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ABSTRACT

A framework for differential Doppler navigation with Starlink low Earth orbit (LEO) space vehicle (SV) signals of opportunity
is presented, and the framework’s performance is assessed. The differential framework assumes a rover (vehicle) navigating
without global navigation satellite system (GNSS) signals, through the simultaneous tracking and navigation (STAN) approach.
In STAN, the vehicle aids its inertial navigation system (INS) with Doppler measurements extracted from LEO SVs via an
extended Kalman filter (EKF), simultaneously estimating the vehicle’s and LEO SVs’ states. In addition, the differential
framework assumes a stationary base with a known position, making Doppler measurements to the same Starlink LEO SVs and
communicating these measurements with the rover. The objective of the proposed differential framework is to mitigate the effects
of poorly known LEO SVs’ ephemerides, unknown LEO SVs’ dynamic clock error states, and atmospheric delays. Simulation
results are presented to assess the performance of the proposed differential framework compared to a non-differential STAN.
The simulations assume an aerial vehicle equipped with a tactical-grade inertial measurement unit (IMU) and an altimeter,
navigating for 28 km in 300 seconds, the last 23 km of which without GNSS, while receiving signals from 14 Starlink LEO
SVs. It is shown that the non-differential STAN achieves a position root-mean squared error (RMSE) of 15.63 m, while the
differential STAN with one, two, and three bases reduces the position RMSE to 5.26 m, 3.88 m, and 1.94 m, respectively.
Experimental results are presented in which a stationary base and a stationary rover, located at a distance of 1 km apart, extract
Doppler observables from 3 Starlink LEO SVs. The differential framework was able to estimate the rover’s three-dimensional
(3-D) and 2-D position with an error of 33.4 m and 5.6 m, respectively.



I. INTRODUCTION

The advent of recent and upcoming low Earth orbit (LEO) satellite megaconstellations is shaping a new era of satellite-based
navigation. LEO-based communication has been offered over the past couple of decades by LEO 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, 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 [1-3].

Due to LEO satellites’ inherently desirable attributes, namely: (i) geometric and spectral diversity, (ii) abundance, (iii) high
received signal power, and (iv) high orbital velocity, LEO satellites offer an attractive alternative to global navigation satellite
systems (GNSS), which reside in medium Earth orbit (MEO) [4-7]. The promise of utilizing LEO SVs for navigation has been
the subject of numerous recent theoretical [8—16] and experimental [17-25] studies. While some of these studies proposed to
design LEO satellite constellations dedicated for navigation [26—30] other studies proposed to exploit LEO satellite signals for
navigation purposes [31-33]. The latter approach essentially follows the school of thought of exploiting terrestrial signals of
opportunity, which has shown tremendous potential in recent years: achieving meter-level accuracy on ground vehicles [34-38],
indoors [39-42], and on high-altitude aircraft [43, 44]; submeter-level accuracy on low-altitude aircraft [45-48]; and being
usable in environments under intentional GPS jamming [49, 50].

However, several challenges need to be addressed before LEO SV signals could be reliably used for navigation. First, in
contrast to GNSS satellites that periodically transmit their positions in the navigation message, LEO SV ephemerides cannot
be accurately obtained. The complete ephemeris data of each active satellite is publicly available as two-line-element (TLE)
files, published by the North American Aerospace Defense Command (NORAD) [51]. Each TLE file is comprised of six
Keplerian elements (inclination, right ascension of ascending node, eccentricity, argument of perigee, mean anomaly, and mean
motion) which characterize the LEO SV’s position at a specific time epoch. The TLE files can be readily used to initialize
orbit propagation algorithms, such as the Simplified General Perturbations (SGP4) [52] model to estimate the positions and
velocities of satellites, but the orbit propagation causes position errors on the order of kilometers, and hence, becomes unsuitable
for accurate positioning and navigation solutions. Second, unlike GNSS satellites that are equipped with atomic and tightly
synchronized clocks, LEO SVs are not necessarily as tightly synchronized nor are equipped with atomic clocks. Third, although
LEO SVs are located at relatively low altitudes from the surface of the Earth, their signals propagate through the ionosphere
and the troposphere, which induce delays in the received signal, which corrupt the extracted navigation observables.

Previous research addressed the aforementioned challenges by developing the simultaneous tracking and navigation (STAN)
framework, originally proposed in [53]. STAN utilizes LEO observables to aid the inertial navigation system (INS) of a
navigating vehicle, while simultaneously estimating the position, velocity, and clock states of the orbiting LEO satellites. The
framework was demonstrated through simulations as well as experimentation, where a navigation solution was produced using
LEO observables when GNSS signals were unavailable [54]. Recent studies that evaluated the performance of STAN suggested
that increasing the number of LEO satellites used compensates for lower quality inertial measurement units (IMUs) and that the
quality of the receiver’s clock has a noticeable effect on the resulting navigation solution [55].

