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Abstract
The vulnerability of Positioning, Navigation, and Timing (PNT) services derived
from Global Navigation Satellite Systems (GNSS) makes having a resilient and
accurate Alternative PNT (APNT) based on high-power terrestrial radio sources
necessary. The L-band is very crowded spectral real estate with GNSS, Dis-
tance Measuring Equipment (DME) and Air Traffic Control Beacon System
(ATCRBS) signals occupying the band from 900–1600 MHz. Thus, as getting
new signal and spectrum for APNTwould be difficult, we must leverage existing
transmissions and infrastructure. The ∼660 Automatic Dependent Surveillance-
Broadcast (ADS-B) ground stations in the United States represent significant
infrastructure that can be leveraged for APNT. However, as ADS-B was designed
for surveillance, it does not inherently possess features necessary to support
APNT goals. This paper describes and demonstrates techniques for using ADS-
B Universal Access Transceiver (UAT) signals for PNT. We develop methods to
use all ground UAT signals to provide robust, multi-frequency pseudoranges.
We examine the ranging and positioning performance of the UAT signal on the
ground and in flight, to demonstrate its ranging accuracy, and hence the tim-
ing and synchronization of the station. We demonstrate and analyze navigation
using UAT signals, as well as the intra-system interference challenges of using
multiple UAT stations.
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1 INTRODUCTION

Alternative or Complimentary Positioning, Navigation,
and Timing (APNT/CPNT) systems can play a vital role in
the robustness of Position, Navigation, and Timing (PNT)
infrastructure. We have become so reliant on the PNT
services provided by GNSS that it is considered critical

safety infrastructure. GNSS-derived services are vital for
numerous critical infrastructure applications, from power
grid synchronization to telecommunications to financial
transactions, to all forms of transportation – in the air,
on the water, and on the ground. As GNSS has prolifer-
ated, so have the threats to its use to support critical opera-
tions. GNSS interference, both jamming and spoofing - and

NAVIGATION. 2021;68:293–313. © 2021 Institute of Navigation 293wileyonlinelibrary.com/journal/navi

https://orcid.org/0000-0002-4814-6506
mailto:daedalus@stanford.edu
https://wileyonlinelibrary.com/journal/navi


294 LO and CHEN

especially intentional interference - is becoming more and
more common. Furthermore, GNSS spoofing is becoming
more accessible and affordable.
Given the likelihood of these threats, the US Fed-

eral Aviation Administration (FAA) has developed and
examined several candidate solutions to provide APNT.
Starting around the year 2000, the FAA developed an
enhanced long-range navigation (eLORAN) to serve as
APNT. While eLORAN had potential to serve as a multi-
modal APNT (Federal Aviation Administration, 2004), the
system was not owned or managed by the FAA, and its
infrastructure was shut down in 2010. The FAAAPNT pro-
gram, which started around 2009, examined using FAA-
managed systems to address GNSS reliance in aviation
(Eldredge et al., 2010). These included systems for naviga-
tion such as Distance Measuring Equipment (DME), Very
High Frequency (VHF) Omni-Directional Ranging (VOR),
and Non-Directional Beacons (NDB); surveillance such
as Automatic Dependent Surveillance Broadcast (ADS-B);
and data such as Automated Weather Observing System
(AWOS). The APNT team developed several possibilities
for improving existing FAA terrestrial radio systems to pro-
vide data and passive ranging suitable for providing opera-
tional compliments to GPS/GNSS, particularly to support
future airspace and Next Generation Air Transportation
System (NextGen) navigation and surveillance operations.
In the end, three major options were studied in detail –
DME, pseudoranging (using DME, ADS-B, and other avi-
ation signals) and multi-lateration, where synchronized
ground stations gather ranges from aircraft transmissions
to determine the aircraft’s position (Lilley & Erikson, 2012;
Lo, 2012; Lo, Enge et al., 2015; Niles, et al., 2012).
There are many reasons for developing ranging and

time signals using aviation systems such as ADS-B Univer-
sal Access Transceiver (UAT). The infrastructure already
exists and APNT capabilities may be gained without affect-
ing current systems and operations. Even if other potential
APNT systems are available, such as enhanced DME,
having UAT ranging and time is very valuable to provide
additional signals. ADS-B and DME stations are not col-
located, and combining the roughly 660 ADS-B (Federal
Aviation Administration, 2018) with the about 1,100 DME
stations in the United States significantly increases the sig-
nals available over DME alone. This is important, because
these APNT systems are terrestrial and transmit in line-of-
sight (LOS) bands such as the L-band. With stations near
the ground and signals that propagate LOS, they cannot
be received at low altitude farther away from the station
due to the radio horizon of the transmission. Low altitude
is where APNT is most needed, as the most critical part
of a flight, approach and landing, occurs here. By com-
bining DME and ADS-B ranges, we get signals from more
transmitter locations, which helps improve low-altitude

F IGURE 1 Major sections and contributions of the paper

coverage. Finally, even though the FAA’s APNT efforts
have been superseded by other GNSS resiliency efforts,
there is continued interest around the world in APNT
(Jheng, et al., 2020; Kim & Kee, 2019; Schneckenburger,
et al., 2018). The concepts that were developed are useful
to support other airspace needs, such as providing robust
time and helping to comply with federal policy to ensure
the resiliency of PNT services (Executive Office of the
President, 2020; White House Administrative Office,
2004). The Department of Transportation (DOT) and FAA
are currently (2020) examining the use of some APNT
concepts, such as enhanced DME and ADS-B UAT to
provide robust sources of precise time (Lo & Chen, 2020).

1.1 Outline

This paper covers methods of employing ADS-B UAT sig-
nals for navigation and timing, as well as its performance
and challenges. First, the paper provides background on
ADS-B UAT and the potential benefits of its use for avi-
ation navigation. The main body of the paper is outlined
in Figure 1. In Section 3, we develop methods for using
the ADS-B UAT signals for ranging and timing. A method
is developed that allows for use of ground transmissions
that do not have inherent pseudoranging capabilities. This
method is demonstrated using ground measurements. As
a result, we show that nearly all ground transmissionsmay
be used for rangingwithout change to themessage content.
Sections 4 and 5 describe UAT flight tests and show the
performance of UAT pseudoranging in these tests, respec-
tively. These tests allow us to receive UAT signals from
multiple stations and examine the benefits and challenges
of using these signals for aviation navigation. Key findings
focus on ranging accuracy in flight, intra-system interfer-
ence and analysis and display of its coverage effects, and
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TABLE 1 Comparison of Mode S ES and UAT for ADS-B

Protocol Advantages Disadvantages
Mode S ES International standard

Widely adopted
Requires changes to
signal to provide
ranging

Frequency congestion
(used by other
aviation systems)

UAT Provides PNT with
minimal changes

Higher data rates,
more message data
capacity

Dedicated frequency

US standard, not as
commonly used

Intra-system
interference

demonstrating theUAT-only positioning. Hence, three key
areas ofUAT-basedAPNT are covered in this paper: how to
do ranging with UAT, range/positioning performance, and
the effects of interference on availability/coverage.

