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ABSTRACT

This paper presents a method of tightly coupling carrier-phase-differential GNSS (CDGNSS) with terrestrial radionavigation
system (TRNS) signals and data to build a robust positioning, velocity, and timing (PVT) solution for urban air mobility
(UAM). UAM will require precise and robust PVT solutions that are resilient to interference and jamming. CDGNSS offers
absolute positioning with high availability and sub-decimeter accuracy but cannot serve as the sole source of PVT for
UAM because of its vulnerability to interference: a single potent GNSS jammer could deny UAM service across an entire
city were GNSS the sole means UAM navigation. TRNS signals are stronger than those of GNSS and offer additional
frequency diversity. Their multipath errors, although larger than for GNSS at street level due to the low elevation angles
with which TRNS signals propagate from terrestrial transmitters, are manageably small at altitudes where UAM vehicles
will operate. Thus, TRNS offers an attractive backup to GNSS for UAM. This paper explores two techniques for fusion of
TRNS and CDGNSS: loosely- and tightly-coupled. The loosely-coupled technique fuses information from the two sensing
modalities at the level of full PVT solutions. The tightly-coupled technique explored here fuses GNSS carrier phase and
pseudorange measurements with TRNS pseudorange and calibrated pressure sensor measurements, together with inertial
sensor measurements, to produce a unified PVT solution. Innovations-based measurement exclusion is applied to reduce the
impact of GNSS and TRNS multipath errors and of pressure anomalies due, e.g., to ground effect at take-off and landing.
Both loosely- and tightly-coupled techniques are tested on an aerial vehicle platform in an environment where both GNSS
and TRNS signals are available. Error growth of the tightly-coupled technique during extended intervals of GNSS denial
is studied to determine whether UAM service could continue uninterrupted when only inertial and TRNS measurements
remain available.

INTRODUCTION

Central to the transportation revolution that will be driven by urban air mobility (UAM) is the problem of robust and
secure navigation. Urban environments offer more challenges, such as interference and multipath, when compared to open-
sky conditions. As the only positioning system that offers absolutely-referenced meter-level accuracy with global coverage,



GNSS will no doubt play a significant role in this revolution. If strengthened against jamming and spoofing, carrier-phase-
differential GNSS (CDGNSS), coupled with low-cost inertial sensing, will be nearly sufficient for position, velocity, and
timing (PVT) needs. But nearly sufficient is insufficient: it is not enough for a UAM PVT solution to offer decimeter-accurate
positioning with 99% availability, or even 99.9% availability. UAM will demand that its navigation systems offer dm-accurate
positioning with integrity risk on the order of 10−7 for a meter-level alert limit and availability with several more 9s than
99.9% [1]–[4].
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Fig. 1: Diagram of deep layered navigation. Overlapping layers of navigation to provide a PVT solution with high availability
even when some of the layers are not available.

This paper’s technique is best viewed as one part of a comprehensive navigation solution concept called deep-layered
navigation (DLN) in which synergistic but independent navigation systems are layered to increase accuracy and robustness
(1). DLN is the navigation analog of the “defense in depth” concept in information security, where multiple layers of
security controls and checkpoints are emplaced throughout a system such that even when some layers are breached, security
is maintained. Likewise, in the safety-of-life UAM navigation context, multiple layers of navigation systems, all interoperable
and mutually-reinforcing but substantially independent, are an essential defense against the whims of Mother Nature and
the foibles of human nature.

At DLN’s core sits redundant inertial navigation, which is virtually impervious to radio frequency (RF) interference, poor
weather, signal blockage, and data ambiguity. The outermost layer—the default navigation system and first line of defense—
is a specialized variant of inertially-aided CDGNSS, recently developed in [5], [6], that has been substantially secured
against spoofing and substantially hardened against the multipath and signal blockage conditions of the urban ground vehicle
environment, which can be considered a worst-case realization of the urban air vehicle environment. But despite its coupling
with inertial sensing, the technique developed in [5] cannot tolerate extended GNSS outages. A secondary source of absolute
PVT is required to bound the growth of position errors.

TRNS is the second line of defense in this paper’s DLN concept, and the primary focus of the paper. Its pseudorange
measurements to surrounding beacons are independent of, but fully interchangeable with, GNSS measurements. TRNS
beacons provide much stronger signals compared to GNSS, operate at a different frequency, and offer a full absolutely-
referenced backup PVT solution to GNSS. In particular, this paper explores tight coupling with NextNav’s Metropolitan
Beacon System (MBS). MBS is particularly attractive for UAM because its signals carry not only wideband (multipath-
resistant) synchronization sequences for ranging but also corrections data for barometric altitude determination and, for
CDGNSS.