Differential positioning methods entail deducing measurement errors for a certain satellite using a stationary reference antenna
with a known position, and communicating these error corrections to connected navigating users [56]. These satellite errors
that are compensated for by differential methods include clock calibration, ephemeris errors, and ionospheric and tropospheric
delays [57]. A differential carrier-phase navigation system with GPS and LEO SVs was presented in [58]. Moreover,
differential navigation with carrier phase measurements from Orbcomm LEO SVs was demonstrated in [59, 60] and with
Doppler measurements from Iridium NEXT LEO SVs and Starlink LEO SVs were studied in [61] and [62], respectively.

This paper demonstrates the benefit of differential Doppler measurements from Starlink LEO satellites to improve both: a
mobile vehicle navigating via STAN and a stationary receiver localizing itself. The paper presents the following contributions.
First, a single difference framework is introduced into the STAN framework to reduce errors due to LEO SVs’ ephemerides,
clock errors, and ionospheric and tropospheric delays. Second, in order to validate the benefit of adopting the differential
Doppler measurement model, a simulation study is conducted to compare two configurations: (i) standalone STAN where the
vehicle relies solely on the measurements extracted from its receiver and (ii) differential STAN where the vehicle differences its
measurements from those communicated from a reference base station.

The simulation assumed an aerial vehicle equipped with a tactical-grade IMU and an altimeter, navigating for 28 km in 300
seconds, the last 23 km of which without GNSS, while receiving signals from 14 Starlink LEO SVs. It is shown that the
non-differential STAN achieves a position root-mean squared error of 15.63 m, while the differential STAN with one, two, and
three bases reduces the position RMSE to 5.26 m, 3.88 m, and 1.94 m, respectively. In addition, an experiment is conduced in
which a stationary base and a stationary rover, located at a distance of 1 km apart, extract Doppler observables from 3 Starlink
LEO SVs. The differential framework was able to estimate the rover’s three-dimensional (3-D) and 2-D position with an error
of 33.4 m and 5.6 m, respectively.



The rest of the paper is organized as follows. Section II describes the STAN with differential measurements framework. Section
IIT presents the simulation study. Section IV presents experimental results showcasing the potential of differential Doppler
measurements on receiver localization. Section V gives concluding remarks.

II. DIFFERENTIAL DOPPLER POSITIONING FRAMEWORK
1. Vehicle Dynamics

The navigating vehicle’s state vector x,, shown in Fig. 1, is composed of Zq, which is a four-dimensional quaternion vector
representing the orientation of the body frame {b} fixed at the IMU with respect to the global frame {g}, 7, and #, are the
3-D position and velocity of the vehicle expressed in {g}, and by, and b,.. denote the 3-D biases of the IMU’s gyroscope and
accelerometer, respectively, expressed in {b} [53].

2. LEO Satellite Dynamics

The position and velocity of a LEO SV can be estimated using the open-loop SGP4 orbit propagator that is initialized from
a TLE file. However, SGP4-generated ephemeris suffer from errors on the order of a few kilometers [63]. Therefore, the
proposed framework adopts the STAN paradigm, where the LEO SV position and velocity states are simultaneously estimated
in a closed-loop fashion. The two-body J2 model is employed to propagate the LEO SV dynamics as it possesses desirable error
characteristics for use in the STAN framework, and has a known analytical expression for the state transition Jacobian [64]. The
model is defined by the instantaneous gravitational acceleration of the Earth and resolves the three-dimensional position and
velocity vectors of the LEO SV as described in [63,64]. The state vector of the [-th LEO SV x;., ; shown in Fig. 1, is composed
of the satellite’s position 7., ; and velocity ¢, ; vectors.

3. Clock Dynamics

Since LEO SV Doppler measurements are a function of the receiver and satellite clock drifts, the latter has to be estimated as
part of the system’s state. Although the satellite clock drifts are eliminated in the differential measurement model, the relative
clock drifts of the rover and the base cannot be resolved. Hence, this clock state is modeled to evolve according to the clock
dynamics used in the carrier-phase differential navigation in [59]. This relative clock difference is estimated as part of the rover’s

state vector shown in Fig. 1, and is represented by 6t(%-%) and §t(RB) denoting the relative clock bias and drift, respectively.