2 ADS-B UAT BACKGROUND

While the worldwide deployment of ADS-B has created
another dependency on GNSS, it has also created signif-
icant ground-based infrastructure, under the control of
Air Navigation Service Providers (ANSPs), that may be
useful for mitigating the impacts of GNSS interference.
Two protocols exist for ADS-B in the United States: Mode
Select (Mode S) Extended Squitter (ES) on 1090 MHz -
which has been adopted worldwide - and UAT on 978
MHz. Mode S ES is compatible with legacy transponder
equipment and protocols. Hence, it is attractive to air
carriers that already carry Mode S transponders. UAT is
attractive for APNT in the United States, as it represents
a newer design without need for the legacy compatibility
and interoperability that limits Mode S ES. Compared
to Mode S ES, UAT has higher data rates, more efficient
bandwidth usage, and requires only minor additions to
provide accurate pseudoranges. Table 1 shows a simple
comparison of these two ADS-B protocols.
To understand the potential utility of ADS-B UAT for

navigation and timing, we provide some background on
its deployed infrastructure, the use of this infrastructure
for aviation navigation and timing, and the UAT trans-
missions, including itsmessage structure and transmission
segments.

2.1 Automatic Dependent Surveillance -
Broadcast (ADS-B) infrastructure

The ADS-B system in the United States, including the Gulf
of Mexico, is enabled by the deployment of approximately

F IGURE 2 ADS-B radio stations deployed in the
conterminous United States (CONUS) [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com and
www.ion.org]

660 ADS-B ground stations, known as radio stations (RS)
(Federal Aviation Administration, 2018). This is shown in
Figure 2. The stations receive ADS-B spontaneous trans-
missions (“squits”) from aircraft that provide aircraft posi-
tion and other data. They provide surveillance, situational
awareness and other information from the ANSPs to local
aircraft. The US RSs transmit on both Mode S ES and UAT
protocols (Federal Aviation Administration, 2018). Both
protocols provide aircraft Secondary Surveillance Radar
(SSR) information through their Traffic Information Ser-
vice Broadcast (TIS-B) and rebroadcast of ADS-B reports,
known as Automatic Dependent Surveillance Rebroadcast
(ADS-R), in which airborne messages transmitted on one
protocol are re-sent by the ground using the other protocol.
UAT also provides weather information through its Flight
Information Services Broadcast (FIS-B). These additions
offer valuable services to its targeted users - general avi-
ation - who often do not haveMode S transponders. This is
shown in Figure 3.
These ADS-B RS are commonly installed on commer-

cial cellular (as shown in Figure 4) or dedicated towers. An
ADS-BRS typically uses one omnidirectionalUATantenna
and four directional Mode S ES antennas. The Mode S ES
antenna has a 90-degree, 3 decibel (dB) beamwidth on the
azimuthal plane.

2.2 ADS-B for navigation and timing

While ADS-B was designed and deployed to support the
Air Traffic Control (ATC) surveillance functionality, ADS-
B infrastructure can provide accuracy, continuity, integrity,
and coverage benefits for navigation and timing. Like other
APNTpossibilities being studied for aviation, such asDME
and L-Band Digital Aviation Communications (L-DACS)
(Schneckenburger et al., 2013, 2018), it operates at around
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F IGURE 3 Transmissions from ADS-B radio stations and ADS-B-equipped aircraft [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com and www.ion.org]

F IGURE 4 Leon, West Virginia, ADS-B radio station on
cellular tower (L) and notional antenna layout (R) [Color figure can
be viewed in the online issue, which is available at
wileyonlinelibrary.com and www.ion.org]

1000 MHz and in an Aeronautical Radio Navigation Ser-
vice (ARNS) band that is protected for aviation use. A ben-
efit of using ADS-B is to help support navigation in air-
port terminal areas, where aircraft are closer to the ground
and fewer terrestrial stations are available due to LOS lim-
itations. Our previous analysis has shown that using the
roughly 660 ADS-B RS used with the 1,100 DME stations
in CONUS can provide significant coverage improvements
over DME alone for NextGen terminal area operations (Lo
et al., 2011, 2014). Figure 5 shows a map of ADS-B RS and
DME stations in CONUS. Even greater improvements can
be achieved when these signals can be combined using the
hybrid APNT concept (Lo et al., 2014), which combines
pseudoranges with true ranges. Of course, a necessary con-
dition for such capabilities using ADS-B is accurate knowl-
edge of Time of Transmission (TOT), which enables pseu-
doranging and time synchronization. Next, we discuss the
UAT transmission to understand when and how we can
derive its TOT.

F IGURE 5 DMEs (squares), Tactical Air Navigation
(TACANs) (circles), and ADS-B radio stations (pins) deployed in
CONUS [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com and www.ion.org]

2.3 UAT transmissions

The key to understanding UAT for navigation is to under-
stand its channel design. The UAT channel is organized
into one-second-long frames, ideally starting at each UTC
second. This frame is divided into two segments: Ground
and ADS-B. Transmissions are only allowed at specific
times relative to the UTC second, known as Message
Start Opportunities (MSO). MSOs are uniformly spaced
and 250 microseconds (μs) apart, starting and ending
6 milliseconds (ms) after and before the UTC, respectively.
These 6 ms periods before and after the UTC second pro-
vide guard bands between the segments. There is a 12 ms
guard band that begins 182ms after a UTC second that sep-
arates the end of the Ground Segment and the beginning
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F IGURE 6 UAT frame and transmission structure based on
descriptions and diagrams from (RTCA Special Committee-186,
2009) [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com and www.ion.org]

of the ADS-B Segment. The TimeDivisionMultiple Access
(TDMA) structure of UAT is shown in Figure 6.
TheUAT signal ismodulated throughContinuous Phase

Frequency Shift Keying (CPFSK) with the signal fre-
quency varying by ±312.5 kHz. CPFSK keeps the trans-
mitted energy mainly within a 1 MHz DME channel. An
increase of 312.5 kHz (Δf) indicates a “1” bit,while the same
decrease indicates a “0” bit. Each UAT transmission uses a
synchronization header consisting of 36 0.96 μs long bits.
While the bit period is roughly the same as that for Mode
S ES, the UAT message structure and organized channel
(slotted ALOHA) allow for longer messages, larger pay-
load, and higher data rates compared to the pure ALOHA
random transmissions for Mode S ES (Federal Aviation
Administration Surveillance and Broadcast Services (SBS)
Program Office, 2013). The synchronization bit sequence
used for the ADS-B segment are the inverse of those used
in the ground segment.
In the ground segment, only transmissions (i.e. FIS-

B) from ground stations are allowed. Transmissions
are further limited to being started at only 32 uplink
opportunities or slots for each second, with adjacent
slots separated by 5.5 ms (i.e. 22 MSOs apart). A ground
station regularly transmits in one to four of the allowed
32 slots in each given second. The number depends on its
service altitude with one, two, three, and four messages
transmitted in these slots per second for the surface-, low-,
medium- and high-altitude tier stations, respectively. This
is shown in Figure 7. Each service tier has designated
sets of transmission slots that are used exclusively by that
tier at any given second. So, a station at one service tier
will not use a slot currently designated for a station at a
different service tier. We will show later that a message
transmitted in one slot should not interfere with messages
transmitted in other slots, including adjacent ones. The
consequence of the above statements is that only stations
in the same tier using the same slot set may interfere with
each other. Hence, stations serving different tiers will not