This paper’s development of a tightly-coupled GNSS-TRNS-inertial PNT system is a prelude to upcoming work on com-
prehensive deep-layered navigation for UAM, including additional layers based on radar localization, visual odometry, and
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LEO-satellite-provided GNSS.

Related Work

Augmentation of GNSS with terrestrial signals has been explored and shown to provide an added benefit over exclusive
use of GNSS [7], [8]. But these techniques were demonstrated only on ground vehicles, and the sensor integration with
CDGNSS was not tightly-coupled: the terrestrial signals were not incorporated in a way that permitted aiding of the ambiguity
resolution process critical to CDGNSS. Loose coupling between GNSS and TRNS has been used to augment GNSS and
provide an increase in both accuracy and availability on aerial vehicles [9]–[11]. But these methods fuse standard GNSS,
not CDGNSS, with TRNS, and thus lack the decimeter accuracy that will be desirable, if not required, for UAM. Relative
ranging measurements from ultra wide band (UWB) systems have been used to constrain integer ambiguities in CDGNSS
and improve accuracy even with degraded GNSS reception [12]. Although UWB systems provide adequate performance,
the limited range of the UWB signal makes it an unfavorable choice for UAM. Fusion of GNSS and signals of opportunity
has been explored for aerial vehicles with promising results [13], [14]. But for a safety-of-life application like UAM, it is
likely that signals of opportunity will be viewed less favorably than a dedicated TRNS as a secondary means of navigation.

Contributions

This paper makes four primary contributions. First, it presents and demonstrates the first use of tightly-coupled CDGNSS,
TRNS, and inertial sensing to provide a secure and robust PVT solution. Second, it develops a novel innovations-based
measurement exclusion technique which mitigates the impact of GNSS and TRNS multipath errors and pressure anomalies.
Third, it offers a comparative analysis of loose and tight coupling on an aerial vehicle in an environment where only TRNS
signals are available. Fourth, this paper preforms a study of error growths during periods of GNSS denial to determine
whether PVT requirements for UAM could be met despite extended intervals of GNSS denial.

MEASUREMENT MODELS

This section presents the TRNS measurement models for the tightly- and loosely-coupled estimation strategies. In the
loosely-coupled case, the TRNS measurement is the position determined by the TRNS receiver. In the tightly-coupled case,
the TRNS measurements are pseudorange and altitude derived from barometric pressure. The measurements are fused with
inertial sensing data and GNSS position and attitude solutions (loosely-coupled) or raw GNSS observables (tightly-coupled).
Models for the inertial and GNSS measurements may be found in [5] and [16].

Loose Coupling

The position measurement zlc(k) at time k from the TRNS receiver is modeled as containing the true position xlc(k), a
bias from the true position blc(k), and white Gaussian measurement noise wlc(k):

zlc(k) = xlc(k) + blc(k) +wlc(k) (1)

The position bias blc(k) is modeled as a mean-reverting Ornstein–Uhlenbeck (OU) process with white Gaussian noise vlc(k):

blc(k + 1) = αlcblc(k) + vlc(k) (2)

The term αlc determines how quickly the process reverts back to zero. The mean reversion is governed by the time step
T (k) = tk+1 − tk and the time constant τlc of the exponential decay:

αlc = e−T (k)/τlc (3)
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Tight Coupling

The TRNS measurements utilized for tight coupling are the TRNS pseudoranges and barometric-pressure-based altitude
measurements. The TRNS pseudorange to transmitter i at time k, is modeled as including the true range to the TRNS
transmitter ρi(k), the receiver clock offset between the receiver clock and GPS time δtrx(k), the transmitter clock offset
δti(k), multipath error mi(k), and white Gaussian measurement noise wi(k):

Pi(k) = ρi(k) + [δtrx(k)− δti(k)]c+mi(k) + wi(k) (4)

The receiver clock is modeled as a temperature-compensated crystal oscillator (TCXO) with the two-parameter clock model
given in [15]. The receiver clock offset δtrx(k) evolves in time based on the clock offset rate δ̇trx(k), time step T (k), and
noise v(k): [

δtrx(k + 1)

δ̇trx(k + 1)

]
=

[
1 T (k)
0 1

] [
δtrx(k)

δ̇trx(k)

]
+

[
v1(k)
v2(k)

