, THE NETHERLANDS
FIGURE 1
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the spacecraft. Therefore EP is suitable
for low-thrust (micro and milli-newton
levels), long duration (high Isp) applications on board satellites.
Typically, an Electric Propulsion
system is composed of one or more
electrical thrusters connected to their
Power Processing Units (PPUs) and to
a propellant storage and feeding system
(including tanks, pressure regulators,
flow control units, valves, etc.) and to
pointing mechanisms. Figure 1 shows
EP system architecture.
The development and production of
an Electric Propulsion system involves
a significant number of industrial organizations. Whilst thrusters and PPUs
are specific to a technology, pressure
regulators and pointing mechanisms
need not be technology specific and
are usually chosen based on individual
mission requirements.

Electric Propulsion system architecture
M A RCH /A P R IL 2019
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European EP suppliers

Characteristic

Hall Effect
Thruster

Gridded Ion
Thruster

Specific Power

18W/mN

25-35W/mN

Lower number represents improved
Orbit Transfer durations for a given power
ceiling

50%

70%

Higher number tends to reduce thermal
interface demands for a given power
ceiling

1500-2500s

2500-4500s

Higher number represents wet mass
saving / higher payload fraction

300-400V

1200-2000V

Linked to specific impulse, higher
voltages means higher specific impulse

PPU Specific
Mass

5kg/kW

10kg/kW

Higher number represents increased EP
system dry mass penalty

Plume
Divergence

45°

15°

Lower number reduces complications of
thruster beam interaction with spacecraft
appendages (Solar arrays, antennas,
deployable radiators, etc.)

Throttle Range

2:1

10:1

20:1 demonstrated on GOCE (QinetiQ T5)
Higher ratio useful for power limited
missions (MP-R)

Thruster
Efficiency
Specific
Impulse
Operating
Voltage

Comment

Figure 3 HET vs. GIE performance
Ionization electrons
Discharge chamber (toroidal)
Ion beam

Anode bias

Neutralization
electrons

Xenon

Xenon
Magnetic circuit
FIGURE 4
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Coils

Hollow cathode

HET working principle (left) and PPS-1350 thruster (right)
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Electric thrusters are generally
described in terms of method used to
accelerate charged particles and produce the thrust. Following this logic, EP
systems are classified according to three
categories: electro-static, electro-magnetic, and electro-thermal thrusters:
• Electro-static: Gridded Ion Engines,
Field Emission Electric Propulsion,
Colloidal Thrusters
• Electro-magnetic/electro-static
thrusters: Hall Effect Thrusters,
HEMPTs
• Electro-magnetic thrusters: Magneto Plasma Dynamic thrusters, Pulse
Plasma Thrusters
• Electro-thermal: Arcjets, Resistojets
Depending on the speciﬁc ﬁeld of
application, thrusters falling into one of
these three categories can be more or less
attractive, depending on their particular
thrust capabilities, electrical power consumptions, and other propulsion performance characteristics (Isp).
The propellant used in EP systems
varies with the type of thruster and
can be a rare gas (i.e., xenon, krypton
or argon), a liquid metal (i.e., cesium or
indium), or an ionic liquid.
The level of development and ﬂight
heritage of the different thruster types
can vary signiﬁcantly. In Europe, developments have been carried out in all the
different areas of electric propulsion over
the last four decades (see Figure 2 for
suppliers). Gridded Ion Engines (GIEs)
and Hall Effect Thrusters (HETs) have
emerged as leading electric propulsion
technologies in terms of performance.
These thrusters operate in the power
range of hundreds of watts up to tens
of kilowatts with an Isp of thousands of
seconds to tens of thousands of seconds,
and they produce thrust levels typically
of some fraction of a newton. Figure 3
compares their performance.
In Hall Effect Thrusters (see Figure
4), electrons from an external cathode
enter a ring-shaped accelerating channel attracted by an anode. Xenon gas
is released into the channel. Permanent
magnet or coils embedded within the
thruster structure generate a magnetic field with a magnitude selected so
that only electrons are excited and the
influence on ions is neglected. Electron
www.insidegnss.com

◉ Non-circular shape of Earth’s equator causes perturbations in East-West
• Attitude management: satellites shall generate a momentum
to off-load the reaction wheels used for attitude control.
• Orbital maneuvering: orbit transfer/raising from launch
orbit to the operational orbit, relocation and disposal at
end-of-life.
Since the 1970s, Electric Propulsion has been used for station-keeping, orbit-raising, and as primary propulsion on telecommunications and science missions. Increasingly, it is being
considered for Earth observation, navigation, and orbit debris
removal.
More recently, constellations of CubeSats, or small satellites
with the mass ranging from one kilogram to few hundreds
of kilograms, are also planning to use Electric Propulsion to
enhance their capabilities.