4. Measurement Model

Previous literature has demonstrated receiver structures that are able to extract Doppler frequency observables from Starlink
LEO satellite signals [24,25]. The Doppler measurement fp extracted by the LEO receiver is related to the pseudorange rate
measurement p according to
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where f. is the LEO SV carrier frequency. The pseudorange rate measurement from the ¢-th receiver to the [-th LEO satellite
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Figure 1: Navigating vehicle and base station in the differential Doppler navigation framework
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where 7,.; and 7., are the 3-D velocity vectors, of the i-th receiver and the [-th LEO SV in the Earth-Centered Earth-Fixed
(ECEF) reference frame, respectively; dt, ; and 6¢;¢,,; are the clock drifts of the i-th receiver and the I-th LEO SV, respectively;
5t§2)7w ; and Stl(f:“)op,l are the ionospheric and tropospheric delay rates (drifts), respectively; and V/(f} is the pseudoraqge rate
measurement noise, which is modeled as a discrete-time zero-mean white Gaussian sequence with standard deviation U/(fg. Note
that the ¢-th receiver denotes the base (B) or the rover (R).

The differential pseudorange rate measurement model across the rover and the base is defined as:
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The difference of Doppler measurements obtained at the base and the rover presents the following advantages to the resulting
measurement model: (i) the dynamic clock drifts of the LEO SVs are eliminated as both receivers are processing signals
transmitted by the same satellites and (ii) the differences between the ionospheric and tropospheric drifts at the base and the
rover are negligible when the receivers are relatively close. Note that for the differenced measurement model, the measurement
noise variance is equal to the summation of the measurement noise variances at the base and the rover.

II1. SIMULATION RESULTS

This section presents simulation results illustrating the potential of the Differential STAN framework described in Section II.

1. Simulation Setup

The study considered a fixed-wing unmanned aerial vehicle (UAV) traveling a 28 km trajectory in 300 seconds over Columbus,
Ohio, USA, and a varying number of base stations. The UAV was equipped with a tactical-grade IMU, an altimeter, and a GNSS
receiver. GNSS pseudoranges were fused with altimeter measurements to aid the onboard INS for the first 60 seconds of flight
time, before cutting off GNSS signals for the remaining 240 seconds. Furthermore, the UAV was equipped with a Starlink LEO
receiver producing Doppler measurements during the entire simulation period. Concurrently, the base station was equipped
with a GNSS receiver, yielding knowledge of its position. The base generated Doppler observables from the same Starlink LEO
satellites. These Doppler observables along with the measurement noise variances at the base were communicated to the rover
using the differential framework discussed above. Before GNSS cutoff, the vehicle operated in Tracking mode: the altitude
measurements from the altimeter and GNSS receiver were fused in a loosely coupled fashion, while the Doppler observables
extracted by the Starlink receiver were used by the EKF to estimate the LEO satellites’s states and rover-base(s) clock error
differences as explained in Sections II.2 and II.3, respectively. After GNSS cutoff, the UAV integrates the measurements from
the altimeter and Starlink satellites alone, along with the received observables from the base(s), to simultaneously localize the
UAV and estimate the LEO satellites” and clock errors’ states.

The IMU measurements including the gyroscope and accelerometer readings were generated from the UAV’s kinematics
according to Section II.1 with the bias instability and noise density parameters for a tactical-grade IMU as documented in Table
1. The UAV and base stations were equipped with a high-quality oven-controlled crystal oscillator (OCXO) clocks, while the
LEO SVs were simulated as chip-scale atomic clocks (CSACs). The process noise of each clock was derived from the power-law
coefficients listed in Table 1. The LEO satellites’ ground truths were generated on Analytical Graphics Inc. (AGI) Systems Tool
Kit (STK), which used TLE files of 14 Starlink Satellites taken on January 9, 2023, at 17:00 UTC and propagated using High
Precision Orbit Propagator (HPOP) giving the positions and velocities of the satellites during the simulation period. These
tracked LEO SVs were visible from Columbus with a minimum elevation of 15 degrees.



Table 1: Simulation Settings

IMU Parameters

Gyroscope Bias Instability 1.5°/hr

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

Accelerometer Noise Density 110 pg/+/Hz

Oscillator Power Law Coefficients

High-quality OCXO {hg, h_o} {2.6 x 10722,4.0 x 10726}
CSAC {hg,h_2} {7.2 x1072,2.7 x 10727}
Altimeter

Measurement noise variance 1 m?

To demonstrate the potential of differential LEO measurements, this paper studied the vehicle’s navigation performance using
three configurations: (i) standalone INS where the UAV relied solely on the IMU, (ii) stanalone STAN where the UAV navigated
using Doppler observables extracted from its LEO receiver alone, and (iii) differential-STAN where measurements from the
base(s) were communicated to the UAV and differenced from its own measurements.