]
(5)

v(k) =

[
v1(k)
v2(k)

]
(6)

The receiver clock offset noise v(k) is assumed to be zero mean with a variance that is a function of two parameters, h0

and h−2, related to the asymptotes of the Allan variance of the receiver clock [15]:

E
[
v(k)vT(k)

]
= Sg

[
T 3(k)

3
T 2(k)

2
T 2(k)

2 T (k)

]
+ Sf

[
T (k) 0
0 0

]
(7)

Sg = 2π2h−2 (8)

Sf =
h0

2
(9)

The TRNS transmitter clocks are disciplined by a GNSS receiver to keep them close to GPS time, but a small offset remains.
The offset between the ith transmitter’s clock and GPS time, δti(k), is modeled as a mean-reverting OU processes with αtx

being modeled as in (3) but having a unique time constant τtx to match the behavior of the transmitter clock offsets.

δti(k + 1) = αtxδti(k) + vi(k) (10)

αtx = e−T (k)/τtx (11)

The TRNS receiver measures altitude using a barometric pressure sensor that is calibrated over the NextNav MBS network
using information from NextNav’s weather stations. The calibration does not occur continuously; rather, it is only updated
once per day. The long update interval allows for pressure biases to accumulate due to short-term changes in temperature,
pressure, or other changes in weather. The altitude measurement at time k, zp(k), is modeled as containing the true altitude
xp(k), a bias bp(k), and white Gaussian measurement noise wp(k):

zp(k) = xp(k) + bp + wp(k) (12)

The measurement bias is modeled as an OU process with white Gaussian noise vp(k) and with αp is modeled according to
(3) with a unique time constant τp that is selected to model the pressure sensor errors:

bp(k + 1) = αpbp(k) + vp(k) (13)

αp = e−T (k)/τp (14)

ESTIMATOR

This paper incorporates the measurement models of the TRNS measurements into the Radionavigation Laboratory’s (RNL)
precise positioning engine, called PpEngine [5], [16], [17]. The positioning engine was constructed in two versions. The
first version loosely couples the GNSS and TRNS measurements with the inertial sensor measurements (Fig. 2). The second
tightly couples the GNSS and TRNS measurements with the inertial sensor measurements (Fig. 2).

It will be convenient to define the following reference frames:

u: The IMU frame is centered at and aligned with the IMU accelerometer triad.
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Fig. 2: Left: In the loosely-coupled configuration, the GNSS-based position attitude estimates are fused with inertial data and
the TRNS-based position estimate to produce a PVT solution. Right: In the tightly-coupled configuration, raw measurements
from each source are combined in a single estimator to produce a PVT solution.

b: The body frame has its origin at the phase center of the aerial test vehicle’s primary GNSS antenna. Its x axis points
towards the phase center of the secondary antenna, its y axis is aligned with the boresight vector of the primary antenna,
and its z axis completes the right-handed triad.

w: The world frame is a fixed geographic East-North-Up (ENU) frame, with its origin at the phase center of the reference
GNSS antenna, which is located at a fixed base station with known coordinates.

Both the loosely- and tightly-coupled estimator states are an augmented version of the original PpEngine state containing
the aerial vehicle’s position in the world frame rwk , velocity in the world frame vw

k , attitude expressed as Euler error angles
between the body frame and the world frame e, accelerometer bias in the IMU frame bu

a , and gyro bias in the IMU frame
bu
g :

X =
{
rwk ,v

w
k , e,b

u
a ,b

u
g

}
(15)

Loosely-Coupled Estimator

The loosely-coupled implementation of PpEngine determines the aerial vehicle’s state (16) by cascading multiple estimators
(Fig. 2). The CDGNSS position of the primary GNSS antenna is determined using the double differenced pseudoranges
and carrier phase measurements from the aerial vehicle’s primary GNSS antenna and the reference receiver [17]. A separate
position measurement is determined by the NextNav TRNS receiver, and its fixed position relative to the phase center of the
aerial vehicle’s primary GNSS antenna. Next, the two dimensional attitude of the aerial vehicle is estimated using the double
differenced pseudoranges and carrier phase measurements between the two GNSS antennas and the known baseline between
the antennas [17]. In addition, a position and attitude estimate is determine using the measurements from the inertial sensor.
These separate position and attitude solutions and their estimated covariance are cascaded into a second level estimator to
produce the complete position and attitude solution (16) with the state augmented to include the TRNS position bias bw

0 .