Screen/Accelerator
Grid Set
Cathode
Xe
Xe

Xe

Neutralizer

FIGURE 5 Electro-bombardment GIE working principle (left)
& BepiColombo QinetiQ T6 thruster (right)

RF-Coil

Xe

Xe

Neutralizer

Screen/Accelerator Grid Set

FIGURE 6 Radiofrequency GIE working principle (left) and
ArianeGroup RIT thrusters (right)

FIGURE 7

ARTEMIS

excitement causes propellant ionization and ion acceleration
when gas crosses the EXB field. The accelerated ions leaving
the channel generate thrust. The electrons from the cathode
are also used to avoid spacecraft charge.
In Gridded Ion Engines (see Figures 5 and 6), Xenon gas is
ionized by electron bombardment or through radiofrequency
electron excitement. The ions are then extracted and accelerated using a high electrostatic potential applied to a grid system.
An external neutralizer emits the electrons necessary to neutralize the space charge of the emerging ion beam.
Electric Propulsion Applications
Embarking propulsion capabilities on-board a satellite can
serve multiple purposes:
• Station keeping: satellites shall compensate for perturbations
to maintain the desired orbital position:
◉ LEO orbits are perturbed by the aerodynamic drag
◉ Gravitational fields of the Moon and the Sun affect the
inclination of GEO satellites in North-South
www.insidegnss.com

