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ABSTRACT

A framework for tracking the ephemerides of low Earth orbit (LEO) satellites is presented. This framework considers a known
receiver that tracks the position and velocity states of LEO satellites using pseudorange or Doppler measurements extracted
opportunistically from the satellite’s signals. An analytical procedure to estimate the epoch time adjustment to reduce the
simplified general perturbation 4 (SGP4)-propagated ephemeris errors is developed. An extended Kalman filter (EKF) is
formulated in which the satellite’s argument of latitude is estimated in a closed-loop fashion using pseudorange or Doppler
observables, and subsequently, an epoch time adjustment is approximated to reduce the satellite state initialization errors. A
simulation study is conducted to validate the proposed framework for a Starlink satellite, where the initialization errors were
reduced from 1,880 m when using SGP4 ephemeris to 356 m and 367 m when using pseudorange and Doppler measurements,
respectively. Experimental results are presented where the ephemeris of an Orbcomm LEO satellite are refined: the satellite’s
position root-mean squared error (RMSE) is reduced from over 7.1 km with SGP4 open-loop propagation to 242 m after the
implementation of the proposed tracking framework. The tracked ephemeris is then used to localize a ground receiver, reducing
the initial error from 2.67 km to 211 m. Alarmingly, using the SGP4 ephemeris is shown to increase the localization error to
over 5.8 km.

I. INTRODUCTION

The past few years have witnessed accelerated deployment of low Earth orbit (LEO) satellite constellations. These global LEO
satellite networks, dubbed megaconstellations, have been launched to provide a wide range of services: Orbcomm (Reid (2001))
and Myriota (McKilliam et al. (2019)) provide wide-ranging Internet of Things (IoT) solutions; Iceye (Muff et al. (2022))
specializes in Earth imaging; Iridium (Grubb (1991)) offers low-latency narrowband communication; and OneWeb, Starlink,
and Kuiper are more recent constellations that aim to provide global high-capacity wireless connectivity (Osoro and Oughton
(2021); Yadav et al. (2022)). Today, there is a worldwide research interest towards incorporating LEO satellites for positioning,



navigation, and timing (PNT) (Bilardi (2021); Psiaki (2021); Prol et al. (2022); Zhao et al. (2023); Jiang et al. (2023); Ye et al.
(2023); Pinell et al. (2023); Saroufim et al. (2023); Shi et al. (2023); Kanamori et al. (2023); Kassas et al. (2023); Farhangian
and Landry (2023); Guo et al. (2023); Ries et al. (2023)).

This growing research effort towards LEO satellite-based PNT is due to their desirable attributes: (i) abundance and geometric
diversity, (ii) high received signal power, (iii) high orbital velocity, and (iv) spectral diversity. These inherent qualities present
LEO-PNT systems as a complement or even an alternative to classic GNSS systems that reside in the medium Earth orbit
(MEO), and whose signals are vulnerable to attenuation and interference (Ioannides et al. (2016)). The current LEO-PNT state
of the art consists of three main approaches: (i) PNT-dedicated LEO satellite constellations with optimized coverage, cost,
and performance parameters to deliver ubiquitous and precise navigation service (Reid et al. (2020); Celikbilek et al. (2022));
(ii) dual-purposed currently active communication LEQ satellites that support the transmission of positioning signals, which
is demonstrated to be both economical and attractive as it provides accurate positioning (Iannucci and Humphreys (2022);
Nardin et al. (2021)); and (iii) specialized receivers that exploit non-positioning LEO signals of opportunity to extract navigation
observables: Doppler frequency, pseudorange, and/or carrier phase (Neinavaie et al. (2021); Zhao et al. (2022); Huang et al.
(2022)).