Xlc =
{
rwk ,v

w
k , e,b

u
a ,b

u
g ,b

w
lc

}
(16)

Tightly-Coupled Estimator

The tightly-coupled version of PpEngine incorporates all the sensor measurements directly into a single estimator (Fig. 2).
The single estimator is used to determine the state [5], [18]. The estimator state (17) was augmented by including estimates
of the TRNS receiver clock offset δtrx, TRNS receiver clock offset rate δ̇trx, transmitter clock offsets for n of transmitters
δti, . . . , δtn, and pressure sensor offset bwp .
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Xtc =
{
rwk ,v

w
k , e,ba,bg, δtrx, δ̇trx, δt1, . . . , δtn, b

w
p

}
(17)

Estimating the clock parameters for both the local clock and transmitter clock from the pseudorange measurements is not
fully observable. However, the local clock offset can be separated from the transmitter clock offsets stylistically. The errors
that are constant across all transmitters will show up in the local clock offset. Any errors that are unique to one transmitter
will appear in the clock offset of that transmitter.

The transmitter clock offsets are being estimated despite not being fully observable, because the addition of a second TRNS
receiver would allow for the transmitter clock offset to be observable. If two UAM vehicles each had their own TRNS
receiver the vehicles would be able to jointly estimate the TRNS transmitter clock parameters. This would make the TRNS
transmitter clock offsets observable for any UAM network operating two or more vehicles.

Innovations Testing

The tightly-coupled PpEngine preforms outlier exclusion to reject TRNS measurements that may be affected by multipath,
and pressure measurements anomalies. The outliers are detected by preforming a hypothesis test on the TRNS pseudorange
innovations, and the pressure sensor innovations. The normalized innovation squared (NIS) (18) at time k is found by
normalizing the innovation ν(k) with the innovation covariance S(k).

NIS = νT(k)S−1(k)ν(k) (18)

The NIS is distributed as Chi squared with nz degrees of freedom, where nz is the number of measurements at epoch k.
The NIS can be used as a test statistic in a hypothesis test with ν > 0 is the threshold that yields the chosen probability of
false alarm PF .

NIS
H1

≷
H0

ν∗ (19)

An outlier is detected when the NIS surpasses the threshold value ν∗. Further processing then identifies and excludes the
outlier measurement from the update.

DATA COLLECTION

Fig. 3: Map of the location of the TRNS transmitters visible to the TRNS receiver during flight and the flight location in
red

A data set was collected using the UT RNL aerial test vehicle (Fig. 5). The aerial test vehicle is a DJI Matrice 300
multi-rotor vehicle with a sensors mounted on the vehicle. The sensors used in this data set are a dual antenna GNSS L1
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Fig. 4: Flight path of the aerial vehicle during data collection flight. The position is shown in meters from the phase center
of the reference receiver antenna in the ENU frame.

Fig. 5: RNL’s aerial test vehicle. It carries two single frequency GNSS antennas, a radar sensor, TRNS receiver, pressure
sensor, and three cameras.

receiver, a NextNav TRNS receiver, and a Bosch BMX055 consumer grade inertial measurement unit (IMU). In addition,
a GNSS reference receiver was placed near the planned flight location. The dataset contains dual antenna GNSS L1 double
differenced pseudoranges, carrier phase measurements, TRNS position solution, TRNS pseudoranges, calibrated barometric
pressure sensor measurements, and inertial sensor measurements. The reference and aerial test vehicle GNSS receivers utilized
the RNL’s RadioLynx, GNSS front end with a 5 MHz bandwidth, and was processed with the PpRx software-defined GNSS
receiver [16], [19]–[22].

A data collection flight was preformed in an area where NextNav TRNS signals are available (Fig. 3). The flight path was
limited to 80 meters by 100 meters in the east and north directions due to constraints on communication range with the aerial
vehicle. FAA regulations limited the altitude ceiling to 121 meters above ground level. The full flight path shown in (Fig.
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4). The recorded dataset includes approximately 900 seconds of data at different altitudes and varying vehicle velocities.

RESULTS

The following section presents an analysis of the TRNS pseudoranges and an evaluation of the loosely- and tightly-coupled
implementations of the position estimator.

Analysis of TRNS Pseudoranges

Fig. 6: Estimated TRNS transmitter clock offset of the TRNS transmitters in meters
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Fig. 7: TRNS pseudorange innovations in meters

The TRNS pseudoranges were analyzed using the collected dataset and the tightly-coupled version of PpEngine. The estimated
TRNS transmitter clock offsets (Fig. 6) were observed to determine the behavior of the TRNS transmitter clocks. The
estimated transmitter clock offsets were found to be non zero and unique to each transmitter. The largest difference between
transmitter clock offsets indicates that the transmitter clocks differ by as much as 30 nanoseconds. These estimated TRNS
transmitter clock offsets are not fully observable meaning part of the estimate may be due to the TRNS receiver clock offset.