Telecommunication
Commercial GEO telecommunication represents the largest
market for electric propulsion. In the last 20 years, these satellites have become more competitive with the adoption of EP for
North-South Station Keeping (NSSK) and Electric Orbit Raising (EOR). Launchers deliver these satellites into Geostationary
Transfer Orbits (GTO) and orbit-raising maneuvers to reach
GEO are then performed by the onboard propulsion. With
Chemical Propulsion, orbit-raising takes up to one week but
about half of satellite wet mass is propellant. With Electric Propulsion, orbit-raising takes up to six months but launch mass
can be reduced by 40%. Telecommunication satellites using
EP have greater appeal since the propellant mass saved can be
used to accommodate larger and more complex payloads. In
addition, in the last decade, the trend in GEO Telecommunication satellites has consolidated into a considerable increase in
electrical power to satisfy the payload needs. The availability of
such high power allows for the operation of the EP subsystem
without requiring additional power or changes in the platform
design. On the other hand, the low thrust produced by the EP
thrusters means extended firing times and longer transfers to
reach the final operational orbit. This implies reduced revenue
in the short-term, but important savings in the long run.
Electric propulsion was primary used on Russian commercial satellites. In 1997 Boeing made the world’s first American
EP telecoms satellite, PanAmSat, using XIPS gridded ion engines for station-keeping and chemical thrusters for orbit-raising
maneuvers.
In 2001, the European Space Agency’s (ESA’s) ARTEMIS
(the Advanced Relay and Technology Mission Satellite, Figure
7) offered the first European flight demonstration of European
EP thrusters for orbit-raising, recovering the satellite to its final
orbit following a launcher anomaly.
In 2005, Space System Loral started to use Russian SPT100
Hall Effect Thrusters for station keeping.
In 2010, Lockheed Martin’s Advanced Extremely High Frequency (AEHF) satellite, after an anomaly with its main Chemical Propulsion system, used Hall Effect Thrusters intended
for station keeping to complete its orbit-raising.
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In 2013 Thales and Airbus delivered the first large telecoms
satellite, AlphaSat, using a set of four SAFRAN AIRCRAFT
ENGINES PPS1350 thrusters for station keeping (Figure 8).
In 2015, Boeing successfully demonstrated the world’s first
all-electric spacecraft using XIPS Ion Engines for station keeping and orbit-raising.
In 2017, the ESA-OHB SmallGEO platform (Figure 9) was
launched equipped with 8 SPT-100 thrusters to fulfil all the
orbital manoeuvres for 15 years. In the same year, the EUTELSAT 172B satellite, an “all-electric” built by Airbus DS, reached
geostationary orbit in record time by using these 5 kilowatt
Hall Effect Thrusters.
European satellite manufacturers have been using electric propulsion for station keeping for more than 10 years: on
Eurostar 3000 produced by Airbus, on Spacebus 4000 produced
by Thales Alenia Space, on SmallGEO produced by OHB). All
European Primes are now developing their new all-electric
platforms, NEOSAT and ELECTRA, which use EP for both
orbit raising and station keeping. By 2020, it is estimated that
more than half of all commercial satellites sold will be all-electric or hybrid (embarking both chemical and electric systems).
The European Space Agency, the National Space Agencies
and industries have invested in the development of electric
thrusters for the GEO market at SAFRAN AIRCRAFT ENGINES (Hall Effect Thrusters), SITAEL (Hall Effect Thrusters),
QINETIQ (Ion Engines), ARIANEGROUP (Ion Engines), and
THALES (HEMPT). These products are now competing with
those from U.S. and Russia.
Navigation
The Galileo Second Generation (G2G) program is considering
the use of EP for constellation deployment and satellites disposal at end of life. Electric Propulsion is thought to enhance
payload capability and flexibility in deployment strategy. The
full exploitation of launch vehicle capabilities and the design of
efficient transfer trajectories are major components of developing an efficient deployment strategy for Galileo. Multiple satellite configurations are currently been studied to find solutions
that satisfy accommodation requirements of the payload, solar
arrays, and propellant, demonstrate sufficient mechanical and
thermal performance, support the desired level of modularity,
and ensure the ability to fit multiple spacecraft on European
launchers. As the selection of EP thruster has a large impact
on the satellite design, detailed trade-offs are still being carried out to analyze combinations of thruster type, number, and
operating point in order to optimize satellite design with an
acceptable transfer duration, to ensure failure robustness and
technical maturity.
Science & Exploration
The use of electric propulsion for scientiﬁc spacecraft is recognized as an important way to enhance mission performance.
Replacing or augmenting chemical propulsion with electric
thrusters as the primary propulsion system can bring the following beneﬁts:
• an increase in net payload mass
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AlphaSAT
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SmallGEO

FIGURE 10

SMART-1

• a reduction in ﬂight time with respect to mission based on
chemical propulsion and complex gravity-assisted operations
• independence from launch-window constraints, which are
imposed by the classical gravity-assisted planetary fly-by
operations
• possibility of using small/medium launch vehicles (providing substantial launch-cost savings)
Speciﬁc mission requirements, in terms of power availability, satellite mass, and mission proﬁle, dictate the choice of the
particular EP technology to be used.
Deep Space 1 was the first use of EP on an interplanetary
mission, and its main objectives, the fly-by of asteroid Braille
and Comet Borrelly, were successfully performed by NASA’s
NSTAR ion engine in the late 1990s. The JAXA science mission Hyabusa used Japanese ion engines to rendezvous with
an asteroid in 2005.
ESA’s first Moon mission, SMART-1 (Figure 10), paved the
road for the use of EP on European Science and Exploration
missions. The mission was technically and scientifically a suc-
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FIGURE 11

