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Abstract—A navigation framework with differential measure-
ments from low Earth orbit (LEO) satellite signals of opportunity
is presented. This framework comprises a navigating rover with
unknown states and one or more base stations with known
position(s). The framework fuses differenced pseudorange or
Doppler measurements from the rover and base station(s) to
LEO satellites with unkown states, in an extended Kalman
filter (EKF)-based tightly-coupled LEQO-aided inertial navigation
system (INS), while estimating the rover’s states simultaneously
with the LEO satellites’ states. Simulations are conducted to
analyze the navigation performance due to including a varying
number of differential base stations. The simulations consid-
ered an aerial vehicle equipped with a tactical-grade inertial
measurement unit (IMU), an altimeter, a GNSS receiver, and a
LEO receiver making pseudorange and Doppler measurements
to 14 Starlink LEO satellites. The vehicle-mounted receiver clock
was assumed to be an oven-controlled crystal oscillator (OCXO),
while the satellites were equipped with chip-scale atomic clocks
(CSACs). The aerial vehicle navigated for 28 km in 300 seconds,
the last 23 km of which are without GNSS. It is shown that
despite relying on two-line element (TLE) files for the LEO
ephemerides, which suffer from errors on the order of kilometers,
the differential framework could achieve submeter-level accuracy
when using pseudorange measurements. With 3 bases, the vehi-
cle’s three-dimensional (3-D) position root mean-squared error
(RMSE) drops dramatically, reaching a position RMSE of 28 cm
when using pseudorange measurements and 1.94 m when using
Doppler. Experimental results are presented for an unmanned
aerial vehicle (UAV) navigating for 2.28 km in 120 seconds,
while utilizing differential carrier phase measurements from 2
Orbcomm LEO satellites. It is shown that using TLE+SGP4 for
the LEO satellites’ ephemerides yields a 3-D position RMSE of
419 m, while the differential framework reduces it to 12.79 m.

Index Terms—LEO, differential navigation, INS, signals of
opportunity.

I. INTRODUCTION

Resilient and accurate positioning, navigation, and timing
(PNT) are key to ensure safe integration of semi-autonomous
and fully-autonomous vehicles into our road networks and na-
tional airspace [1]. Conventional vehicular navigation systems
fuse measurements from global navigation satellite system
(GNSS) receivers with inertial measurement units (IMUs)
to take advantage of the complementary attributes of each:
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the long-term stability of the GNSS navigation solution and
the short-term accuracy of the IMU [2]. However, relying
on GNSS signals as the sole source for IMU aiding poses
an alarming threat: GNSS signals can become unreliable or
unavailable due to (i) signal blockage and multipath in deep
urban canyons [3], [4], (i) unintentional interference [5], or
(iii) intentional jamming or spoofing [6], [7]. Losing GNSS
signals for prolonged periods will result in the accumulation
of IMU errors, which compromises the vehicle’s operational
safety and efficiency.

Signals of opportunity (SOPs) [8], which are ambient radio
signals that are not intended for PNT, have been extensively
studied over the past decade. SOPs could emanate from ter-
restrial transmitters, e.g., AM/FM [9], [10], cellular [11], [12],
and digital television [13], [14], or extraterrestrial transmitters,
e.g., low Earth orbit (LEO) [15]-[20] and geostationary Earth
orbit (GEO) satellites [21]. Among terrestrial SOPs, the most
accurate navigation solution has been demonstrated with cellu-
lar signals, yielding meter-level navigation on ground vehicles
[22] and submeter-accurate navigation on unmanned aerial
vehicles (UAVs) [23]. In recent years, LEO space vehicles
(SV) signals have gained significant attention as an attractive
PNT source to provide a navigation solution in a standalone
fashion [24]-[29] or as an IMU aiding source [30], [31].

LEO SVs possess attractive attributes for PNT [32]. First,
the number of LEO SVs engulfing the Earth is rapidly grow-
ing, with private tech giants, such as Amazon, SpaceX, and
OneWeb planning to launch tens of thousands of LEO SVs
into space. The sheer number of SVs and their orbital diversity
offers favorable geometric dilution of precision, which yields
precise position and velocity estimates. Second, LEO SVs
are located about twenty times closer to Earth compared to
GNSS which reside in MEO, making LEO SVs’ received
carrier-to-noise ratio up to 30 dB higher than GNSS. Third,
the higher travel speeds of LEO SVs present an advantage
over their GNSS counterparts, as rapid dynamics lead to
informative Doppler measurements. Fourth, the presence of
various LEO megaconstellations transmitting in a wide swath
of the spectrum improves robustness against unintentional
interference and intentional jamming and spoofing.

