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ABSTRACT
An experimental demonstration of a ground vehicle navigating exclusively with non-cooperative multi-constellation low Earth
orbit (LEO) satellite signals of opportunity is presented. The satellites’ unknown downlink signals are processed through a
cognitive software-defined receiver to extract Doppler frequency measurements. To account for the satellites’ uncertain timing
and ephemerides, a correction approach is employed in a standalone fashion (i.e., by the vehicle-mounted receiver) during an
initial period of global navigation satellite system (GNSS) signal availability. The approach accounts for ephemerides reference
time errors and large orbit errors that are inherited from simplified general perturbation 4 (SGP4) open-loop propagation of
publicly available two-line element (TLE) files. Results are presented showcasing the ground vehicle navigating by fusing via
an extended Kalman filter (EKF) Doppler measurements from 4 Starlink, 1 OneWeb, 2 Orbcomm, and 1 Iridium NEXT LEO
satellites. The vehicle traversed a total trajectory of 1.58 km in 70 seconds, during which GNSS signals were unavailable
for the final 1.054 km, corresponding to a 40-second duration. Without GNSS, the unaided navigation solution resulted in a
three-dimensional (3D) root mean squared error (RMSE) of 110 m. In contrast, navigating with LEO signals of opportunity
achieved an RMSE of 4.15 m, which is an unprecedented level of accuracy with non-cooperative LEO.
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I. INTRODUCTION
Low Earth orbit (LEO)-based communication has been offered over the past couple of decades by constellations; such as
Orbcomm, Iridium, and Globalstar; each of which composed of tens of LEO space vehicles (SVs). However, the launch of LEO
megaconstellations; such as Starlink, OneWeb, Kuiper, Telesat, and SpaceMobile; which are aggregately planning to launch
tens of thousands of LEO SVs is promising to revolutionize several domains, bringing unprecedented high-resolution images;
remote sensing; and global, high-availability, high-bandwidth, and low-latency Internet (Osoro and Oughton, 2021). These
LEO satellite megaconstellations are expected to shape a new era of satellite-based navigation.

LEO megaconstellations inherently posses desirable attributes for positioning, navigation, and timing (PNT) (Stock et al., 2024):
(i) geometric and spectral diversity, (ii) abundance, (iii) high received signal power, and (iv) high orbital velocity. As such,
LEO satellites could offer an attractive complement or even an alternative to global navigation satellite systems (GNSS), which
reside in medium Earth orbit (MEO) (Reid et al., 2021; Kassas, 2021; Prol et al., 2022; Jardak and Jault, 2022). The promise of
utilizing LEO SVs for navigation has been the subject of numerous recent theoretical (Wei et al., 2020; Thompson et al., 2020;
Psiaki, 2021; Hartnett, 2022; Cassel et al., 2022; Jiang et al., 2022; Khalife and Kassas, 2023; Sabbagh and Kassas, 2023; Kang
et al., 2024) and experimental (Leng et al., 2016; Tan et al., 2019a; Farhangian and Landry, 2020; Farhangian et al., 2021; Wang
and El-Mowafy, 2022; Huang et al., 2022; Li et al., 2022; Kassas et al., 2023) studies. While some of these studies proposed to
design LEO satellite constellations dedicated for navigation (Reid et al., 2020; Nardin et al., 2021; Ries et al., 2023; Menzione
and Paonni, 2023; Yan et al., 2023) other studies proposed to exploit LEO satellite signals of opportunity for PNT purposes
(Tan et al., 2019b; Zhao et al., 2022; Shahcheraghi and Kassas, 2024; Xie et al., 2024).

Several challenges need to be addressed before LEO SV signals of opportunity could be used for PNT. First, there are no
publicly available receivers that can produce navigation observables from LEO satellite signals. Recent papers have addressed
this challenge for some of the existing constellations (Landry et al., 2019; Khalife and Kassas, 2019; Orabi et al., 2021; Huang
et al., 2022; Khalife et al., 2022; Neinavaie et al., 2022; Kozhaya and Kassas, 2023; Kozhaya et al., 2023). Second, the
ephemerides of LEO satellites are not as precisely known as those of GNSS satellites. Estimates of the Keplerian elements
parameterizing the orbits of LEO satellites are made publicly available by the North American Aerospace Defense Command
(NORAD) and are updated daily in the two-line element (TLE) files (Kelso, 2022). Using TLEs and orbit propagation algorithms
(e.g., simplified general perturbation 4 SGP4 (Vallado and Crawford, 2008)), the positions and velocities of these satellites can
be obtained, albeit not precisely (Vetter, 2007). Orbit propagation through SGP4 has been shown to exhibit errors concentrated
along the SV’s direction of motion (Kelso, 2007). Specifically, it was found that SGP4 propagation induces a linearly increasing
error in the SV’s argument of latitude orbital element (Easthope, 2015). Third, LEO SVs’ clock errors and oscillator stability
are generally unknown.