BepiColombo

FIGURE 12

LISA

FIGURE 13

GOCE
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cess, helping ensure Europe’s technology competence in this
promising technology as well as in lunar exploration. The relatively small satellite, equipped with one PPS-1350G HET from
SAFRAN AIRCRAFT ENGINES, required only 82 kilograms
of Xenon to reach and orbit the Moon.
ESA’s cornerstone missions, BepiColombo, will provide the
best understanding of Mercury to date by studying and understanding the composition, geophysics, atmosphere, magnetosphere, and history of Mercury, the least explored planet in the
inner Solar System. BepiColombo, launched in October 2018,
is propelled by four 5kW T6 Gridded Ion Engines developed
by QinetiQ (Figure 11).
Future scientific missions such as LISA (Laser Interferometer Space Antennas) (Figure 12) may require electric
microthrusters as very fine control actuators to ensure operation under drag-free conditions. These thrusters should also
have a long lifetime. FEEP, colloidal thrusters, and miniaturized ion engines are main candidates for these kinds of
missions.
ESA is currently studying the future evolution of the Exploration program and is assessing the possibility of implementing
a technology mission that allows testing future technologies
required for exploration missions. High-power EP (15-20 kilowatts) is considered a perfect candidate to perform an interplanetary cruise. Initiatives such as CISLUNAR will require 12.520 kilowatt Hall Effect Thrusters to keep the station around the
Moon and/or transfer it to Mars. The first European prototype
of a 20 kilowatt HET was built and tested in the frame of the
HiPER project (High Power Electric propulsion: a Roadmap
for the future) co-funded by the European Union under the
space theme of the 7th Framework Program. Starting in 2015,
ESA is also funding the development of a 20 kilowatt HET at
SITAEL S.p.A..
Earth Observation
Earth observation missions, like GOCE (Figure 13), also benefitted from the use of EP. The main aim of the GOCE mission was to provide unique models of Earth’s gravity field and
its geoid to high spatial resolution and accuracy. The T5 GIE
system from QinetiQ was operated on GOCE almost continuously from 2009 to 2013 to compensate aerodynamic drag. The
engine performance exceeded the expectations and enabled a
mission that met not only the baseline requirements, but was
so successful that its duration was doubled from two years to
four years.
The success of the ion engine in the GOCE spacecraft has
demonstrated the potential of this technology for fine control
of satellites flying in LEO.
Next Generation Gravity Missions (NGGM) is considering
miniaturized GIE from ARIANEGROUP and FEEP from
FOTEC to compensate drag.
Furthermore, the use of small ion engines, small HETs,
FEEPs, or helicon antenna thrusters would enable operation
of Earth observation satellites at much lower altitude orbits.
Studies and development programs have been conducted considering the use of atmospheric gases as propellant for electric
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thrusters (RAM-EP) to enable continuous operation at altitudes
lower than 200 kilometers.
Finally, constellations of thousands of satellites are currently
being developed. These satellites are launched in clusters and
need low power EP to reach their operational orbit, stay there,
and be disposed at the end of the mission. Low-cost and versatile electric propulsion systems will be required as the cost of
the system must be one order of magnitude lower than current
prices.
Space Transportation
Based on growing maturation of electric propulsion systems
and increasing capabilities of such propulsion devices, possible
applications to space transportation vehicles have gradually
been studied with more and more detailed levels of analysis. It
is possible today to gather the different classes of applications
around the two following families of concepts:
• Electric kick stages for launchers to increase performance
capabilities (e.g., Electric-Vega)
• Space Tugs for GEO servicing, LEO/MEO Debris Removal,
LEO/MEO to GEO tugging, and Moon cargo delivery
CubeSats
Numerous EP micro-propulsion systems are currently under
development in Europe to enhance the performance of CubeSats
by enabling drag compensation, orbit keeping, formation flying,
orbit transfer, and de-orbiting at end of life. Their compactness,
good performance, and low price are increasingly appealing as
the space industry interest in small satellites (mass ranging from
one to a few hundreds of kilograms) grows all over the world.
These satellites, often in constellation, could provide commercial
services such as global internet coverage and monitoring of air
and sea traffic or Earth observation to broadcast weather and
monitor the response to natural disasters.
A miniaturized version of the Indium FEEP thruster for
CubeSats and small satellites, the IFM Nano thruster (Figure
14, left image), is under development at Enpulsion and FOTEC
(A) to provide highly accurate thrust ranging from 10 to 400
micronewtons at 40 watts with an Isp up to 6,000 seconds.
A Pulsed Plasma Thruster (PPT) for CubeSats, PPTCUP
(Figure 14, right image), is being developed by a consortium