The TRNS pseudorange innovations (Fig. 7) were examined and found to be nearly zero-mean and white, demonstrating
that the pseudorange errors were well modeled. This shows that despite the lack of full observability of the clock offsets,
the location of the TRNS receiver can still be estimated.
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Artificial GNSS Outage

A long scale GNSS outage experiment was preformed to represent a worst case scenario of a full loss of GNSS availability.
The experiment was preformed for both loosely- and tightly-coupled estimators. The loosely-coupled solution (Fig. 8) shows
that during a long duration GNSS outage a bias between the CDGNSS position and TRNS position arises. During this
outage the estimated error standard deviation was 1 meter in both the east and north directions.

The experiment was repeated utilizing the tightly-coupled estimator (Fig. 8). During the outage the estimated error standard
deviation was 2 meters in both the east and north directions. The tightly-coupled estimator has a similar offset from the
CDGNSS position solution showing that there is an unknown source of error in the TRNS network causing the offset of
the TRNS position solution.
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Fig. 8: Left: The blue is the loosely-coupled TRNS position solution during period of artificial GNSS outage. The orange
is the CDGNSS position. Right: The blue is the tightly-coupled TRNS position solution during period of artificial GNSS
outage. The orange is the CDGNSS position.

Intermittent Artificial GNSS Outages

Fig. 9: Intermittent periods of artificial GNSS and TRNS outage. The solid blue shows the position errors in meters in the
ENU frame due to the inertial sensor. The shaded region is the 1-σ uncertainty.

A UAM vehicle will likely only face interference or a loss of GNSS availability for a portion of the flight. A test of
intermittent GNSS availability was preformed by artificially suppressing GNSS measurements from entering the estimator
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Fig. 10: Position errors in meters in the ENU frame during intermittent periods of artificial GNSS outages. The solid line is
the error of the position estimate and the shaded region is the 1-σ uncertainty. The blue shows the tightly-coupled estimator
while the red shows the loosely-coupled estimator.

for a duration of 30 seconds with a 60 second period. The estimator was first tested with a series of intermittent GNSS
outages without the addition of the TRNS measurements (Fig. 9).

The error grows in the position during the outage is exponential. The exponential error growth is cause by drift in the
consumer grade inertial sensor. During the short duration outage the 1-σ uncertainty grew to 28 meters in the east and
north directions, and 8.4 meters in the Up direction. The maximum error during the test was found to be 166.7 meters,
demonstrating the need for the addition of TRNS to constrain the error growth during GNSS outages.

The intermittent GNSS outages test was then preformed with the addition of TRNS measurements. The same interval was
used so the tightly-coupled and loosely-coupled estimators could be directly compared to one another. For both tightly- and
loosely-coupled estimators the addition of TRNS measurements served to constrain the error growth during GNSS outages
(Fig. 10).

The loosely-coupled estimator 1-σ error uncertainty grew to 1 meter in each direction. In contrast, the tightly-coupled
estimator 1-σ error uncertainty grew to 1.5 meter in the east and north directions while only growing to 1 meter in the Up
direction. The tightly-coupled estimator had a larger uncertainty due to the unknown TRNS transmitter clock offsets. Both
estimators had very similar behavior in the Up direction due to the poor vertical dilution of precision causing the position
estimate in the Up direction to be heavily weighted by the pressure measurements.

CONCLUSION

TRNS provides a backup PNT source that can be utilized during GNSS outages to constrain the error growth of an inertial
sensor. This paper demonstrates the first use of tightly-coupled CDGNSS, TRNS, and inertial sensing to provide a robust
PVT solution on an aerial vehicle. An innovations-based measurement exclusion technique which mitigates the impact of
TRNS multipath errors and pressure anomalies. A comparative analysis of loose and tight coupling on an aerial vehicle
during simulated GNSS outages. It was found that during short duration GNSS outages the 1-σ position error in the east
and north directions were 1 meter and 1.5 meters for the loosely- and tightly-coupled estimators respectively. Additional
positioning systems will need to be added to provide overlapping layers to the DLN system in order to achieve decimeter
accurate position during a GNSS outage. The results in this paper provide a first step in building such a system.
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