Previous research addressed the last two challenge by developing the simultaneous tracking and navigation (STAN) framework
(Kassas et al., 2024), where LEO observables aid the inertial navigation system (INS) of a navigating vehicle, while simultane-
ously estimating the position, velocity, and clock states of LEO satellites. Recently, the incorporation of LEO observables from
a cooperative reference base-station was shown to substantially improve the navigation accuracy of LEO-PNT systems (Khalife
and Kassas, 2023; Saroufim et al., 2023; Zhao et al., 2023). Ground vehicle navigation has been demonstrated experimentally
with the STAN (Kassas et al., 2024) and differential STAN (Saroufim et al., 2024) frameworks.

An alternative framework to STAN and differential was proposed in (Hayek et al., 2023, 2024b), which relies on recursive
estimation of the argument-of-latitude to mitigate the large ephemeris errors inherited from TLE-initialized SGP4 orbit propa-
gation. Moreover, (Hayek and Kassas, 2024) studied the effect of timing and spatial ephemeris errors on navigation observables
extracted from non-cooperative LEO satellite signals, developing a batch estimation approach to resolve those errors in a short
period of time during which GNSS signals are available. This paper experimentally demonstrates this ephemeris error correction
approach on a ground vehicle navigating by fusing via an extended Kalman filter (EKF) Doppler frequency measurements from
multi-constellation LEO SVs, namely, 4 Starlink, 1 OneWeb, 2 Orbcomm, and 1 Iridium NEXT SVs. The vehicle traversed a
total trajectory of 1.58 km in 70 seconds, during which GNSS signals were unavailable for the final 1.054 km, corresponding to
a 40-second duration. Without GNSS, the unaided navigation solution resulted in a three-dimensional (3D) root mean squared
error (RMSE) of 110 m. In contrast, navigating with LEO signals of opportunity achieved an RMSE of 4.15 m, which is an
unprecedented level of accuracy with non-cooperative LEO.

The rest of the paper is organized as follows. Section II describes the vehicle dynamics model, clock error dynamics model,
measurement model, and EKF navigation framework formulation. Section III presents the experimental results. Section IV
gives concluding remarks.

II. MODEL DESCRIPTION
This section presents the vehicle and clock error dynamics, the Doppler frequency measurement model, and the EKF navigation
framework formulation.



1. Vehicle Dynamics
The vehicle dynamics will assume a simple, yet reasonable, dynamical model: velocity random walk, which can be expressed
as (Li and Jilkov, 2003)

xpv(k + 1) = Fpvxpv(k) + wpv(k), (1)
where xpv , [rT

r , ṙ
T
r ]

T consists of the 3D position and velocity vectors of the vehicle, resolved in the Earth-centered Earth-fixed

(ECEF) reference frame, Fpv ,

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is the state transition matrix, In⇥n is the n ⇥ n identity matrix, 0n⇥n is

the n ⇥ n zero matrix, T is the sampling interval, and wpv is the process noise, which is modeled as a zero-mean, white
random vector with covariance Qpv that can be readily obtained from the acceleration process noise power spectra (Kassas and
Humphreys, 2014).

2. Clock Dynamics
The clock error state vector xclk will be composed of the bias �t and and drift �̇t, i.e., xclk , [�t, �̇t]T. The dynamics of xclk
is modeled to evolve according to a double integrator, driven by process noise (Brown and Hwang, 2012), according to

xclk(k + 1) = Fclkxclk(k) + wclk(k), (2)

where Fclk ,

I3⇥3 T I3⇥3

03⇥3 I3⇥3

�
and wclk is the process noise, which is modeled as a zero-mean, white random vector with

covariance Qclk that can be readily obtained from the power spectral densities (PSDs) corresponding to the oscillator quality
(Kassas and Humphreys, 2014). Since xclk will be defined as the difference between the receiver’s and LEO SV’s clock error
states, then its dynamics will be similar to (2) except that its process noise covariance will be written in terms of the two process
noise covariances, Qclk,r and Qclk,s (Kassas et al., 2024).