Multiple challenges need to be addressed to enable the
exploitation of LEO SV signals for PNT in an opportunistic
fashion. First, megaconstellation LEO SV operators do not



necessarily disclose much information about their proprietary
signals. To address this challenge, the recently established
paradigm of cognitive opportunistic navigation [33], which
estimates the minimally known LEO SV signals in a blind
fashion has been showing tremendous promise [34]. Most
recently, this paradigm allowed for the exploitation of the
unknown Starlink [35] and OneWeb [36] LEO SVs, from
which navigation observables were produced.

Second, unlike GNSS SVs that periodically transmit their
ephemeris in the navigation message, LEO SVs do not publicly
transmit information about their position, velocity, and time.
The orbital elements of an SV are published and updated daily
by the North American Aerospace Defense Command (NO-
RAD) in the format of two-line element files (TLE); where the
first line consists of designation and temporal data, while the
second line lists the SV Keplerian elements: inclination, right
ascension of ascending node, eccentricity, argument of perigee,
mean anomaly, and mean motion [37]. TLE data can be used
to initialize orbit determination algorithms, such as simplified
general perturbation 4 (SGP4) [38], to estimate the SV’s
position and velocity. However, orbit propagation accumulates
position errors on the order of a few kilometers, which will in
turn induce errors in the navigation solution. To address this
challenge, the simultaneous tracking and navigation (STAN)
framework has been proposed, in which the vehicle-mounted
receiver estimates its own states simultaneously with the states
of the LEO SVs, while aiding the vehicle-mounted IMU with
LEO SV observables [39].

Third, the clock states of a LEO SV are unknown, as
opposed to GNSS SVs that transmit their clock errors to
users through the navigation message. Moreover, one cannot
expect LEO SVs to be equipped with highly stable oscillators,
such as the ones onboard GNSS SVs, nor to be as tightly
synchronized. To address the second challenge, an approach
to adaptively estimate LEO satellites’ clock stability has been
recently developed [40], while [41] proposed a model that
considered the systematic effects related to the environment
and relativistic effects to improve LEO clock prediction.

Differential positioning is a multiple-receiver PNT tech-
nique that entails computing corrections at a known base
station to improve the positioning solution at an unknown
rover [42], [43]. When the base and the rover are sufficiently
close to each other, differential positioning significantly re-
duces the effect of common mode errors (e.g., SV ephemeris,
SV clock errors, and ionospheric and tropospheric errors).
Differential positioning with GNSS signals has been thor-
oughly studied during the past decades yielding centimeter-
level accuracy [44]. In the context of LEO-based navigation,
differential positioning has been demonstrated using carrier
phase measurements from Orbcomm SVs [45] and Doppler
measurements from Starlink [46] and Iridium [47].

This paper presents the first study revealing the tremendous
potential of employing differential measurements to signifi-
cantly reduce LEO satellite errors within the STAN frame-
work. This paper makes the following contributions. First,
a differential STAN framework is presented, where a single

difference measurement model is integrated into the STAN
framework to compensate for common mode errors, namely
LEO SV ephemerides, LEO SV clocks, and atmospheric
delays. The estimation of the navigating vehicle’s states and
the tracking of the LEO SVs’ states is performed in an
extended Kalman filter (EKF)-based tightly-coupled LEO-
aided inertial navigation system (INS) with two types of
LEO observables: pseudorange and Doppler. Next, extensive
simulation results from a high-fidelity simulator are presented
demonstrating the efficacy of the proposed differential STAN
framework. The simulation environment considered an aerial
vehicle equipped with a tactical-grade IMU, an altimeter, a
GNSS receiver, and a LEO receiver making pseudorange and
Doppler measurements to 14 Starlink LEO SVs. The vehicle-
mounted receiver was assumed to be an oven-controlled crystal
oscillator (OCXO), while the SVs were equipped with chip-
scale atomic clocks (CSACs). The aerial vehicle navigated
for 28 km in 300 seconds, the last 23 km of which in
240 seconds were without GNSS. It is shown that while
pseudorange measurements yield low estimation errors in the
differential STAN framework, Doppler measurements are still
effective. The effect of including differential base stations
on the navigation solution are also studied, showing that
remarkably, the inclusion of only a single base results in
submeter accuracy when using pseudorange measurements,
despite relying on TLE files for the LEO ephemerides, which
suffer from errors on the order of kilometers. With 3 bases,
the vehicle’s position three-dimensional (3-D) root mean-
squared error (RMSE) drops dramatically, reaching 28 cm
when using pseudorange measurements and 1.94 m when
using Doppler. Finally, experimental results are presented for
a UAV navigating for 2.28 km in 120 seconds, while utilizing
differential carrier phase measurements from 2 Orbcomm LEO
SVs. It is shown that using TLE+SGP4 for the LEO SVs’
ephmerides yields a 3-D position RMSE of 419 m, while the
differential STAN reduces it to 12.79 m.