The latter approach, termed opportunistic navigation with LEO satellites, considers minimal or imperfect knowledge about
the satellite signals or ephemerides at the user (receiver) end. To estimate key signal parameters and consequently generate
navigation observables, recent specialized receivers designs leveraged some minimal, prior knowledge about LEO space vehicle
(SV) signals (Farhangian and Landry (2020); Khalife and Kassas (2019); Orabi et al. (2021); Humphreys et al. (2023)) or
assumed no prior knowledge about such signals, approaching the receiver design as a cognitive radio (Khalife et al. (2022);
Neinavaie et al. (2022); Kozhaya and Kassas (2022); Kozhaya et al. (2023)). In contrast to GNSS SVs that transmit ephemeris
data and clock corrections in their navigation message, most LEO SVs are operated by private companies that do not publicly
share information about the satellite’s position, velocity, and time. Therefore, the user must ensure continuous or intermittent
access to reliable LEO SV ephemerides (Ardito et al. (2019)) or implement a sufficiently accurate orbit initialization and
propagation scheme in order to employ their navigation observables in a positioning or navigation solution (Shuster (2017)).

High-fidelity precise orbit determination (POD) techniques implement numerical propagators that can yield ephemerides
with an accuracy on the order of tens of meters, with most of the error being concentrated in the satellite’s direction of
motion, i.e., the along-track axis (Vallado (2005)). However, POD methods require rigorous initial conditions including an
accurate initial estimate of the satellite’s dynamic state and sufficient knowledge about the parameters of various force models
such as atmospheric drag and solar radiation pressure (Montenbruck and Gill (2000)). Besides POD software that perform
computationally expensive numerical operations, various analytical orbit propagators have been developed, such as the notable
simplified general perturbation 4 (SGP4) software (Vallado and Crawford (2008)).

The SGP4 model is compatible with two-line element files (TLE) that are used to initialize the propagator. TLE files are published
and updated daily by the North American Aerospace Defense Command (NORAD): the first line consists of designation, epoch
time, and atmospheric drag parameter data, while the second line lists the SV Keplerian orbital elements: inclination, right
ascension of ascending node, eccentricity, argument of perigee, mean anomaly, and mean motion (Kelso (2022)). The TLE
initialized SGP4 propagation scheme has been shown to exhibit ephemeris errors of around 1 to 10 km, 24 hours after a TLE
file is updated (Vetter (2007)). These errors can arise from both the initial conditions and the propagation algorithm.

First, TLE data describing LEO satellite orbits may have inherent errors. The calculation of Keplerian elements from the
satellite’s position and velocity vectors may cause practical and numerical issues, specifically in the presence of singular orbital
elements. This problem may arise for LEO satellites that are typically deployed in near-circular orbits where the eccentricity
is nearly zero which may lead to errors in the computation of the argument of perigee (Montenbruck and Gill (2000)). While
previous work has developed LEO broadcast ephemeris designs with non-singular element sets (Xie et al. (2018); Meng et al.
(2021); Guo et al. (2022)), TLE data remains a readily accessible source for satellite orbit parameters.

Second, similarly to most orbit propagators, SGP4 involves dynamical models for the various forces acting on a satellite,
including gravitational forces, atmospheric drag, and solar radiation pressure. However, orbit propagation through SGP4 has
been shown to exhibit errors concentrated along the satellite’s direction of motion (Kelso (2007)). Specifically, (Easthope
(2015)) found that SGP4 propagation induces a linearly increasing error in the satellite’s argument of latitude orbital element.

This paper presents an improved opportunistic LEO satellite tracking framework that reduces initialization errors using pseu-
dorange or pseudorange rate (equivalently, Doppler) measurements. This paper makes the following contributions. First, a
method to approximate the epoch time adjustment for the reduction of SGP4 ephemerides errors is proposed based on argument
of latitude closed-loop estimation and orbital elements average rates of variation. Second, simulation results are presented
demonstrating the LEO SV tracking potential of the proposed framework. The simulation considered a known stationary
receiver extracting pseudorange and pseudorange rate measurements from a Starlink LEO SV. The study shows that epoch
time adjustment estimation reduces the state initialization error from 1,880 m when using the original SGP4 ephemerides to
356 m and 367 m when using pseudorange and pseudorange rate measurements, respectively. It is shown that pseudorange