led by Mars Space (UK) to provide thrust of 40 micronewtons
at 2 watts with an Isp of 600 seconds.
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A consortium led by Queen Mary University (UK) is developing a very compact and highly efficient Electrospray Colloid
EP system.
The “Electric Propulsion Innovation & Competitiveness” (EPIC)
The European Commission funded, as part of the Horizon
2020 Space Work Programme 2014, a Programme Support Activity (PSA) for the implementation of the Strategic
Research Cluster (SRC) on “In-Space electrical propulsion
and station keeping”. The goal of the SRC is to enable major
advances in Electric Propulsion for in-space operations and
transportation, in order to contribute to guarantee the leadership of European capabilities in electric propulsion at world
level within the 2020-2030 timeframe, always in coherence
with the existing and planned developments at national, commercial and ESA level. This grant is structured along the two
lines of Incremental Technologies and Disruptive Technologies. ESA is the coordinator whereas the team is made by several national space agencies and industries.
Incremental Technologies are the most mature technologies having flight heritage, with the physical principal well
understood, and with established performance. They are
the Hall Effect Thruster (HET), the Gridded Ion Engines
(GIE), and the High Efficiency Multistage Plasma Thrusters
(HEMPT). Under EPIC, these Incremental Technologies
shall improve their current performance and reduce their
cost in order to increase their competitiveness in the global
market.
Disruptive Technologies are very promising EP concepts
which could disrupt the propulsion sector by providing a radical improvement in performance and/or cost reduction, leading
to becoming the preferred technology for certain applications/
markets or enabling new markets or applications not possible
with the existing (Incremental) technologies.
The selected Incremental Technologies contracts are:
CHEOPS on HET, GIESEPP on GIE, and HEMPT-NG on
HEMPT technologies.
The selected Disruptive Technologies contracts are: GaNOMIC on PPU innovative Technologies, HiperLoc-EP on the Electrospray Colloid EP System, and MINOTOR on the Electron
Cyclotron Resonance Accelerator thrusters.
Conclusions
Since the 1970s, Electric Propulsion has been used on satellites for station-keeping, orbit-raising, and primary propulsion.
It has traditionally had applications for telecommunications
and science missions, but increasingly the use of EP is being
considered for Earth observation, navigation, and space transportation.
More recently, constellations of small satellites (e.g.,
SpaceWeb) are being designed to use electric thrusters to perform the transfer to the operational orbit and other functions.
Thanks to the mass savings made possible by the use of electric
propulsion, fewer launchers are needed to place the constellation in orbit, thereby allowing a major cost reduction for the
service being offered. The use of EP is also capable of enhancing
the services offered by CubeSATs.
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Europe is highly capable in the area of Electric Propulsion,
stemming from decades of research and development. This
expertise is exemplified by the success of ESA missions, such as
ARTEMIS, SMART1, GOCE, and AlphaSAT, that have paved
the way to the use of electric propulsion on BepiColombo and
European commercial telecom platforms such as Neosat and
Electra.
Electric propulsion is currently considered by all space
actors as a key and revolutionary technology for the new generations of commercial and scientific satellites. Initiatives in this
field all over the world are aimed at the development of competitive new generations of Electric Propulsion systems. In Europe
too, all stakeholders including the European Space Agency, the
National Space Agencies and industrial players have been setting efforts to develop and increase the competitiveness of the
European EP technology for the different types of markets.
ESA is strongly involved and committed in this technology
area, both as an initiator of electric propulsion system developments and as a user of this technology for its new missions.
ESA’s goal is to maintain the competitiveness of European
industries by ensuring the availability of qualiﬁed, cost-effective, and reliable EP systems, and to make new and challenging
space missions possible.
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April
APRIL 8-11
PACIFIC PNT
Honolulu, Hawaii, USA
ION’s Pacific PNT Conference is a global cooperative
development of Positioning, Navigation and
Timing technology and applications where policy
and technical leaders from Japan, Singapore,
China, South Korea, Australia, the United States
and more meet to discuss policy updates, receive
program status updates and exchange technical
information. Held April 8-11 at the Hilton Waikiki
Beach, Honolulu, Hawaii, Pacific PNT is “Where East
Meets West in the Global Cooperative Development
of Positioning, Navigation and Timing Technology.”
For registration information, go to www.ion.org/
pnt.
Pacific PNT will begin on Monday, April 8, with
the PLENARY: Policy and Status Update. <https://
insidegnss.com/ions-pacific-pnt-returns-tohonolulu/>