The rest of the paper is organized as follows. Section II de-
scribes the STAN with differential measurements framework.
Section III discusses the setup and results of a simulation study
that showcases the performance of the proposed framework.
Section IV shows experimental results validating the potential
of differential STAN. Section V gives concluding remarks.

II. SIMULTANEOUS TRACKING AND NAVIGATION WITH
DIFFERENTIAL MEASUREMENTS

This section formulates the differential STAN framework,
summarized in Fig. 1. The framework assumes an environ-
ment comprising a mobile rover with unknown states and [NV
stationary base stations with known position(s). The rover and
base stations make pseudorange or Doppler measurements to
L LEO SVs. Each base station sends to the rover a data packet
containing the base’s position and measurements.

The STAN framework, depicted in the left dotted box in
Fig. 2, employs an INS that couples IMU measurements with
GNSS and LEO receiver measurements via an EKF in a



tightly-coupled fashion. The differential STAN framework in-
corporates measurement(s) to the same LEO SVs from known
base station(s), depicted in the right dotted box in Fig. 2.
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Fig. 1. Differential STAN framework: N base stations with known positions
and a rover (UAV) with unknown states make pseudorange or Doppler
measurements to the same L LEO SVs. The base stations transmit a data
packet containing the base’s position 7, p and its pseudorange p; )(k) or

(k) measurements to all LEO SVs along with the measure-

Doppler f

ments’ standard deviation o l)(lc) and a( L)(k) respectively. The rover
aids its onboard IMU with the differential mea%urements and navigates while
estimating its own states simultaneously with the LEO SVs’ states.
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Fig. 2. LEO-aided INS differential STAN framework

A. IMU Model

The IMU measurements are corrupted by noise and sensor
bias and are resolved in the vehicle’s body reference frame.
The IMU consists of a 3-D gyroscope and a 3-D accelerometer
that produce angular velocity w;,,,, and specific force @;n.,
measurements, respectively, which are modeled as

Wimu(k) = Pwy(k) + byyr (k) + ngy, (k)
Qi (k) = Rg(k)[gab(k) = 9g(k)] + bace(k) + nace(k),

where ‘w, is the true 3-D angular velocity of a coordinate
frame {b} fixed to the body of the IMU with respect to the
global frame{g}, R is a rotation matrix from frame {g} to
{b}; 9ay is the true 3-D acceleration of {b} expressed in {g};
bgyr and b, are the gyroscope and accelerometer 3-D biases,
respectively; and ngy, and n,.. are 3-D measurement noise
vectors, which are modeled as white noise sequences with
covariances Q. and Q,,, respectively.

The gyroscope and accelerometer biases are modeled to
evolve according to velocity random walk dynamics as

byyr(k+1) = bgy (k) +ws,,, (k)
bacc(k + 1) = bacc(k) + wbacc(k)7

where wy,, . and wy,  are bias instability process noise 3-
D vectors, which are modeled as white noise sequences with
covariances Qp . and Qy,, ., respectively.