3. Doppler Frequency Measurement Model
Previous literature has demonstrated receiver structures that are able to extract Doppler frequency observables from multi-
constellation LEO SV signals (Kozhaya et al., 2023). The Doppler measurement fD extracted by the LEO receiver is related to
the pseudorange rate measurement ⇢̇ according to

⇢̇ = � c

fc
fD, (3)

where fc is the LEO SV downlink signal carrier frequency and c is the speed-of-light. The pseudorange rate measurement is
modeled as

⇢̇(k) = [ṙr(k)� ṙs(k
0)]T

rr(k)� rs(k0)

krr(k)� rs(k0)k2
+ c · [�̇tr(k)� �̇ts(k

0)] + c�̇tion(k) + c�̇ttro(k) + v⇢̇(k), (4)

where rs and ṙs are the 3D position and velocity vectors of the LEO SV, resolved in the ECEF reference frame; k0 represents
discrete-time at tk0 = tk � �TOF, with �TOF being the true time-of-flight (TOF) of the signal from the LEO SV to the receiver;
�̇tion and �̇ttro are the ionospheric and tropospheric delay rates (drifts), respectively; and v⇢̇ is the pseudorange rate measurement
noise, which is modeled as a discrete-time zero-mean white Gaussian sequence with standard deviation �⇢̇.

4. Framework Formulation
The navigator implements the ephemerides timing and spatial error correction strategy developed in (Hayek and Kassas, 2024).
Publicly available TLE files of the considered LEO SVs are propagated using the SGP4 orbit propagator to generate the predicted
orbits, {r0s,i(t), ṙ0s,i(t)}Li=1, where i represents the LEO SV index and L is the total number of LEO SVs. A batch least-squares
is employed to estimate each SV’s argument of latitude error which accounts for the ephemeris reference time and along-track
errors of each LEO SV. An epoch time adjustment is calculated from the argument of latitude as ⌧i =

r2s,i
hi
ũi, where rs , krsk2

and h , krs ⇥ ṙsk2 is the angular momentum vector magnitude. Consequently, the corrected ephemerides sets are generated
as {r0s,i(t+ ⌧i), ṙ0s,i(t+ ⌧i)}Li=1 (Hayek et al., 2024a).

A block diagram of the framework is illustrated in Figure 1, where the discussed vehicle dynamics, clock models, and ephemeris
error correction strategy are incorporated in an EKF that estimates the state vector

x = [xT
pv, x

T
clk,1, ..., x

T
clk,L]. (5)
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Figure 1: LEO-aided navigation with ephemeris error correction framework.

III. EXPERIMENTAL RESULTS
This section presents experimental results of a ground vehicle navigating with signals from multi-constellation LEO SVs via
the framework discussed in Section II.4.

1. Experimental Setup
To demonstrate the framework described in Section II.4, a ground vehicle was equipped with a high-end VHF antenna to record
Orbcomm signals, an L-band antenna to record Iridium NEXT signals, and a Ku-band low-noise block downconverter to record
Starlink and OneWeb signals. The vehicle was equipped with universal software radio peripherals (USRPs) to process and
record the signals, where two Ettus B205mini’s were used for the Orbcomm and Iridium signals while an NI-2954 was used for
Starlink and OneWeb signals. The receivers’ oscillators were all disciplined with a common GPS-disciplined oscillator. The
receivers were tuned to the corresponding downlink signal carrier frequencies of each constellation: 137 MHz for Orbcomm,
1626 MHz for Iridium, and 10.825, 11.075, 11.325, and 11.575 GHz for Starlink and OneWeb. Samples of the received signals
were stored for off-line post processing using the cognitive software-defined radios (SDRs) developed in (Kozhaya and Kassas,
2024; Kozhaya et al., 2024) to generate Doppler frequency measurements. All of the produced measurements were resampled
to 100 Hz. The vehicle’s ground truth trajectory was taken from the on-board GNSS-INS (inertial navigation system) Septentrio
AsteRx SBi3 Pro+. The experimental hardware setup is shown in Figure 2. The vehicle traversed a total distance of 1.58 km in
a duration of 70 seconds.

Over the course of the experiment, the receivers on-board the vehicle were listening to 2 Orbcomm SVs, 1 Iridium NEXT SV,
4 Starlink SVs, and 1 OneWeb SV. The generated Doppler measurements were converted to pseudorange rates (c.f. (3)), shown
in Figure 3(a), to obtain comparable measurements from different constellations which transmit downlink signals at frequencies
that are orders of magnitude apart. Figure 3(b) shows the measurement residuals obtained by differencing the predicted ranging
rate (c.f. (4)) from the measured pseudorange rates, i.e., ⇢̇ = � c

fc
fD, for each LEO SV.