F IGURE 7 UAT ADS-B radio station tiers based on (Federal
Aviation Administration Surveillance and Broadcast Services (SBS)
Program Office, 2013) [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com and
www.ion.org]

F IGURE 8 Notational layout of station tiers (L = low, M =

medium, H = high, number = slot set used) figure from (Federal
Aviation Administration Surveillance and Broadcast Services (SBS)
Program Office, 2013) [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com and
www.ion.org]

interfere with each other, as they do not transmit in the
same slots. The stations are organized using a cellular
layout with multiple low-, fewer medium-, and even
fewer high-altitude stations serving each region. This is
notionally shown in Figure 8.
The system is designed such that a user can always

receive the FIS-B messages needed for the airspace it is in.
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F IGURE 9 Example of UAT coverage from low-to-medium
altitude tier; L and M tier station targets providing coverage to
aircraft below 3,000 and 14,000 ft above ground level (AGL),
respectively. Above 3,000 ft AGL, L tier stations may interfere with
each other [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com and www.ion.org]

Figure 9 illustrates the concept. An aircraft starts at low
altitude and can receive low-altitude tier station L1. While
station L2 may interfere as it uses the same slots, this
will only happen when the aircraft is at an altitude high
enough where the station L2 is within the radio horizon of
the aircraft. By this point, the aircraft is at a higher altitude
and would have a medium-altitude tier station (M1) avail-
able for data. The medium-altitude station transmissions
will not be interfered with by the low-altitude stations.
They will contain all the data from receivable low-altitude
stations, plus additional information to cover the larger
coverage area of the medium-altitude station - it has
more transmission slots than low-altitude stations. The
design guarantees data availability but reduces available
signals for ranging as it essentially has built-in intra-
system interference – something we discovered in our
flight tests.
Each ground segment FIS-B message contains 4,416 bits

plus a 36-bit synchronization sequence. The actual mes-
sage data payload is 3,456 bits (432 bytes), which includes
an 8-byte header. The reduction is due to application of for-
ward error correction (FEC). Since each bit takes 0.96 μs,
ground segment messages are about 4.274 ms long. Since
adjacent slots are separated by 5.5 ms, a message from one
slot is unlikely to interferewith that transmitted in another.
The 1.23 ms difference between the message length and
slot interval represents about 368 kilometers (km) of
distance for an electromagnetic (EM) signal. For two
transmissions from adjacent slots to interfere, the earlier

transmission would have to be from at least 368 km further
away. This distance is beyond the design range of UAT
transmissions.
The ADS-B segment contains ADS-B transmissions

from aircraft as well as ADS-R and TIS-B from RSs. In
this segment, every MSO may be used for a transmission.
Hence, there are more possibilities for interference. ADS-
B segment messages are much shorter and contain less
data than the ground segment messages. Two message
form factors are defined: 1) basic message that is 272 bits
(264.96 μs) long and 144 bits of data payload, and 2) long
message that is 420 bits (403.2 μs) long that provides
272 bits of data payload. The additional bits in those
messages are used to support FEC and synchronization.
Transmissions from adjacent MSOs could easily inter-
fere. However, it is attractive to use ADS-B segment for
navigation and time because it can provide many more
transmissions than the ground segment and it occupies
much of each 1 second UAT epoch.
The next section will discuss pseudoranging using UAT

ground transmissions. The ground segmentmessages (FIS-
B) contain the basic information (TOT, station location)
needed for pseudoranging, whereas ADS-B segment mes-
sages do not contain this information. Hence, the ADS-B
segment messages cannot be directly used for pseudorang-
ing without aid or modification. The focus of the next sec-
tion addresses this issue.

3 PSEUDORANGINGWITH UAT

This section develops and demonstrates how ground trans-
missions (TIS-B, ADS-R) from theADS-B segment also can
be used for pseudoranging by leveraging information from
prior messages. The developed technique allows nearly all
ground transmissions to be used for basic ranging with-
out change to the message content. Some changes may
be needed to support higher accuracy and integrity. The
final part of the section uses static ground measurements
to assess the methodology and the performance of ranging
using ADS-B segment ground message.

3.1 Providing pseudoranging and
timing with UAT overview

The regularly transmitted UAT FIS-B messages contain
much of the required information for pseudorange in their
message headers: station location in the form of latitude
and longitude, as well as station identification, and TOT
in the form of the slot ID (0 to 31). The slot ID can be
converted to TOT (relative to the UTC second) by Equa-
tion 1. Hence, it practically contains everything needed for
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pseudoranging in the ground segment transmission.

𝑇𝑂𝑇 = 6 + 5.5 ⋅ (𝑠𝑙𝑜𝑡 𝐼𝐷) 𝑚𝑠 (1)

However, it is not fully sufficient for the highly reli-
able and accurate navigation, precise time transfer or abso-
lute time. The UAT signal, as described in the current
UAT Minimum Operational Performance Specifications
(MOPS) (RTCASpecial Committee-186, 2009), still has sev-
eral limitations for time synchronization and navigation
with integrity. Specifically: 1) It cannot indicate if the trans-
mission timing variation is less than 500 nanoseconds (ns)
off UTC; 2) it does not provide absolute time information
(e.g., time of week in seconds, week number relative to a
start week); and 3) it only allows for an approximately 1 Hz
range update rate.
The first is of great import for trusted navigation and

timing. A FIS-B message contains a coarse integrity flag
for synchronization to UTC, indicating whether the trans-
mission is or is not within 500 ns of UTC. As the message
has significant data capacity, it also may be possible to use
a few bits for additional integrity alerts related to ranging.
One solution is to provide a fine synchronization flag that
perhaps indicates different possible levels of time synchro-
nization to UTC. Using only 2 bits, we could indicate the
timing accuracy more precisely – for example: better than
250 ns, 100 ns, 50 ns or 10 ns time synchronization.
The second and third issues are relevant to time and

navigation, respectively. A knowledge of which second
the message is transmitted is needed to provide absolute
time. This can be done in a similar way as GPS/GNSS with
two fields – seconds since start of week (using 20 bits)
and week number (using 11 bits, which would result
in rollover every ∼ 40 years). An ADS-B segment basic
message is more than sufficient to provide this given the
low data requirement. Additional unused capacity on a
FIS-B message also could be used. On first glance, the 1 Hz
update rate seems strange given there may be up to four
ground segment transmissions per second for each ground
station. However, these are all transmitted in the same
176 ms span each second, which means that we would
go over 800 ms between two pseudorange measurements
if using only ground segment messages from an RS,
even if it transmitted multiple ground segment messages
per second.