acc

gyr

B. LEO SV Dynamics Model

SV dynamics can be estimated by employing different or-
bital propagators, such as SGP4 [38], two-body, and two-body
with J2 [48]. Although TLE files are frequently updated, they
always suffer from an initial error, which accumulates with
time, depending on the adopted propagation model. Previous
research has shown that open-loop SGP4 propagation may
result in localization errors on the order of a few kilome-
ters [49]; hence, they becomes unsuitable for precise STAN
solutions. On the other hand, the two-body with J2model
was found to achieve more reliable and accurate tracking and
navigation than the two-body without J2model [48]. The latter
can propagate the motion of every LEO SV which is defined
by the instantaneous Earth’s gravitational acceleration g4,
and modeled by

ou(t)

fleol (t) = Qgray, (t) + ’lI)leol (t)7 87"[ (t) 3
()

Agrav, (1) =

where Tico, 2 [Zico; Yicor» Zleo,) | i the 3-D position vector of
the I*» LEO SV in the Earth-centered inertial (ECI) frame, U,
is the non-uniform gravitational potential (geopotential) at the
SV, and w.,, is the process noise vector with power spectral
density (PSD) Qleol capturing other unmodeled accelerations
(e.g, atmospheric drag, solar radiation, general relativity, etc.).
The gravitational potential term may be defined by the Joint
Gravity Model 3 (JGM-3) developed by the Goddard Space
Flight Center [50] where the tesseral and sectoral terms are
negligible relative to the zonal terms .J,,, and hence may be
neglected. This gives

N
1 R% .

U = Y @1 [Z . <t>||2p"[sm(”l”] ®
where p is the Earth’s standard gravitational parameter,
P, is a Legendre polynomial with harmonic n, sin (6;) =
Zieo /1710y ||, and J,, is the n'" zonal coefficient. Knowing
that Earth’s oblateness is dominated by the Jo coefficient, the
SVs’ motion may be derived by combining (1) and (2) as

3/ Re \° 2 ]
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oo = — 2o 1 S () (15 e
[[T1e0, || i [[T1e0, 1| [[T1e0, ] |
.. HZleo, [ 3 REg 2 leeo ]
zleolz—il?) 1—|—J27 3—5712
[IT1e0, 1| i HTleOzH [[T1e0, || |

3)
C. Clock Dynamics Model

The dynamics of the clock error states for standalone
STAN is assumed to evolve according to the standard double
integrator model, driven by process noise [51]. The clock states



for differential STAN follow the same dynamics, evolving as
the difference between the receiver’s and bases’ clock biases
and drifts as

wglk (k +1) = ng,Bn)w((ﬁc,Bn)(k) +wai(k), 4
. . T
mdké<>[&Uﬁ&h5#R3ﬂww5ﬂRBNL5ARBNq

§t(Bn) & [5(R) _ §y(Ba)] | G1(R.Ba) 2 [&(R) _5t<Bn>]

1 T
Fop = Inuy ® Fy ™, Fon”) = L? 1}
where T is the sampling interval and w.y is the process

noise, which is modeled as white noise sequence with
covariance Q. given by

Qur = Inenw ® Q™ +Inyen ® QP (5)
; Sese T+ Sa. L3 Se. i

QE}’L — 02. St,i Tzét,z 2 Sty 2 (6)
S&]St,iT S‘*"St,iT

where ¢ denotes a base B,, or the rover R, ® denotes the
Kronecker product, 1«5 is an N x N matrix with entries

equal to 1, Iyxn is an N x N identity matrix, and S@W

and Swa ~are the clock bias and drift process noise PSDs of
the i-th receiver, respectively. These power spectra Sy;, , and
S%; ~ can be related to the power-law coefficients {ho}.__,,

which have been shown through laboratory experiments to
be adequate to characterize the power spectral density of the
fractional frequency deviation y(t) of an oscillator from nom-
inal frequency, which takes the form S, (f) = 22272 haf®
[52]. It is common to approximate the clock error dynamics
by considering only the frequency random walk coefficient
h_o and the white frequency coefficient hg, which lead to
Seises R %0 and Sg;, . ~ 2m2h_y [51].

D. Measurement Model

In this paper, it is assumed that pseudorange and Doppler
measurements from LEO SV signals are available from a
specialized receiver. Since LEO SV orbits are above the
ionosphere, their signals are subjected to ionospheric and
tropospheric delays.

1) Pseudorange Measurement Model: The pseudorange
measurement p from the i-th receiver to the [-th LEO SV
at the k-th time-step is modeled as

o (k) = ||m<k>
+c<5t

Tleo l( )”2 +c- [6tT,Z(k)
(k) + cot'?)