APRIL 8-10
COMMERCIAL UAV EXPO EUROPE
Amsterdam, The Netherlands
Commercial UAV Expo Europe, April 8-10
in Amsterdam, is the leading trade fair and
conference focusing on the integration and
operation of commercial UAS throughout Europe
and internationally. Industries covered include
Process, Power & Utilities; Civil Infrastructure;
Construction; Aggregates & Mining; Surveying &
Mapping; Public Safety and Security; and Precision
Agriculture.
It is presented by Commercial UAV News and
organized by Diversified Communications, a global
event producer. Receive a €100 discount off the
full conference fee by using the code IUS100 at
https://bit.ly/2RwJGG1> <https://insidegnss.com/
commercial-uav-expo-europe-is-scheduled-forapril-8-10/ .

APRIL 9-12
EUROPEAN NAVIGATION CONFERENCE
2019 (ENC)
Warsaw, Poland
The European Navigation Conference 2019 (ENC
2019) comes to Warsaw, Poland on April 9-12.
The European Group of Institutes of Navigation
(EUGIN) and Polish Navigation Forum (PNF) invite
attendees to the conference, which is organized by
the Polish Navigation Forum. PNF is a non-profit
organization, founded in the ’80s, with the aim
of associating people involved in development of
the science of navigation. This is the second time
Poland is hosting the ENC conference participants,
and the venue will be the Novotel Warszawa
Centrum Hotel.
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Topics will include: Status of Satellite
Navigation System, GNSS Hardware Technology,
GNSS Vulnerabilities, Precise Positioning (PPP,
RTK), Atmosphere and Space Weather, Time and
Frequency Transfer, Indoor and Urban Positioning,
eGNSS, eLORAN and Data Communication,
eNavigation and Data Communication, Sensor
Based Navigation, Marine/Under Water Navigation,
and Intelligent Transport System, just to name a
few. For more information, go to http://enc2019.
eu. <https://insidegnss.com/enc-2019-returnsto-poland-april-9-12/>

APRIL 29-MAY 2
AUVSI XPONENTIAL 2019
Chicago, Illinois, USA
Join 8,500 technologists, regulators and users
across commercial and defense sectors for AUVSI
XPONENTIAL 2019, the largest, most comprehensive
trade show for unmanned and autonomous
systems. As adoption spreads and applications
expand, XPONENTIAL is the one event that brings
together the entire unmanned systems community
to share ideas, collaborate across markets,
capitalize on next practices and emerging trends
and harness the power of unmanned technology
for your business. AUVSI XPONENTIAL 2019 will be
held at McCormick Place in Chicago from April 29
to May 2.
For more details, click here: https://www.
xponential.org/xponential2019/public/Content.
aspx?ID=2966&utm_source=Webpage&utm_
medium=Banner&utm_campaign=B2019&utm_
content=IUS <https://insidegnss.com/xponential2019-comes-to-chicago-this-spring/>

May
MAY 22-25
CHINA SATELLITE NAVIGATION
CONFERENCE
Beijing, China
The China Satellite Navigation Conference (CSNC) is
an open academic platform for academic exchanges
that aims at enhancing academic innovation to
promote cooperation and exchanges in the field of
satellite navigation, strengthening technological
innovation to accelerate engineering construction
of satellite navigation systems, intensifying
theoretical innovation to facilitate theory progress
of satellite navigation and reinforcing application
innovation to boost development of the satellite
navigation industry.
The conference has been successfully held
for nine years and has created a great amount of
achievements in academia, technology, theory,
application and talent nurturing.
The 10th China Satellite Navigation Conference
(10th CSNC) is themed “Navigation: 10 Years
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and Beyond” and will be held at Guoce (Beijing)
International Convention & Exhibition Center
between May 22-25,2019. Summit forums,
seminars, expositions and high-end forums will be
held during. Scientists and people from all walks of
life are welcomed to participate in the conference.
For more information visit www.beidou.org
<https://insidegnss.com/10th-china-satellitenavigation-conference-opens-may-22/>
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