measurements provide notably lower estimation errors when compared to pseudorange rate measurements, while the latter can
still offer an acceptable performance. Third, experimental results are presented demonstrating the LEO SV tracking framework
with real carrier phase observables extracted by a receiver from an Orbcomm LEO SV. The epoch time adjustment estimation
is shown to reduce the position initialization error from over 7.1 km to 700 m, with the closed-loop tracking decreasing the SV
position error to 345 m at the end of the 5 minutes satellite visibility window. It is shown that the receiver’s localization error is
reduced from 5,847 m when the SGP4 ephemerides are used to 211 when the tracked ephemerides are used.

The rest of the paper is organized as follows. Section II describes the dynamics and measurement models and the LEO SV
tracking framework. Section III presents the simulation study evaluating the performance of the proposed framework. Section
IV shows experimental results validating the tracking of a LEO SV’s ephemeris and unknown receiver localization. Section V
gives concluding remarks.

II. PRELIMINARIES AND MODEL DESCRIPTION
1. LEO Satellite Dynamics

The orbital motion of a LEO satellite is mainly governed by the force exerted by Earth’s gravitational field. This force is
represented by the two-body model which describes the satellite’s equations of motion by

'i':sv = + Qbsv’ (1)

Orgy

where ry, £ [Zsv, Ysvs zSV]T is the satellite’s position vector in the Earth-centered inertial (ECI) reference frame, U is the non-
uniform gravity potential of the Earth, and ws, is a 3-D vector of acceleration perturbations expressed in the ECI frame as the
satellite’s position. Such unmodeled perturbing accelerations include Earth’s non-uniform gravitational potential, atmospheric
drag, solar radiation pressure, solar and lunar gravitational attraction, relativistic effects, and the solid Earth tides (Montenbruck
and Gill (2000)).

For a satellite in LEQ, it is important to account for the Earth’s oblateness which results in a non-uniform gravitational field. The
geopotential can be modeled through the expansion of spherical harmonics that require zonal, sectoral, and tesseral coefficients.
The JGM-3 model developed by the Goddard Space Flight Center (Tapley et al. (1996)) is commonly used and will be employed
in this work while neglecting the tesseral and sectoral terms as they are several orders of magnitude smaller than the zonal
terms. The Earth’s zonal harmonics are dominated by the J5 term, as all other terms are three orders of magnitude smaller. The
perturbation due to non-uniform gravity will be approximated using only the J5 term (Morales et al. (2019b)). The equations
of motion are then derived by taking the partial derivatives of (1) with respect to the components of rg,, namely sy, ysv, and
Zgy, yielding the components of 7', given by
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where /1 is the Earth’s standard gravitational parameter, R is the mean radius of the Earth; and W, £ [10,, Wy, ] represents
the unmodeled acceleration perturbations.

2. Satellite Orbital Elements

In the previous subsection, the satellite dynamics were described in a Cartesian coordinate system, namely the ECI reference
frame. The satellite’s position in space can also be represented in terms of the six orbital elements, shown in Figure 1: semi-major
axis a, eccentricity e, inclination ¢, right ascension of the ascending node €2, argument of perigee w, and mean anomaly M.

The perifocal coordinate system is often used to describe the satellite’s position and velocity vectors. Its zy-plane is the orbital
plane, where the x-axis points through the perigee of the orbit, the y-axis lies 90° from the z-axis, and the z-axis is normal to
the orbital plane and aligned with the angular momentum vector h = rg, X 7°s,. The satellite’s position and velocity vectors
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Figure 1: The orbital elements ¢, 2, w, and v of a satellite. The line of nodes is the intersection of the equatorial and orbital planes.
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where r is the magnitude of 7, and A is the magnitude of h.

In order to resolve the orientation of the orbital plane with respect to the ECI frame, a sequence of three rotations is required
(Montenbruck and Gill (2000)):
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where © = w + v is the argument of latitude (AOL), also referred to as the in-orbit angle, is the angle between the line of nodes
and the satellite position vector rs,. The angle u can be readily calculated using the satellite’s position and velocity vectors in
the ECI frame using the following relationship

Zsv
= t , 6
u = arctan <—Iszy mn yszm> (6)

where W = h/h is the satellite’s angular momentum unit vector.