3.2 Providing pseudoranging and
timing with UAT

To achieve UAT pseudoranging measurements at a fre-
quency much higher than 1 Hz requires that ADS-B
segment transmissions from the ground (TIS-B, ADS-R)

be used. The ADS-B segment messages in the current
standards do not contain the necessary information for
pseudoranging (RTCA Special Committee-186, 2009).
Most importantly, the messages do not clearly provide
TOT and identification of the ground station source.
Other necessary information, such as station location
and timing accuracy, may be gathered from the ground
segment transmissions. One way of supplying TOT
and source station identification could be achieved by
developing and transmitting new ADS-B segment pseu-
doranging messages or extending existing messages.
These methods would cost additional bandwidth and
require changes to the MOPS and perhaps to the RSs.
Therefore, we developed a way to use existing messages
by creating a technique to determine the TOT and source
identification from existing transmissions. In this way,
we can use ADS-B segment message for pseudoranging
without creating additional congestion to the spectrum
and requiring modifications to existing infrastructure and
transmissions.
We created a technique to determine TOT and source

ground station identification by leveraging the informa-
tion from the ground segment transmissions. From ground
segment transmissions, we know the stations visible and
the approximate corresponding pseudoranges. Over one
UAT frame, the pseudorange from ground and ADS-B seg-
ment messages, denoted by PRGND and PRADSB, respec-
tively, should be close even for a fast-moving commercial
aircraft - less than ∼300 m. This is the distance traveled
by an aircraft at 600 knots in one second. Since ground
segment messages contain TOT, PRGND is known, but we
cannot immediately calculate PRADSB because there is no
TOT information in the ADS-B segment messages. How-
ever, since TOT must occur at a specified MSO, we can
generate an estimate of PRADSB for each received ADS-B
segment message and use our known PRGND to determine
if the estimate is correct.
To make the estimate, we start with Equation 2, which

shows that PRADSB equals the difference of time of arrival
of the message at the aircraft (TOAAC) from the TOT from
the ground station (TOTGND). Within a given second, the
true TOTGND equals the true transmission MSO (MSOtrue)
times 250 μs, since it must be transmitted at an MSO. For
simplicity, the calculations shown neglect the initial 6 ms
guard band offset from the UTC second seen in Figure 6.
While we do not know MSOtrue, we know that it differs
from any other MSO (such as our initial estimate of the
true MSO, MSOest) by an integer multiple (N) of 250 μs
– this is Equation 3 which we use to derive Equation 4.
We can try different values of N and get corresponding
guesses (PRADSB,est) for the pseudorange as per Equation 5.
If we use the nearest MSO based on our time of arrival
as our baseline guess, then the search space for N is
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not large, as each unit change in N represents 75 km
of distance and the transmission range of the ADS-B
RS is less than 450 km. In this case, we only need to
look at Ncalc = 0 to 6 as possible values of N. The search
space can be further reduced if we use received signal
power to determine if the RS is close by or potentially far
away.
From the various possible values of Ncalc in Equation 5,

we generate a set of possible pseudoranges. If the transmis-
sion comes from one of the stations, M, where we have a
PRGND for that UAT frame (i.e, second), then there should
be a PRADSB,est that is approximately equal to PRGND,M
where PRGND,M is the ground segment pseudorange from
station M calculated in that same UAT frame. If we can
determine an N such that, for ground station M, PRGND,M
and PRADSB,est reasonablymatch, thenwe have determined
the TOT (MSOest+N) and identified the transmitting sta-
tion (M). This is shown in Equation 6.
In fact, we do not even need to PRGND if we have PRADSB

from the prior second, as this pseudorange change over one
second should be less than 300 m for even the fastest oper-
ational commercial aircraft, so PRADSB should differ from
the current pseudorange by less than 300 m. Denoting the
current time asn for each station,we canuse either the cur-
rent pseudorange from the ground segment, PRGND, time n,
or the prior second pseudorange from the ADS-B segment,
PRADSB,time n-1, as our initial guess, PRADSB,init, and use it
to calculate N (Ncalc). While Ncalc should be an integer,
transmission time variations, measurement errors, and
displacement between our prior measurement to current
time will result in the calculation from Equation 8 to not
be an integer. Themain error is the aircraft displacement of
about 300m, or 1μs over 1 second, clock drift, andmeasure-
ment error. The latter two errors should be much smaller
than the first. Thus, we may have about 1.5 μs of error due
to aircraft displacement over 1.5 second. Additionally there
may be a few tens of nanoseconds (ns) of other errors. This
means that a correct Ncalc should only differ from an inte-
ger value by 1.5 us/250 us or 0.006. This maximum devi-
ation will be slightly increased by measurement noise but
decreased for a slower aircraft. Note that the clock synchro-
nization of the ground station does not matter with this
method as we are essentially looking at a time difference,
so absolute clock offsets are cancelled, leaving only clock
drift. Theoretically, finding the correct Ncalc allows us to
get a pseudorange that is nearly as accurate as that derived
from the ground segment transmissions.

𝑃𝑅𝐴𝐷𝑆𝐵 = 𝑇𝑂𝐴𝐴𝐶 − 𝑇𝑂𝑇𝐺𝑁𝐷

= 𝑇𝑂𝐴𝐴𝐶 −𝑀𝑆𝑂𝑡𝑟𝑢𝑒 ⋅ 250 𝜇𝑠 (2)

𝑀𝑆𝑂𝑡𝑟𝑢𝑒 = 𝑀𝑆𝑂𝑒𝑠𝑡 + 𝑁 (3)

𝑃𝑅𝐴𝐷𝑆𝐵 = 𝑇𝑂𝐴𝐴𝐶 − (𝑀𝑆𝑂𝑒𝑠𝑡 + 𝑁) ⋅ 250 𝜇𝑠 (4)

𝑃𝑅𝐴𝐷𝑆𝐵, 𝑒𝑠𝑡 = 𝑇𝑂𝐴𝐴𝐶 − (𝑀𝑆𝑂𝑒𝑠𝑡 + 𝑁𝑐𝑎𝑙𝑐) ⋅ 250 𝜇𝑠 (5)

𝑃𝑅𝐴𝐷𝑆𝐵, 𝑠𝑡𝑎𝑡𝑖𝑜𝑛 𝑀, 𝑡𝑖𝑚𝑒 𝑛 ≅ 𝑃𝑅𝐺𝑁𝐷, 𝑠𝑡𝑎𝑡𝑖𝑜𝑛 𝑀, 𝑡𝑖𝑚𝑒 𝑛

= 𝑃𝑅𝐴𝐷𝑆𝐵, 𝑖𝑛𝑖𝑡 (6)

𝑃𝑅𝐴𝐷𝑆𝐵, 𝑡𝑖𝑚𝑒 𝑛 ≅ 𝑃𝑅𝐴𝐷𝑆𝐵, 𝑡𝑖𝑚𝑒 𝑛−1 = 𝑃𝑅𝐴𝐷𝑆𝐵, 𝑖𝑛𝑖𝑡 (7)

𝑁𝑐𝑎𝑙𝑐 =
𝑇𝑂𝐴𝐴𝐶 − 𝑃𝑅𝐴𝐷𝑆𝐵, 𝑖𝑛𝑖𝑡

250 𝜇𝑠
−𝑀𝑆𝑂𝑒𝑠𝑡 (8)

An equivalent way to make the estimate is to calculate
time of transmission assuming the signal is from one of
the stations for which we have a ground segment pseudo-
range, PRGND, or an ADS-B segment pseudorange from a
prior second. This is seen inEquation 9 for ground segment
pseudoranges. If we can identify a station Mwith PRGND,M
that results in a TOT close to a permitted transmission time
or MSO (within ∼ 300 m), then we have potentially identi-
fied the station and TOT.