‘ - 5tleo,l(k)]
(k) + v (k),

where r,.; and 7,,; are the 3-D position vectors of the
i-th receiver and the [-th LEO SV in the Earth Centered
Earth Fixed (ECEF) reference frame; c is the speed of light;
0ty and dtje, are the clock biases of the i-th receiver and

the {-th LEO SV, respectively; 6twno ,(k) and st (k) are

the ionospheric and tropospheric delays from tht(;()]lJ lth LEO
SV to the i-th receiver at time-step k, respectively; and 1/[()?
is the pseudorange measurement noise, which is modeled
as a discrete-time zero-mean white Gaussian sequence with

variance ag k).

trop,l iono,l

The differential pseudorange measurement model across the
rover and the base is defined as

AP = o™ ) = o7 (k)
= |7r,r(k) = Tieo(K) |2 — |7, B(K) — Tico(K)]]2
+cot BB (k)
edtgyop (k) + Sty (k) + V5 (k).
where
StiEB (k) = 6t (k) — otP) (k)
Ottt (K) = Otyf0, (k) = 6t(70), (k)
Otignon (k) = Sti00), (k) = 500, (k)
v (k) = S (k) = oD (k).

2) Doppler Measurement Model: The Doppler measure-
ment fp extracted by the LEO receiver is related to the
pseudorange rate measurement p as

p=——fp (7

where f. is the LEO SV carrier frequency. The pseudorange
rate measurement from the i-th receiver to the [-th LEO SV
is modeled as

.(2) E) = [ (k) — Pre0.4(k T rr,i(k)_rleo,l(k)
P ( ) [ 7( ) le J( )] ||rr,i(k)_rleo,l(k)”2
+c[5tM( ) — (Stleol( )}
+C(5ttrop l(k) + C(Stwna l(k) + V;()Tl) <k)

where 7,.; and 7., are the 3-D velocity vectors of the i-th
receiver and the [-th LEO SV in the ECEF reference frame;
5tr, and 5tl€01 are the clock drifts of the %- th recelver and
the [-th LEO SV, respectively; (5tz(o)no , and 5t trop, are the
ionospheric and tropospheric delay rates (drifts), respectlvely,
and 1/;(),3 is the pseudorange rate measurement noise, which
is modeled as a discrete-time zero-mean white Gaussian
sequence with variance o/(f}(k)

The differential pseudorange rate measurement model
across the rover and the base is defined as

2P (k) = o (k) — o (k)
— I _ 5 T TT,R(k) - rleo,l(k)
= [ r,R(k) leo,l(k” H""r,R(k) _Tleo,l(k)H?
e (8) — e ()T L2 Tt

k)2

|| Tr, B(k) — Tleo, l
+ebt ) (k) + ebtl[o0) (k) + cdtime ) (k)

trop,l iono,l
+1 0B (), )
where
StiBB (k) = 5t (k) — 6t(P) (k)
Sttt (k) = St410, (k) = 6t{1, (k)
Stignoq (k) = Stion), (k) = Stio), ()
vpr (k) = v () = v (k)



The differential measurements eliminate the time-varying
LEO SV clock biases and drifts; however, the relative clock
bias and drift between the rover and the base cannot be
resolved. Thus, this clock difference will be dynamically
estimated in the EKF that is described in what follows.

E. EKF Formulation

In this framework, a stationary base with known position
states and a mobile rover equipped with an IMU are con-
sidered. Thus, an EKF is formulated to estimate the rover’s
states, the clock state difference, and the LEO SV’s position
and velocity states. The EKF state vector is given by

T
T = [wT7 Lclks Lleo,ly -+ wleo,L}
_ b=T T =T 2T T 1T
Ty = [gq y Try Trs bgyrv bacc]
_ T T T
Lleol = [I’nleo,h rleo,l]

where x, is the vehicle’s state vector, composed of th,
which is a four-dimensional unit quaternion representing the
orientation of the body frame {b} fixed at the IMU with respect
to the global frame {g}; v, and 7, are the 3-D position and
velocity of the vehicle expressed in {g}; and by, and bgc.
are the 3-D biases of the IMU’s gyroscope and accelerometer,
respectively, expressed in {b}. The vector x. is the clock
state, composed of the difference between the rover and the
bases’ clock states, The vector x;.,; is the state vector of
the [-th LEO SV, composed of the SV’s position 7, and
velocity 7¢,,; vectors, expressed in the ECEF frame.