3. Time Dependence of Motion

The time derivatives of the orbital elements are often described as Gauss’ planetary equations (Curtis (2019)). These equations
include the effect of the J2 gravitational perturbation due to the Earth’s oblateness. The variations of the elements can be
averaged over an orbital period to obtain their average rates of variation as
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where n = y/p/a® is the mean motion of the satellite. The mean value of u can be expressed in terms of epoch time ¢ as
U = wp + ut. It is important to note that (i) the semi-major axis a, the eccentricity e, and the inclination 7 have zero average

rates of variation, i.e., @ = ¢ = ¢ = 0, and (ii) the average rates of variation only include the long-term secular trends of the
osculating elements and do not include short-period terms.
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Figure 2: Illustration of the effect of epoch time adjustment of the SGP4 ephemerides: rsy(¢) is the true position of the SV at epoch time
t; Pses(t) and rsces(t + 7) are the SGP4-propagated positions of the SV at epoch times ¢ and ¢ + 7, respectively; and u is the argument of
latitude of each satellite depiction.

Since most of the SGP4-propagated satellite position error is concentrated in the along-track axis, the SGP4 position vector
sampled at a time-adjusted epoch is more accurate to the true satellite’s position at a certain epoch time. Figure 2 illustrates this
concept by depicting the raw and time-adjusted SGP4 SV position versus the true satellite’s position.

4. Measurement Models

It is assumed that the LEO satellite tracker is equipped with a specialized receiver, capable of extracting navigation observables,
such as pseudorange or Doppler, from LEO satellite downlink signals. The observables are expressed at time-step &, which
represents discrete-time at ¢, = k71" + ¢ for an initial time ¢y and sampling time 7". The pseudorange measurement p between
the receiver and the [-th LEO SV is modeled as

pi(k) = || (k) — Tsv.,l(kf)H2 +c- [0t (k) — 5tsv,l(k2)] + C5ttr0p,l(k) + Otiono,1(k) + Vp-,l(k)v (®)

where k; represents discrete-time at tir = kT + ty — dror,, With dpop, being the true time-of-flight of the signal from
the I-th LEO satellite; 7, and g ; are the 3-D position vectors of the receiver and the I-th LEO SV in the Earth-centered
Earth-fixed (ECEF) reference frame; c is the speed of light; 6¢, and dt,, ; are the clock biases of the receiver and the [-th LEO
SV, respectively; 6t;ono,; and 0tyyop,; are the ionospheric and tropospheric delays, respectively, affecting the {-th LEO satellite’s
signal; and v, ; is the pseudorange measurement noise, which is modeled as a discrete-time zero-mean white Gaussian sequence
with variance o, ;.

The Doppler measurement fp extracted by the LEO receiver is related to the pseudorange rate measurement as p = —f fps

where f. is the LEO SV downlink signal carrier frequency. The pseudorange rate measurement from the receiver to the [-th
LEO SV is modeled as
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where 7, and 7, ; are the 3-D velocity vectors of the receiver and the [-th LEO SV in the ECEF reference frame; Str and Sts\,_’ I

are the clock drifts of the receiver and the [-th LEO SV, respectively; 5751-0,101 ; and Sttmp,l 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 variance o ;.

5. Framework Formulation

The large errors of the SGP4-propagated ephemerides can be significantly reduced by implementing an epoch time adjustment
since most of these errors are concentrated in the along-track direction. The framework is based on a two-step process: (i)
initialization error reduction and (ii) closed-loop tracking of the SV position and velocity states. The process is explained below:

1. Initialize the satellite state using the SGP4-propagated SV position and velocity whenever the LEO SV becomes visible



with respect to the tracker at time ¢, at which time the tracker’s receiver can start producing navigation observables.