𝑇𝑂𝑇𝑒𝑠𝑡, 𝑠𝑡𝑎𝑡𝑖𝑜𝑛 𝑀 = 𝑇𝑂𝐴𝐴𝐶 − 𝑃𝑅𝐺𝑁𝐷, 𝑠𝑡𝑎𝑡𝑖𝑜𝑛 𝑀 (9)

In rare instances, a user may have two or more different
stations that satisfy the MSO criteria. We discuss three
methods to handle this possibility in (Lo, Chen et al.,
2015). One method is to use the ADS-B segment message
itself. Some messages contain the six Least Significant
Bits (LSB) of the transmit MSO, which could also be
used to determine the source of ADS-B segment ground
transmission and hence the correct TOT. Our measure-
ments, which we used for our ranging analysis, show that
this is not a commonly transmitted message. However,
there are also spare bits, such as byte 18, from existing
ADS-R/TIS-B messages that may be used to provide some
information to resolve the ambiguity on the MSO and
transmitting station. Finally, the MOPS indicate that
the TIS-B message may contain four non-unique bits to
help identify the transmitting station. The bits are not
globally unique but potentially unique to stations in the
vicinity.

3.3 UAT pseudoranging demonstration

We conducted experiments to verify the technique using
static data from two ADS-B ground stations near Stanford,
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F IGURE 10 Histogram of pseudoranges from San Jose ADS-B radio station: All (top), Ground Segment (middle), ADS-B Segment
(bottom) [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com and www.ion.org]

California. The resulting pseudoranges from the ground
segment and ADS-B segment match reasonably well. The
process for calculating TOA with the software defined
radio is described in (Chen et al., 2014). Figure 10 and
Figure 11 show histograms of the ADS-B segment pseu-
doranges derived using the described technique (bottom)
alongwith the ground segment pseudoranges (middle) and
all pseudoranges (top) for the San Jose andWoodside ADS-
B stations. The pseudoranges are close and imply that the
MSOs are correctly estimated. But they also exhibit some
differences with the mean of ADS-B segment pseudor-
anges exceeding that of the ground segment by about 15–
20m. This is common tomeasurements fromboth stations.
The difference may be due to our simple processing, as the
ground and ADS-B segments use different headers. This
difference is not the result of error estimating the MSO,
which would result in an error of at least 75 km (250 μs).
For both segments and stations, the standard deviations of
the pseudoranges are approximately 15 m.

4 FLIGHT TEST OVERVIEW

Having developed and demonstrated the ability to generate
pseudoranges from UAT transmissions, we then sought to
demonstrate UAT-based navigation solutions. To support
tests of ADS-B for navigation and tests of enhanced DME,
StanfordUniversity andOhio University jointly conducted

flight tests of APNT technologies in March 2015 (Lo, Chen
et al., 2020). This flight test allowed for evaluation of key
APNT technologies. UAT measurements were collected in
the air and on the ground. As seen in Figure 12, elements
on both the aircraft and the groundwere fielded to support
ADS-B testing.
The test aircraft used was a Beechcraft Baron fitted

with a 19-inch avionics rack. This Ohio University aircraft
test platform has been used on prior APNT testing (Li
& Pelgrum, 2014). Onboard the test aircraft was an ADS-
B experiment rack shelf, which contained data collection
equipment for collecting raw signal samples of UAT and
Mode S ES on 1090 MHz from a DME/ADS-B antenna
on the underbelly of the aircraft. The signals coming in
the antenna go through several signal protection compo-
nents. One component was a limiter to suppress the effect
of ownership transmissions. Another was a switch tied to
the aircraft suppression bus which prevents our aircraft
DME interrogations from entering into our data collec-
tion system. The signal was then split and sent to analog
filters for UAT and 1090 MHz. Each signal had its own
dedicated Universal Software Receiver Peripheral (USRP)
using a daughter card to digitize the data, which was then
sent to a data server where the raw radio frequency (RF)
signals were stored for post processing by our software
receiver. The USRPs were synchronized using the same
10 MHz clock input. This is shown in Figure 13. The Ohio
University robust Inertial Measurement Unit (IMU) GPS



302 LO and CHEN

F IGURE 11 Histogram of pseudoranges fromWoodside ADS-B radio station: All (top), Ground Segment (middle), ADS-B Segment
(bottom) [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com and www.ion.org]

F IGURE 1 2 ADS-B elements of March 2015 flight test [Color
figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com and www.ion.org]

Receiver (RIGR), which houses a Novatel OEM-V3 GPS,
provided GPS observations and time tagging of the data
and enabled precise time of arrival (TOA) determination.
We further refined the time tag and GPS position data col-
lected using a post-processed precise GPS service such as
Canadian Spatial Reference System (CSRS) Precise Point
Positioning (PPP).
Six test flights were performed from March 10–13, 2015.

All six flights collected data suitable for assessing UAT per-
formance. For four of the six flights, ground reference data

F IGURE 13 Airborne ADS-B collection rack shelf [Color
figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com and www.ion.org]

were also collected. This paper will focus on UAT range,
position, and interference.
Figure 14 shows a map with the composite ground

track of the flights, along with the ADS-B radio stations
observed. The flight tests were centered around Ohio Uni-
versity Airport. Two flights were check-out flights, while
others were flown to gather data in a wheel-and-spoke pat-
tern around the airport at different ranges and altitudes.
The inner spoke andwheelwere flown at∼3,300 feet above
mean sea level (MSL) and the outer spoke and wheel were
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F IGURE 14 Test flight paths and ADS-B RS decoded (with slot
numbers indicated) [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com and www.ion.org]

TABLE 2 March 2015 flight altitudes

Date/Time
Cruise Altitude
(MSL) ft

March 10 a.m. 6,000-7,000
March 10 p.m. 4,000-5,000
March 11 p.m. 10,500
March 12 a.m. 3,300
March 12 p.m. 10,300
March 13 a.m. 3,300

flown at ∼10,000 feet MSL. The cruise altitude of each
flight is shown in Table 2 where a.m. and p.m. indicate
morning and afternoon flights, respectively. The airport is
roughly at 650 feet MSL.
The flights decoded UAT broadcasts from stations Ohio

(OH), Kentucky (KY), West Virginia (WV), Virginia (VA),
Michigan (MI), Pennsylvania (PA) and Tennessee (TN).
These stations are shown in the figure with low-, medium-
and high-altitude ADS-B UAT RS denoted by blue, yellow
and red markers, respectively.

5 ANALYSIS OF UAT PERFORMANCE

The flight test data allows an examination of UAT per-
formance not generally possible with ground testing.
We assess range accuracy from multiple stations at
a variety of ranges and altitudes. As multiple ranges
are available, UAT position and position availability
can be assessed. Finally, intra-system interference and

its impact are assessed. This interference is only visi-
ble at altitudes where multiple distant stations can be
received.