The EKF predicts the vehicle’s orientation, position, and
velocity using the IMU angular velocity and acceleration mea-
surements processed through the strap-down INS kinematic
equations [53]. The LEO SV’s position and velocity states are
propagated through the two-body with J> model in the ECI
frame, described in Section II-B. The EKF update is performed
using the GNSS measurements when available, altimeter read-
ings, and LEO pseudorange or Doppler measurements, and
finally outputs a state estimate and a corresponding estimation
error covariance matrix.

III. SIMULATION RESULTS

This section presents the simulation results via a high-
fidelity simulator to assess the performance of the proposed
differential STAN framework.

A. Simulation Overview

The simulation considered a fixed-wing aerial vehicle that
traveled a 28 km trajectory for 300 seconds over Columbus,
Ohio, USA. The vehicle was equipped with a tactical-grade
IMU, an altimeter, a GNSS receiver, and a Starlink LEO re-
ceiver that produced pseudorange and Doppler measurements.
The simulated environment also included three base stations,
equipped with Starlink LEO receivers that produced pseudo-
range and Doppler observables which were communicated to
the aerial vehicle along with the base position positions. The
minimum, mean, and maximum baseline distance between the
aerial vehicle along its simulated trajectory and the 3 base
stations are summarized in Table I.

TABLE I
MINIMUM, MEAN, AND MAXIMUM BASELINE DISTANCE BETWEEN THE
AERIAL VEHICLE AND THE THREE BASE STATIONS IN THE SIMULATION.

Min (km) Mean (km) Max (km)
Base 1 2.81 5.37 8.16
Base 2 1.89 6.01 9.97
Base 3 1.56 4.84 11.2

GNSS signals were made available to the aerial vehicle
for the first 60 seconds of flight time, during which the
GNSS measurements are fused with the INS in a loosely
coupled fashion, while the LEO observables were used to
refine the estimates of the LEO SVs ephemerides and the
rover-base(s) clock differences. During the last 240 seconds,
the GNSS signals were made unavailable to the vehicle which
operated in STAN mode: the altimeter measurements and LEO
observables aided the on-board INS, while simultaneously
estimating the LEO SVs’ ephemerides and clock differences.

The IMU measurements were generated from the vehicle’s
kinematics with the gyroscope and accelerometer bias instabil-
ity and noise density parameters summarized in Table II. The
clock bias and drift of the aerial vehicle, base stations, and
LEO SVs were simulated according to (4). The aerial vehicle
and the base stations were equipped with high-quality OCXOs,
while the LEO SVs CSACs. The process noise of these clocks
was determined according to the power-law coefficients listed
in Table II.

TABLE 11
SIMULATION SETTINGS

IMU Parameters

Gyroscope Bias Instability 1.5° / hr
Gyroscope Noise Density 1.5° / hr / v/Hz
Accelerometer Bias Instability 100 pg
Accelerometer Noise Density 110 ug/v/Hz

Oscillator Power Law Coefficients
High-quality OCXO {ho, h_2}
CSAC {ho,h_2}

{2.6 x 10722,4.0 x 10~26}
{7.2 x 10721, 2.7 x 10~27}

Altimeter

Measurement noise variance 2

1m

The LEO SVs’ trajectories were generated via Analytical
Graphics Inc. (AGI) Systems Tool Kit (STK) using a High-
Precision Orbit Propagator (HPOP) [54]. Fourteen Starlink
LEO SVs were tracked and found to be visible with a
minimum elevation of 15 degrees from Columbus on January
9, 2023, at 17:00 UTC. The orbits of these SVs are shown in
Fig. 3.

Pseudorange and Doppler measurements were generated
from the aerial vehicle and the three base stations to all
visible LEO SVs according to (7) and (8), respectively. The
measurement noise variances were calculated based on the
predicted C'/Ny which was found from the log distance path



Fig. 3. Orbits of the simulated Starlink SVs with an access region above
Columbus, Ohio, USA.

loss model
(C/No)i(k) = Py — 10 - log,o(di(k)/ Do), 9)

where Py = 56 dB-Hz is the nominal C'/N, at a distance
Dy=1,000 km and d; (k) = |7, (k) —Tico, ()| is the distance
between the i-th receiver and the [-th LEO SV. Note that the
measurement noise variances at the base(s) are communicated
along with the measurements to the rover.