2. Convert the SV ECI position and velocity vectors to orbital elements and create the state vector = [u, @, Adt, A5t]T
using (6).

3. Perform the EKF closed-loop estimation of the argument of latitude for a short period of time, e.g., 10 seconds, using
pseudorange or pseudorange rate measurements. Denote the final estimate of the argument of latitude as (t1).

4. Approximate the epoch time adjustment as 7 ~ [a(t1) — wseps (t1)] / Tscrs (t1), Where tsgp, (t1) is obtained from (7), where
a, e, and ¢ are obtained by converting the SGP4 ephemerides into orbital elements at ¢;.

5. Adjust the epoch time of the SGP4 ephemerides by a delay 7 and use it to initialize the subsequent position and velocity
tracking EKF at ;.

6. Perform the closed loop tracking of the LEO SV using an EKF that estimates the state vector = [rgy, sy, Adt, ASt]T to
obtain the refined ephemerides over the entire satellite visibility window.

The closed-loop tracking EKF’s are described next:

a) Argument of Latitude Tracking Mode

The argument of latitude tracking EKF estimates the state vector & = [u, @, Adt, Aét]T, where Adt = §t, — dtgy is the difference
between the receiver’s and the LEO SV’s clock biases and Adt = Str — Stsv is the difference between the receiver’s and the LEO
SV’s clock drifts. The filter’s time update is performed by numerical integration of du/dt = 4 and the clock dynamics described
in (Morales et al. (2019a)), and the pseudorange or pseudorange rate measurements are used to update the state vector. The
measurement Jacobian matrix is formed by linearizing the pseudorange or pseudorange rate measurement model with respect
to the current argument of latitude estimate.

b) Position and Velocity Tracking Mode

The closed-loop tracking of the position and velocity states of a LEO SV is performed using an EKF as described in (Khairallah

and Kassas (2021)). The estimated state vector is defined as & = [rg, sy, AdL, ASt]T, and the state time-update is performed
by numerical integration of the two-body with J, model (2).

II1. SIMULATION RESULTS

To validate the tracking performance of the proposed framework, a high-fidelity simulator is used, namely Analytical Graphics
Inc. (AGI) Systems Tool Kit (STK) software. A Starlink satellite is propagated forward for around 10 hours with a time-step
of one second to the initial time of visibility to a simulated tracking receiver located in Columbus, Ohio, USA. The LEO SV is
propagated using (i) a High Precision Orbit Propagator (HPOP) and (ii) SGP4, yielding two sets of ephemerides for the same
satellite, with the HPOP ephemeris serving as the ground truth for the simulation study. The filter’s states are initialized using
the SGP4-propagated ephemerides at the initial SV visibility time. Closed-loop tracking of the argument of latitude (AOL),
represented by the green shaded region in Figs. 3 and 4, is performed for 10 seconds using LEO SV observables.

The optimal time adjustment calculated by minimizing the RMSE of the SGP4-propagated SV positions was -257 ms. This
result will be denoted by “Delayed SGP4” in what follows and serves as the benchmark accuracy that can be obtained by solely
applying a time delay to the SGP4 epoch. In the proposed framework implementation, the SGP4 ephemerides epoch time
adjustment was estimated for a duration of 10 seconds and was found to be -261 ms and -270 ms when using pseudorange or
pseudorange rate measurements, respectively. The estimated time-adjustment reduced the SV position error magnitude from
1,880 m to 356 m and 367 m after the initial 10 seconds, respectively for the two types of measurements.

Figs. 3 and 4 show the SGP4, delayed SGP4, and tracked position and velocity errors of the LEO SV in the satellite’s body
frame. It can be seen that the delayed SGP4 ephemeris decreases the majority of the errors in the along-track position and radial
velocity states; however it does not affect the radial position error which is on the order of around 200 meters. Moreover, the
EKF errors and their associated uncertainty bounds show that the position states in the along-track and radial directions are more
observable than those in the cross-track direction. This is due to the LEO SV’s dynamics, where the motion is concentrated in
the along-track — radial plane. The results suggest that the position and velocity states in the radial direction are more observable
when pseudorange measurements are incorporated compared to pseudorange rate. Table 1 summarizes the simulation results.