5.1 Accuracy

Range accuracy is calculated by comparing the measured
propagation time of the UAT FIS-B signal (i.e. ground
segment messages) to the expected propagation time.
Measured propagation time (tprop,meas) is determined from
the difference of measured TOA (TOAmeas) compared to
the indicated TOT (TOTind) of the signal. Assuming that
the ADS-B RS is synchronized to UTC, the measurement
difference between the indicated TOT and measured
TOA, as timed by UTC from GPS, is on the same time
scale. Hence, we treat the time difference as a true time
difference that yields a true range. The expected prop-
agation time (tprop,expected) is calculated using the range
between the post-processed GPS position of the aircraft
(xyzac) and the surveyed location of the ADS-B station
(xyzadsb). The expected propagation time also accounts for
troposphere delay (∆tropo) using the Millman model (Mill-
man, 1958) and assuming 100% humidity. This expected
time represents the truth value, and the range error is the
difference between measured and expected propagation
times. The basic calculations are seen in Equations (10)
and (11).

𝑡𝑝𝑟𝑜𝑝, 𝑚𝑒𝑎𝑠 = 𝑇𝑂𝐴𝑚𝑒𝑎𝑠 − 𝑇𝑂𝑇𝑖𝑛𝑑 (10)

𝑡𝑝𝑟𝑜𝑝, 𝑒𝑥𝑝𝑒𝑐𝑡 = (‖𝑥𝑦𝑧𝑎𝑐 − 𝑥𝑦𝑧𝑎𝑑𝑠𝑏‖2) ∕𝑐 + Δ𝑡𝑟𝑜𝑝𝑜 (11)

The resulting ranges should have errors introduced by
processing, noise, multipath, equipment bias, GPS derived
position, ADS-B station survey position and RS clock offset
to the onboard GPS derived time. Some of the equipment
bias can be eliminated by removing the average bias from
all stations since this should be common mode. Figure 15
shows the range error after removing the average value
over all stations as a bias. Evenwith this removal, the range
error will still contain some bias, albeit much smaller and
mostly due to clock error on each ADS-B RS. In the figure,
there are outlier error points that are several standard
deviations from the mean. The cause of the outliers is an
integrity issue and merits further investigation. However,
they are all within the 500 ns of UTC, and so are within
synchronization tolerance allowed by the ADS-B RS
for UAT.
From this data, the mean and accuracy (two standard

deviations) of range error for each station on each flight
is calculated. Figure 16 shows the location of the ADS-B
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F IGURE 15 Range error from March 10, 2015, p.m. flight
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com and www.ion.org]

RS seen in the analysis and their nominal ground segment
transmission slots. Table 3 shows the mean, relative to the
average bias over all stations, and the accuracies (two stan-
dard deviation or 2 σ) of the range error for the March 10
afternoon flight. This flight was at low altitude, and the
stations visible were generally within about 120 km. The
2 σ accuracy is around 20 m. Table 4 shows the accuracy
for all six flights. As suggested by the greater number of
stations measured, the March 11 and 12 afternoon flights
were conducted at a higher altitude over a longer distance.
The range errors in these flights were slightly larger than
the other. Stations on these flights can be received at larger
ranges. Additionally, there was more intra system interfer-
ence on these flights. Overall range accuracy typicallymea-
sured between 20–30 m. However, this does not consider
the bias errors which will exist partly because of ground
station clock differences.

5.2 Interference

The flight test also allowed us to examine the effects of
intra-system interference due to transmission slot alloca-
tion. This interference was seen in the air, and Figure 17
shows an example of the interference between the signals
from two UAT stations in the time domain. Without inter-
ference, ideally, a constant envelope signal with continu-
ous phase changes should be seen. This interference was
not seen on our ground measurements during the same
time period.
Interference can potentially cause two issues: 1) loss of

signal availability, and 2) increased range error. In this

paper, we only explore the former, as the loss of signal can
be clearly analyzed by comparing the number of received
versus expected transmissions. The increased range error
can be a more complex issue and is left for future analysis.
The interference certainly can and does cause amultipath-
like error. However, there are several ways to detect and
mitigate this error. Detection can be done by decoding the
messages and performing checks with the FEC and parity
check. Detection and elimination of interfered signals may
be suitable mitigation if there are many signals available.
Our basic correlation processing did not attempt to remove
the effect of the interference, but more advanced signal
processing could mitigate the effect. A simple method is
to use only the un-interfered portion of the signal which
will be at the start of the message. This is fortuitous as
it contains the most important components for ranging,
such as the message header information and initial TOT.
Also, it may be possible to know many of the transmit-
ted bits from prior messages (such as the header), and a
receiver may be able to process out some of the interfering
signal.
In the flight test, signals were received from many sta-

tions, most of which were low-altitude tier stations. Fig-
ure 18 shows the flight paths, the stations received and their
assigned slot numbers. Stations having the same slot num-
bers can interfere with each other. The blue, yellow, and
red indicate low-, medium-, and high-altitude tier stations,
respectively. For low-altitude stations, there are several sta-
tions that use the same set of slots, roughly four in the flight
area shown. There are far fewer medium-altitude stations
using common slots. The figure shows stations using the
same slots circled with the same shade of blue or yellow.
For the high-altitude stations, no stations with common
slot numbers were in the vicinity.

5.3 Interference effects on coverage

The effect of the interference on coverage is examined by
looking at the range where message losses become signif-
icant. Figure 19 shows the average number of messages
decoded as a function of distance for the March 10 after-
noon flight. This flight was flown at 4,000-5,000 ft MSL.
The figure shows the average for all low- and medium-
altitude tier stations decoded, and the top line indicates
how many seconds of data are available for the average.
Recall that for low- and medium-altitude stations, receiv-
ing all messages means having two and threemessages per
second, respectively. On the plot for low-altitude tier sta-
tions (left side), there are three instances where the mes-
sages decoded drop off from the full reception value. The
drop-off around 40–60 km is traced to aircraft maneuvers.
At 80 km, transmission reception starts to drop off due
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F IGURE 16 ADS-B radio stations in vicinity of flight test. Pin captions show station location name and UAT ground segment
transmission slots assigned [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com and www.ion.org]

TABLE 3 UAT range error on March 10 p.m. flight

Station Mean (m)
Accuracy
(m; 2 σ)

Ashland, KY 38.5 21.0
Leon, OH 10.4 24.9
Hillsboro, OH 3.2 19.6
Baltimore, OH −3.2 26.1
London, OH −19.7 16.9
Urbana, OH −0.9 22.5
Wooster, OH −28.9 15.4
Bucyrus, OH 1.5 16.2
Baltimore, OH (Ref) - 12.6

potentially to intra-system interference. Near full recep-
tion returns at 100 km, but then reception again starts to
decrease at a range of 120 km for other stations. For the
plot with medium-altitude stations (right side), a sharp
drop-off is seen around 150 km out. This is likely due to
line-of-sight (i.e. radio horizon) limitation as the theoreti-

cal radio horizon at 4,000 ft MSL is about 160 km. Hence
the significant message loss for medium-altitude stations
only occurs due to radio coverage. This is expected as the
design of the system is such that there should be little or no
interference on the medium-altitude stations at our flight
altitude.
Figure 20 shows a similar plot for the March 11 after-

noon flight. This flight occurred at ∼10,500 ft, where
greater interference occurs for the low- and medium-
altitude stations. For low-altitude stations, the average
messages per second drops from its ideal value at 40 km
and then more permanently at 80 km and beyond. This
plot shows a higher level of interference than in the lower-
altitude March 10 afternoon flight. For medium stations,
the reception is near ideal up to a range of 80 km, has
a slight drop to 2.5 messages up to a range of 120 km
and then drops more afterwards. This shows more mes-
sage loss and hence interference than seen in Figure
19. This is expected, as there should be more medium-
altitude station interference since the aircraft is at a higher
altitude.
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TABLE 4 UAT range accuracy (m, 2σ), March 2015 flight tests

Station
3/10
a.m.