2. Results

Fig. 2 shows the EKF error plots for the UAV’s position and velocity states for the three configurations (the differential-
STAN assumed only 1 base). Note the rapid divergence of the =3¢ estimation error bounds in the east and north directions
corresponding to the GNSS-INS solution after GNSS cutoff, while the STAN position errors appear to diverge at a slower rate.
Note that STAN velocity errors in the east and north directions diverge much slower compared to the corresponding position
state errors, indicating that the velocity states are more observable. On the other hand, upon introducing a single base into
STAN, the error divergence rate reduces dramatically.
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Figure 2: EKF estimation error plots and =30 bounds of the UAV states for: (i) GNSS-INS and (ii) LEO Doppler-aided INS STAN, and
(iii)) LEO Doppler-aided INS Differential-STAN (single base). The first and second rows correspond to the position and velocity states,
respectively, of the vehicle in the East-North-Up (ENU) frame.

Fig. 3 illustrates the effect of varying the number of base stations on the =3¢ estimation error bounds of the rover’s positions
in the ENU frame in comparison with the STAN and GNSS-INS configurations. It can be seen that the error bounds shrink
dramatically with the addition of the first base, and become slightly tighter with the integration of the second and third bases,



where the maximum deviations in the East and North directions are 10 m and 9.1 m with two bases, then 8.2 m and 7.2 m with
three bases, respectively.

‘—INS ~——STAN —1Base —2Bases —3Bases ‘

20 I I I
E i
g
20 \ \
£ O — 1
S I N
4
-20 \ !
I I \ I I
2
E L il
=)
—
2# i ———
! \ \ \ I

0 50 100 150 200 250 300

Figure 3: EKF +30 estimation error bounds of the aerial vehicle states in the ENU frame with Doppler-aided INS for varying number of
base stations.

The 14 Starlink satellites were tracked during the simulation period via STAN and differential-STAN. Fig. 4 shows the EKF
estimation £3¢ error bounds for Starlink-1154 with STAN, and differential-STAN with varying number of bases. The EKF
plots show the reduction in uncertainty of the satellite’s estimated positions with the number of bases.
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Figure 4: EKF +30 estimation error bounds of the Starlink-1154 LEO SV position states in the ECEF frame tracked for varying number of
base stations.



Fig. 5 summarizes shows the UAV’s ground truth trajectory along with the navigation results with three configurations. It also
shows the locations of the 3 base stations. Table 2 summarizes the UAV’s navigation performance.
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Figure 5: 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.

Table 2: Summary of Simulation Results

GNSS-INS STAN Differential-STAN
1 Base 2 Bases 3 Bases
RMSE (m) 528 15.63 5.26 3.88 1.94

Final Error (m) 1795 25.79 9.54 2.05 1.90

IV. EXPERIMENTAL RESULTS: STATIONARY RECEIVER POSITIONING

This section presents experimental results of receiver positioning with differential Doppler measurements from Starlink LEO
SV signals. The experiment was conducted in Irvine, California, USA and consisted of two receivers: a base with a known
position and a rover with unknown position, located at a distance of 1.004 km away from each other.

1. Experimental Setup

The hardware setup for the experimental demonstration was described in [62]. The base was equipped with an Ettus E312
universal software defined radio peripheral (USRP), a consumer-grade Ku antenna, and a low-noise block (LNB) downconverter
to receiver Starlink signals in the Ku band. The rover was equipped with the NI USRP 2974 and the same downconverter used
for the base. In addition, both of the base and rover setups included an NI Octoclock to synchronize the clocks of the USRPs
and downconverters. The sampling rate was set to 2.5 MHz, and the carrier frequency was set to 11.325 GHz, which is one of
the Starlink downlink frequencies. The received signal samples were stored for off-line post-processing.

2. Differential Doppler Positioning Results

The LEO receivers on-board the base and rover recorded signals from 3 Starlink LEO SVs: Starlink 44740, 48295, and 47728,
which were visible for 320 seconds.

A weighted nonlinear least squares (WNLS) algorithm was used to estimate the position of the rover as described in [62]. The
rover’s position estimate was initialized at a distance of approximately 200 km from the base. The 3-D position error was found
to be 33.4 m, while the 2-D position error was found to be 5.6 m. Fig. 6 summarizes the experimental results.
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Figure 6: (a) Starlink LEO SV trajectories, (b) rover’s initial estimate compared to the base/rover’s locations, (c) base and rover locations,
and (d) true and estimated rover’s positions.

V. CONCLUSION

This paper presented a framework demonstrating the potential of differential navigation and localization using LEO Doppler
observables from Starlink LEO SVs. A simulation study was conducted on a flying UAV where Doppler LEO observables were
fused from its receiver and from a varying number of base stations in a differential-STAN framework. The study showed a
significant improvement in both satellites tracking and vehicle navigation as compared to standalone STAN. The results showed
a reduction in the UAV’s 2-D position RMSE from 15.26 m using standalone STAN, to 1.9 m upon using 3 base stations.
Experimental results were presented showing a base placed 1 km away from a stationary rover, making Doppler measurements
to 3 Starlink satellites, yielding a 2-D localization error of 5.6 m.
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