To demonstrate the benefit of aiding the INS using differ-
ential LEO measurements, two cases were considered:

o Standalone STAN: the aerial vehicle relied solely on
the LEO observables that were extracted from its LEO
receiver.

o Differential STAN: the aerial vehicle differenced its LEO
measurements from those that are communicated from
one, two, or three base stations as described in (7) and
3.

Both configurations were simulated using pseudorange or
Doppler observables from the LEO receivers. Table III sum-
marizes the achieved results.

TABLE III
SUMMARY OF SIMULATION RESULTS

GNSS-INS  STAN Differential STAN
1 Base 2 Bases 3 Bases

Pseudorange

RMSE (m) 528 8.16 0.87 0.42 0.28
Final Error (m) 1,795 6.37 0.60 0.07 0.15
Doppler

RMSE (m) 528 15.63 5.26 3.88 1.94
Final Error (m) 1,795 25.79 9.54 2.05 1.90

Fig. 4 illustrates the simulation environment showing the
base station locations and the aerial vehicle’s true and es-
timated trajectories via the GNSS-aided INS, STAN-aided
INS, and differential STAN-aided INS. Fig. 5 shows the EKF
estimation errors for pseudrange measurements with one base
station, while Fig. 6 and Fig. 7 show the EKF uncertainties for
pseudorange measurements with one, two, and three bases of
the aerial vehicle’s position states and one of the LEO SV’s
position states. Fig. 8 shows the EKF estimation errors for

Doppler measurements with one base station, while Fig. 9
show the EKF uncertainties for Doppler measurements with
one, two, and three bases of the aerial vehicle’s position states
and one of the LEO SV’s position states.

Aerial Vehicle Trajectory
GNSS-aided INS

STAN -aided INS
Position RMSE: 8.16 m

Differential STAN -aided INS
Position RMSE: 28 cm

Y Base Station

STAN Final Error: 12 m "_ e
Differential-STAN Final Error: 15 cm 2

¥

Distance travelled: 28 km

Total duration: 300 s

Distance after GNSS cut off: 23 km  f
Time after GNSS cut off: 240 s

Fig. 4. Simulation results showing the aerial vehicle’s trajectory and estimated
trajectory with GNSS-aided INS, STAN, and Differential STAN with three
base stations. Map data: Google Earth.

B. Discussion

Fig. 5 shows the quick divergence of the GNSS-INS errors
upon GNSS cutoff. In contrast, the STAN errors diverge slowly
in the East and North directions. The STAN velocity errors in
the East and North directions appear to diverge slower than
their corresponding position states. The error bounds diverge
slower when pseudorange measurements are used compared to
Doppler. The EKF errors of the differential STAN, where the
vehicle is aided with LEO pseudorange observables from only
one base, appear to converge during the simulation duration.
Note that the altimeter measurements prevent the Up direction
EKF errors from diverging in all configurations, with the
STAN and differential STAN uncertainty bounds being smaller
than those of the GNSS-INS.

Fig. 6 shows that the bounds are significantly tighter with
the addition of the first base measurements, significantly
tighten with the second base, but tighten slightly with the
third. These results illustrate the benefit of incorporating LEO
measurements from a single base station on the navigation
solution, resulting in an RMSE decrease from 8.16 m to 87
cm in the pseudorange case, and from 15.63 m to 5.26 m in
the Doppler case. Moreover, the RMSE decreases to 42 cm
and 28 cm after the addition of the second and third base
stations with pseudorange measurements, respectively, and to
2.05 m and 1.9 m with Doppler measurements, respectively.
These results demonstrate the potential of accurate navigation
using a relatively low number of LEO SVs in comparison with
a standalone STAN framework [39].
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Fig. 6. EKF 130 estimation error bounds of the aerial vehicle states in the
ENU frame with pseudorange-aided INS for varying number of base stations.

This significant improvement presented by the differential
framework can be attributed to (i) elimination of the dynamic
LEO SV clocks from the estimation state vector, (ii) additional
information communicated from the measurements of the base
stations that have known positions, (iii) and the compensation
of ephemeris error in the differenced measurements. Note that
while the differential framework introduces the estimation of
the dynamic clock difference between the rover and bases, this
issue is outweighed by the aforementioned advantages.