3/10
p.m.

3/11
p.m.

3/12
a.m.

3/12
p.m.

3/13
a.m.

Elizabethton,
TN

26.7 24.0

Wise, VA 23.2 16.7
Jackson, KY 30.3 22.3
Louisville, KY 18.0 18.5
Ashland, KY 21.0 28.1 20.9 44.1 19.6
Leon, WV 17.6 24.9 26.4 27.5 18.6 25.4
Falmouth, KY 24.9
Philippi, WV 22.6 15.6
Hillsboro, OH 17.6 19.6 38.2 22.0 37.6 23.7
Hamilton, OH 32.5 18.8 31.3 22.0
Shinnston,
WV

21.0 32.4 17.9 28.6 17.6

Baltimore,
OH

27.5 26.1 29.7 23.2 19.0 23.6

London, OH 16.1 16.9 29.5 20.9 28.5 20.7
Washington,
PA

20.0 20.0 19.8

Urbana, OH 17.7 22.5 29.3 32.8 30.6 19.2
Butler, PA 19.8 26.7
Wooster, OH 18.4 15.4 23.2 15.4
Bucyrus, OH 18.6 16.2 27.5 20.4 20.8 18.7
Cleveland,
OH

26.8 22.5

F IGURE 17 Interference between two UAT FIS-B on a signal
amplitude (y-axis) versus time (x-axis) plot. Nominal UAT signal
has constant amplitude envelope (Photo of inflight data display)
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com and www.ion.org]

The coverage difference can be seen in Figure 21 and
Figure 22, which show the reception of a low- (Baltimore,
OH) and medium- (Urbana, OH) altitude station, respec-
tively. The plots show where the aircraft received all, some
(partial), or none of the signals from that station. The
coverage area (providing full or partial reception) of the

F IGURE 18 Test flight paths and ADS-B RS decoded (with
assigned slot numbers indicated); ADS-B RS sharing the same slots
are circled with the same shade of color [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com and
www.ion.org]

medium-altitude station is significantly larger than that of
the low-altitude station.
A key reason for using ADS-B for APNT is to have more

ranging signals at low altitude. The radio horizon limits
the reception of signals at range and, hence, may limit the
impact of the most distant interference source(s) on cov-
erage at low altitude. We calculate the relationship mini-
mum altitude of the user versus the maximum distance,
d, at which a signal is receivable. This distance, the radio
horizon, was calculated using Equation 12 (radio hori-
zon equation) with a standard k factor of 4/3 (4/3 earth
radius model) (Haslett, 2008; Wikipedia). The k factor,
which adjusts for the refraction of the radio signal in the
atmosphere, can vary, but k = 4/3 generally models nor-
mal atmospheric conditions for line-of-sight RF signals
(>30 MHz). The model is seen in Equation 12, where R is
the radius of the earth and htx and hrx are the transmitter
antenna (ground station) and receiver antenna (aircraft)
heights above earth. With k = 4/3, htx and hrx in m, and
d in km, the

√
2𝑘𝑅 term equals about 4.12.

Figure 23 shows the minimum altitude as a function of
distance for which a signal from a transmitter on a 25 m
tower is still in radio line of sight based on Equation 12.
To illustrate, the figure shows that the value of the curve
at a ground distance of 160 km is approximately 1,145 m.
This means that an aircraft 160 km away from the trans-
mitter would need to be at an altitude of at least 1,145 m
(3,757 ft) to receive the transmitter’s signals based on the
model. Another way to say this is that at an altitude of
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F IGURE 19 Average number of messages decoded per second versus distance for low- (left, 100% = 2 msg/sec) and medium- (right,
100% = 3 msg/sec) altitude tier stations (March 10, 2015, p.m.). Top number indicates seconds of data available for the average [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.com and www.ion.org]

F IGURE 20 Average number of messages decoded per second versus distance for low- (left, 100% = 2 msg/sec) and medium- (right,
100% = 3 msg/sec) altitude tier stations (March 11, 2015, p.m.). Top number indicates seconds of data available for the average [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.com and www.ion.org]

1,145 m, the radio horizon of the transmitter at 25 m alti-
tude (e.g. MSL) is 160 km at 1,145 m (in the same altitude
frame). As reference, the radio horizon from the model at
4,000 ft MSL is 164.5 km. This seems to reasonably model
our flight results shown in Figure 19 where complete loss
of station reception occurs at a ground distance of around
160 km when flying at about 4,000 ft MSL. The radio hori-
zon is where we would expect to start losing all messages
from the station (goes to zero); we can see this happening
on both plots of Figure 23 around 160 km where the mes-
sage reception rates arewell below expected, and at 170 km,
there is essentially no message reception.
The modeling provides two important results. First, the

4/3 earth radius assumption is reasonable for estimating
ADS-B UAT radio coverage. Second, there is a distinct
reduction as well as return in message reception at dis-
tances well short of the radio horizon. This is strong evi-
dence that there is strong intra-system interference. Since

we experienced interference at around 80 km from the sta-
tion, from the figure, we can see that the minimum visi-
ble at this distance is about 200 m (660 ft), which is quite
low.Hence, even for approach and terminal airspace, intra-
system interference may be an important consideration to
tackle for UAT use as APNT.

𝒅 ≈
√
𝟐𝒌𝑹𝒉𝒕𝒙 +

√
𝟐𝒌𝑹𝒉𝒓𝒙 =

√
𝟐𝒌𝑹

(√
𝐡𝐭𝐱 +

√
𝐡𝐫𝐱

)

= 𝟒.𝟏𝟐

(√
𝒉𝒕𝒙 +

√
𝒉𝒓𝒙

)
[𝒌𝒎] (12)

5.4 Positioning

The flight altitudes and relatively flat terrain of Ohiomean
that signals from multiple ADS-B radio stations can be
received even at reasonably low altitudes out to roughly
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F IGURE 2 1 Reception map of Baltimore, OH, station (numbers indicate UAT ground segment slots assigned) [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com and www.ion.org]

F IGURE 22 Reception map of Urbana, OH, station (numbers indicate UAT ground segment slots assigned) [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com and www.ion.org]
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F IGURE 2 3 Minimum altitude at which an L-band signal is
in radio line of sight from a 25 m tower versus distance from the
tower (radio horizon model using 4/3 earth radius assumption)
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com and www.ion.org]