IV. EXPERIMENTAL RESULTS

This section presents the results of an experimental study performed with a stationary receiver located in Irvine, California, USA.
The receiver opportunistically extracted carrier phase measurements from the Orbcomm FM107 LEO satellite. Orbcomm LEO
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Figure 3: EKF estimation error plots and =3¢ bounds for the satellite position (left) and velocity (right) states versus open loop SGP4 errors
and delayed SGP4 errors using pseudorange measurements.
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Figure 4: EKF estimation error plots and =3¢ bounds for the satellite position (left) and velocity (right) states versus open loop SGP4 errors
and delayed SGP4 errors using pseudorange rate measurements.

Table 1: Summary of Simulation Results

Proposed Framework

Open-loop SGP4  Delayed SGP4
pseudorange  pseudorange rate

Position RMSE [m]

Along 1,927 93 33 78
Cross 189 187 155 208
Radial 205 225 38 339
Overall 1,947 307 163 405
Final Error [m]

Along 1,995 156 68 36
Cross 134 133 140 189
Radial 160 177 30 433

Overall 2,006 271 156 474




SV’s openly transmit their ephemerides that are obtained from on-board GPS receivers (Kenny (2002)). Hence, the transmitted
ephemerides will be used as a ground truth to validate the tracking performance. The LEO SV’s position and velocity states
will be tracked using the proposed framework. Then, the receiver’s position will be estimated via an EKF that will incorporate
the LEO SV’s ephemerides from three different sources: (i) GPS-transmitted, (ii) open-loop SGP4 propagation, and (iii) the
proposed tracking framework’s estimates.

The SGP4 ephemerides epoch time adjustment was estimated for a duration of 10 seconds and was found to be -902 ms, while
the optimal time adjustment calculated by minimizing the RMSE of the SGP4-propagated SV positions was -950 ms. Figure
5 shows the position and velocity errors resolved in the satellite’s body frame for Orbcomm FM107. The initial position and
velocity errors of over 7.1 km and 7.0 m/s obtained from the SGP4 propagation were reduced to final errors of 344.9 m and 1.3
m/s after 5 minutes of close-loop tracking.
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Figure 5: EKF-tracked satellite position (left) and velocity (right) errors with associated 3¢ bounds versus open-loop SGP4 and epoch time
adjusted SGP4 errors.

In order to showcase the advantages of the tracked ephemerides, opportunistic positioning of the receiver will be preformed
using an EKF that will use GPS-transmitted, open-loop SGP4-propagated, and the tracked ephemeris sets. The initial estimate
of the receiver’s position is located at a distance of around 2.6 km away from its true position, with an initial altitude error of less
than a meter. When the SGP4 ephemerides is used, the error increases to about 5.8 km with an inconsistent uncertainty bound.
In contrast, when the filter assumes the satellite positions from the transmitted and tracked ephemerides sets, the positioning
error is decreased to 131 m and 211 m, respectively. The localization final errors and their associated 95% uncertainty ellipses
for the three configurations are shown in Figure 6.

V. CONCLUSION

This paper presented an opportunistic LEO satellite tracking framework. A method to estimate the epoch time adjustment was
developed with the objective of reducing initialization errors that are due to TLE+SGP4 propagation. The framework employed
pseudorange or pseudorange rate measurements extracted by a known receiver. A simulation was conducted to evaluate the
performance of the proposed framework where the ephemerides of Starlink satellite were refined, achieving a position RMSE of
163 m and 405 m when using pseudorange and pseudorange rate measurements, respectively. An experimental demonstration
using carrier phase observables from a single Orbcomm LEO SV was shown to reduce the satellite’s position RMSE by over 6.8
km when compared to open-loop SGP4 propagation. Incorporating the tracked ephemerides was shown to yield a localization
error of 211 m, starting from an initial estimate 2.6 km away from the receiver’s true position.
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