Orbcomm

VHF helix antenna

Starlink & OneWeb

Ku-band low-noise block

Iridium

L-band antenna

GNSS-INS

Septentrio AsteRx SBi3 Pro+

Figure 2: Ground vehicle hardware setup.



2. Navigation Filter Settings
The vehicle’s continuous-time acceleration process noise spectra were set to q̃E = 0.6 m2/s3, q̃N = 0.2 m2/s3, and q̃U =
0.05 m2/s3 for the East, North, and Up (ENU) components, respectively. The choice of these spectra is due to the fact that the
vehicle’s dynamics are mainly in the horizontal direction. The vehicle’s and LEO SV’s oscillator qualities were both assumed to
be that of a high-quality oven-controlled crystal oscillator (OCXO). A prior for the vehicle’s position and velocity was obtained
from the on-board GNSS-INS system. The initial vehicle ENU-frame position and velocity estimation error covariance values
were set to Prr(0|0) ⌘ diag[10, 10, 1] m2 and Pṙr(0|0) ⌘ diag[1, 1, 0.1] (m/s)2, respectively. The initial estimation error
covariance for the relative clock error states of each SV was set to Pclk(0|0) ⌘ diag[9⇥ 104, 9⇥ 102] with units [m2, (m/s)2],
corresponding to a 1� of 1 µs and 0.1 µs/s for the clock bias and drift, respectively. The filter’s time-varying pseudorange rate
measurement noise standard deviations for the i-th LEO SV, �⇢̇,i(k), were set to be proportional to the measurement innovations
for the Orbcomm and Iridium SVs and ranged between 0.0332 and 45.36 m/s and proportional to the square root of the inverse
carrier-to-noise ratio (C/N0), expressed in linear units (Kassas et al., 2024), for Starlink and OneWeb and ranged between 0.26
and 14.91 m/s. Altimeter measurements from the vehicle’s on-board GNSS-INS navigation system were also fused into the
EKF with a noise variance of 3 m2.
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Figure 3: (a) Measured pseudorange rates (i.e., � c
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fD) from multi-constellation LEO SVs and (b) their corresponding residuals with respect

to the predicted range rates according to the vehicle and LEO SV dynamics.

3. Results
While the vehicle traversed a total trajectory of 1.58 km in 70 seconds, GNSS signals were made unavailable for the final 1.054
km, corresponding to a 40-second duration. Figure 4(top) shows the LEO SVs’ trajectories with respect to the ground vehicle’s
location, while Figure 4(bottom) illustrates the ground truth trajectory traversed by the vehicle as well as the estimated vehicle
trajectory without LEO-aiding versus the LEO-aided navigation solution. The unaided solution resulted in a 3D position RMSE
of 110 m and diverged to a final error of 322 m. On the other hand, the LEO-aided solution, where the proposed framework
described in Section II.4 was implemented, resulted in a 3D position RMSE of 4.15 m and a final error 8.13 m.

Ground truth Unaided solution LEO-aided solution

300 m

Starlink

Orbcomm

OneWeb

Iridium NEXT

Start

N

Ground vehicle

GNSS cut-off End

Figure 4: Experimental results: (Top) LEO SV trajectories of 4 Starlink, 1 OneWeb, 2 Orbcomm, and 1 Iridium LEO SV whose signals were
exploited for ground vehicle navigation. (Bottom) vehicle’s ground truth trajectory (blue), unaided solution (red), and LEO-aided solution
(green). The vehicle traversed a trajectory of 1.58 km in 70 seconds, during which GNSS signals were unavailable for the final 1.054 km,
corresponding to a 40-second duration. The unaided navigation solution’s 3D position RMSE was 110 m, while the LEO-aided was 4.15 m.



Table 1: Experimental results: Ground vehicle 3D position RMSEs and final errors

Position RMSE [m] Final error [m]
Unaided Dynamics 110 322
LEO-aided dynamics 4.15 8.13

IV. CONCLUSION
This paper studied the incorporation of a LEO SV ephemeris error correction strategy for a dynamic navigator. The framework
resolves the ephemeris reference time errors and large orbit errors that are inherited from TLE-initialized open-loop SGP4
orbit propagation. The approach was demonstrated experimentally with a ground vehicle navigating with Doppler frequency
measurements form multi-constellation non-cooperative LEO SVs, namely, Starlink, Orbcomm, OneWeb, and Iridium NEXT.
Over a trajectory of 1.58 km, the unaided navigation solution resulted in a vehicle 3D RMSE of 110 m, while the proposed
LEO-aided approach achieved an RMSE of 4.15 m.
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