Fig. 7 shows that the LEO SV tracking error bounds are
tighter with the addition of the first base measurements, and
the uncertainty gradually tighten with additional base stations.
Similar results were observed for other LEO SVs.
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Fig. 7. EKF +30 estimation error bounds of the Starlink-1154 LEO SV
position states in the ECEF frame, tracked with pseudorange measurements
for varying number of base stations.

Fig. 8 and Fig. 9 reveal that the performance with Doppler
measurements is slightly worse than that achieved with pseu-
dorange measurements.

IV. EXPERIMENTAL RESULTS

This section validates the differential STAN framework
discussed in Section II by showing experimental results of
a UAV navigating with carrier phase measurements from 2
Orbcomm LEO SVs. The experimental setup, depicted in
Fig. 10, was the same as the one discussed in [45], where
a DJI Matrice 600 UAV traveled a total of 2.28 km in 120
seconds over Irvine, California, USA. Over the course of
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the experiment, the receivers on the UAV and base station
were listening to the same 2 Orbcomm SVs, namely FM 108
and FM 116 (see Fig. 11). The 2 receivers were within a
range of 1 km over the whole duration; hence, ionospheric
and tropospheric delays were negligible. Since no raw IMU
data were available from the UAV, a velocity random walk
dynamics was assumed for the UAV. The EKF formulation is
discussed in [45].

To demonstrate the benefit of navigating with differential
STAN, the UAV’s 3-D position and velocity were estimated
and compared to: (i) non-differential STAN framework em-
ploying the same carrier phase measurements from the UAV’s
receiver only and (ii) non-STAN differential framework using
LEO SV positions estimated from TLE files. The initial
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Fig. 11. (a) Sky plot of the 2 Orbcomm SVs during the experiment. (b)

The measured Doppler frequencies using the rover’s SDR and the expected
Doppler calculated from the TLE for both Orbcomm SVs.

UAV’S position and velocity were obtained from the UAV’s
GNSS/INS, whereas a prior for the SVs’ states was obtained
from TLE at the time of the experiment. These priors were
used to initialize the EKF, which used single difference LEO
measurements to simultaneously estimate the states of the
UAV and SVs.

Fig. 13 shows the EKF position estimation errors with the
430 bounds. Note that as the UAV traveled mainly in the
North direction, the bounds in the East direction diverges at
a higher rate, making it poorly estimable, while the altimeter
maintains accurate vertical positioning. Table IV summarizes
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Fig. 12. Experimental results showing (a) Orbcomm LEO SVs’ trajectories
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Map data: Google Earth.
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Fig. 13. EKF estimation error plots and £3¢ bounds of the aerial vehicle
position states in the ENU frame, with LEO carrier-phase differential STAN.

the results for the 3 different frameworks and Fig. 12 shows the
LEO SV trajectories and UAV’s true and estimated trajectories.
Table IV summarizes the navigation results. Note that the
differential STAN frameworks yielded acceptable navigation
performance, while the TLE-based differential framework be-
ing slightly less accurate. It is worth highlighting that the
achieved results are noteworthy, considering that no IMU was
used and signals from only two LEO SVs were exploited. It
is expected that the navigation performance would improve
dramatically if more LEO SVs are used.

V. CONCLUSION

This paper revealed the tremendous potential of differential
STAN to achieve submeter-accurate navigation, despite the
poorly known LEO SV ephemerides (errors on the order
of several kilometers). A simulation study was conducted

TABLE IV
EXPERIMENTAL RESULTS: 3-D POSITION RMSES.

Framework SV position source RMSE (m)

Differential STAN 12.79

Differential TLE 13.0
Non-differential TLE 419

to evaluate the performance of the proposed framework with
pseudorange and Doppler measurements from 14 Starlink LEO
SVs. The results were compared to standalone STAN, showing
a 3-D RMSE reduction from 8.16 m to 28 cm with 3 base
stations using pseudorange measurements and 1.94 m with
Doppler measurements. A UAV experimental demonstration
using carrier phase observables from 2 Orbcomm LEO SVs
was shown to reduce the position RMSE from 419 m in the
non-differential case to 12.79 m with the proposed differential
framework.
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