F IGURE 24 Number of stations per time epoch on March 12,
2015, a.m. flight (cruise at 3,300 ft MSL) [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com and
www.ion.org]

the ideal radio horizon based onmodeling with a 4/3 earth
radius. Given the stations available, this range is sufficient
for positioning even at altitudes of 3,000 ft MSL or lower.
Figure 24 and Figure 25 show the number of stationswhere
we measure pseudorange for the flights on March 11 p.m.
(∼3,300 ft MSL) and March 13 (∼10,500 ft MSL), respec-
tively. Comparing the figures, the number of stations mea-
sured increases for the higher-altitude flight.
An initial assessment of positioning is based on twoposi-

tion solution techniques: 1) Bancroft’s method and 2) an

F IGURE 2 5 Number of stations per time epoch on March 11,
2015, p.m. flight (cruise at 10,500 ft MSL) [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com and www.ion.org]

iterative solution (Nossek et al., 2014). Bancroft’s method
is a closed-form positioning solution, whereas the iterative
solution requires an initial guess for position. The iterative
solution is sensitive to the initial guess, and a poor guess
can cause the method to not converge to a solution. In the
analysis shown in this paper, we examined twomethods: 1)
a combination of the two methods where the closed-form
Bancroft’s solution is used to get an initial position esti-
mate for an iterative solution (Jheng, et al., 2020; Nossek,
et al., 2014), and 2) the iterative method with an initial
guess used being the true location offset by about 7 kilo-
meters horizontally.
For aircraft navigation, the signals only need to provide a

horizontal position solution, as a barometric altimeter will
provide the altitude information. For the analysis, GNSS
altitude was used as a substitute altitude source. Bancroft’s
method and the iterative solution method were adapted to
take an externally provided altitude and solve for the hor-
izontal position and time with only three measurements.
Our adapted Bancroft’s method also required an estimate
of the clock bias.
Figure 26 and Figure 27 show the positions from GPS,

UAT with an initial estimate from March 12 a.m. (3,300 ft
MSL) and March 11 p.m. (10,500 ft MSL). At 3,000 feet
MSL, there are some parts of the flight where a position
could not be calculated, as there were fewer than three
signals. For flights at 10,000 feet, we generally had no
problem with having an adequate number of signals for
positioning. The increase in available signals from increas-
ing altitude more than offsets the losses due to increased
interference.
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F IGURE 26 Position results using GPS, UAT (iterative based
on close initial guess) March 12 a.m. flight (minimum altitude of
300 m above ground level (AGL)) [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com and
www.ion.org]

F IGURE 27 Position results using GPS, UAT (iterative based
on close initial guess) March 11 p.m. flight (minimum altitude of 300
m above ground level (AGL)) [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com and
www.ion.org]

Figure 28 shows the distribution of the error in hori-
zontal position for flights in the previous paragraph when
solved using the iterative method with an initial guess off-
set from the true position by 70 km. Only converged solu-
tions are shown. Furthermore, the solutions shown are
also filtered to those having Dilution of Precision (DOP)
less than 10 and being within 10 km of the actual point
used. The former criterion rules out cases of poor geom-
etry. The latter, as we shall see, eliminates solutions that

converge to a different minimum or that are influenced
by an outlier pseudorange. These requirements seem rea-
sonable, as the navigator should have a previous solution
that is within a short distance of the current position. The
mean and standard deviation of error are around 30m. The
position errors are generally similar when using the com-
bined methodology (i.e. Bancroft’s method to provide ini-
tial estimate). Table 5 shows a comparison of results from
the March 11 p.m. flight test using different initial esti-
mates: 1) Bancroft’s method, 2) initial estimate that is off-
set from the true position by 0.5 degrees in latitude and
longitude (this is equivalent to a 70 km initial error), and
3) initial guess with a 0.05 degree offset in latitude and
longitude (equivalent to 7 km initial error). The error for
all calculated positions is large for the first two methods
– this is due to convergence to the wrong solution. The
third initial estimatemethod hasmuch lower errors: mean
and standard deviation of 29 m and 22 m. It also has all
points used by the previous two methods suggesting that
the errors in those methods are due to convergence. The
table also separates the results to show the statistics for
final positions with errors less and greater than 10 km.
For final positions with errors <= 10 km, the error statis-
tics for all methods are very similar and also represent
a majority of points (∼ 8,000). For final positions with
errors > 10 km, the error statistics for the first two meth-
ods are in the tens of kilometers and represent about 1%
of all points (55 and 87 out of over 8,000). Using Ban-
croft’s method for initial estimate produced a few more
instances with large errors as, in those instances, the Ban-
croft’s method produced initial positions that were very far
from the true position. There are no instances with large
final position error when we have a better initial estimate
(method three) even though that analysis contains every
instance used in the previous two methods. This again
indicates that the position calculated depends on initial
guess, and a large outlier position solution is a convergence
issue.

6 CONCLUSIONS

This paper develops and demonstrates the use of UAT
signals from FAA ADS-B radio stations for timing and
ranging. It develops means of calculating pseudoranges
from UAT transmissions, even those from the ADS-B seg-
ment. The technique is demonstrated on static ground
tests with on-air signals. It then provides flight test results
demonstrating actual performance in the air and mea-
surements of intra-system interference. It shows for the
first time some of the benefits and challenges of using
UAT signals for navigation and timing. Specifically, we
perform the first positioning using UAT signals that we
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F IGURE 28 Histogram of position error from March 11 p.m. (left) and 12 a.m. (right) flight; limit DOP < 10 [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com and www.ion.org]

TABLE 5 Comparison of positioning performance using iterative solution with different initial estimate sources: Bancroft’s method and
initial guesses in error from truth (simulates using prior positions): March 11 p.m. flight

All calculated positions Positions with errors < = 10 km Positions with errors > 10 km
Method for
initial
estimate

Mean err
(m)

Stan. Dev.
err (m)

Number of
Pts

Mean err
(m)

Stan. Dev.
err (m)

Number of
Pts

Mean err
(m)

Stan.
Dev. err
(m)

Number
of Pts

Bancroft 960 10,441 8,143 29.3 21.5 8,056 81,946 54,765 87
0.5◦error
(70 km)
from true
lat/lon

389 4,771 8,581 29.1 21.2 8,526 53,000 23,975 55

0.05◦error
(7 km) from
true lat/lon

29.5 22.3 8,586 29.5 22.3 8,586 N/A N/A 0

know of, and the results show an accuracy level suitable
for navigation’s most stringent APNT targeted operation
such as Required Navigation Performance of 0.3 nautical
miles (RNP 0.3). Better than 100 m position accuracy was
achieved. UAT intra-system interference effects at altitude
are measured. While these effects are not important for
ADS-B or time synchronization and transfer, as one clear
signal should always be available, they are a potential prob-
lem for navigation use. Analysis demonstrates the inter-
ference decreases coverage, especially for the low-altitude
tier station. Fortunately, our flight tests showed the loss
occurs at higher altitudes where we can receive plenty of
otherUAT stations. Also, the losses in the flight tests gener-
ally only occurred when interfered stations were 80 km or
more away. There is less interference at low altitudeswhere
improved coverage for APNT ismost needed. For safety-of-
life operations, the effect of the interference on range errors

should be an integrity consideration when treating a sig-
nal for navigation and is worth exploring in future assess-
ments.
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