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Abstract: A new concept of global navigation based on Doppler measurements from a large low
Earth orbit (LEO) constellation is investigated that has potential to serve as a complement or backup
to global navigation satellite systems (GNSSs) to provide navigation and positioning services in
GNSS denial environments. In this work, we investigate the potential of LEO communication
satellite opportunity signals in dynamic navigation, establish LEO satellite Doppler positioning
equations, derive the main error sources affecting the Doppler positioning results of a dynamic target,
and analyze the impact of each error source on positioning accuracy through a simulation. The
results show that the orbit error and clock drift had a large impact on positioning accuracy. This
navigation scheme would be more competitive if it could provide high-precision satellite orbits and
accurate Doppler measurements. The obtained results show that the LEO satellite signals used as
navigation opportunity signals are an attractive alternative in GNSS rejection environments for high
dynamic targets.

Keywords: signals of opportunity; Doppler positioning; dynamic target; low Earth orbit; Starlink

1. Introduction

GNSSs have become the most widely used navigational method, providing users with
position- and navigation-timing (PNT) services in various application scenarios. However,
with the wide application of GNSSs, some of their problems, such as low signal power, poor
satellite visibility, and susceptibility to electromagnetic interference, have been exposed.
Therefore, an increasing number of experts and scientists are attempting to find new
navigation methods to improve or replace GNSSs, and the LEO satellite is one of the most
popular topics.

LEO satellites have many advantages over GNSSs. For example, signals from LEO
satellites are received with higher power and lower delay compared to GNSSs. In addition,
the number of LEO satellites is much higher than that of GNSSs, and their signals are
spatially and spectrally diverse. Positioning with LEO satellites concerns navigation using
signals of opportunity (SOPs). SOPs are radio frequency signals that are not intended for
navigational purposes. The disadvantage of SOPs is that the signals are not optimized
for navigational purposes. This means that the signal structure may not be fully known,
signals from different transmitters (even from the same system) are not synchronized in
time, their clock stability is lower than that of GNSS satellites, and the transmitter positions
are unknown [1–3].

Research into the use of LEO satellites for positioning began many years ago, but was
limited by the technology and the number of LEO satellites. The technology of satellite
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launching and networking is maturing, with companies such as Amazon, OneWeb, and
SpaceX deploying so-called mega-LEO satellites to provide global broadband Internet. In
particular, launching thousands of satellites into LEO by SpaceX is a turning point for the
future of LEO-based navigation technologies [4–7].

In this paper, we study the potential of the LEO satellites signals for the navigation
of a dynamic target using simulated Starlink satellites as an example. Starlink is a giant
constellation of LEO satellites designed and launched by SpaceX to provide satellite Internet
services to users around the world. SpaceX has launched thousands of Starlink satellites.

Navigation using LEO satellites signals as SOPs has been the focus of many papers. In
2021, the authors in [8] proposed a blind Doppler tracking and beacon detection algorithm
for opportunistic navigation with LEO satellite signals. In [9], the authors proposed an
algorithm to track blind doppler OFDM signals transmitted by broadband LEO satellites.
The authors in [10] realized localization by using a carrier-phase tracking algorithm based
on an adaptive Kalman filter with the 11.325 GHz pilot signal of the Starlink satellite. The
experimental results showed that its horizontal positioning error was 25.9 m by using the
data of six Starlink satellites with a total duration of 800 s. In [11], the authors proposed
a matching subspace detection method to extract frequency information. The authors
in [12] used extracted frequency information for Doppler positioning, and the horizontal
positioning accuracy reached 10 m.

Most of the studies on LEO satellite navigation and positioning in the above literature
have been about geostationary target positioning or a fusion with inertial guidance for
motion target navigation. In this paper, we construct Doppler positioning equations for
LEO satellite opportunity signals, and propose a method for solving motion target positions
using only the Doppler shift of LEO satellite opportunity signals and not relying on other
auxiliary means such as inertial guidance.

In this paper, we analyze the potential of LEO satellites for motion target navigation,
construct Doppler localization equations, and analyze and verify through simulation the
effect of various error sources on localization accuracy during navigation. This paper is
organized as follows. Section 2 analyzes the satellite orbit and the Doppler model. Section 3
proposes the methods of Doppler positioning with LEO satellites for dynamic targets based
on stationary targets. Section 4 outlines the simulation of the Doppler navigation process
of an aircraft using the opportunistic signals of six Starlink satellites, and analyzes the
influence of various error sources on the navigation results. Section 5 concludes the paper.

2. Satellite Orbit and Doppler Model
2.1. LEO Satellite Orbit Model

Since the real orbit of an LEO satellite is difficult to be measured and obtained in real
time, the predicted orbit, obtained by substituting open two-line orbital element (TLE) data
into the SGP4 model, is regarded as the satellite orbit [13].

TLE data are the most commonly used satellite orbit data in the world; they were
designed and developed by North American Aerospace Defense Command (NORAD),
a joint military organization of the United States and Canada. Once in space, satellites,
spacecraft, and aircraft are listed in the NORAD satellite ephemeris catalog. Objects listed
in the NORAD ephemeris are tracked for life. NORAD regularly releases the latest TLE
data [14].

TLE contains the six orbital parameters of Kepler’s law. It only needs to plug TLE data
into the official SGP4 orbital prediction model to calculate past or future satellite positions.

However, the predicted orbits using TLE data and the SGP4 model are not representa-
tive of real satellite orbits. There are errors between the predicted and real satellite orbits,
and errors increase with time. Until the latest updated TLE data are obtained, errors in the
predicted orbits can reach the kilometer level and are mainly concentrated in the tangential
direction [15].
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The LEO satellite orbit error curve is approximated as a quadratic function [15], and
the predicted orbit error model is as follows:

σ = A0 + A1∆t + A2∆t2 (1)

where ∆t is the prediction time in seconds, σ is the standard deviation of the orbit prediction
error in meters, and A0, A1, and A2 are the constant, linear, and quadratic terms of the
quadratic fitting coefficient, respectively.

2.2. Doppler Shift Model

The Doppler frequency is the frequency variation characteristic of any electromagnetic
signal with relative motion between objects. The LEO satellite signal receiver mounted onto
a highly dynamic vehicle produces Doppler frequency measurements fd on the available
LEO satellite signals [16], which can be modeled as follows:

fd =
ρ̇ · fc

c
(2)

where ρ̇ is the range rate, fc is the carrier frequency, and c is the light speed.
Doppler shift measurements are affected by many error sources, including ionospheric

and tropospheric delays, transmitter and receiver clock errors, and multipath effects on
the signal. For vehicles travelling in the open sky, multipath errors are negligible. Most
of the LEO satellites currently in orbit (mainly STARLINK and ONEWEB) have signals in
the Ka and Ku bands, where ionospheric errors can be negligible. Tropospheric delays can
be accurately compensated using tropospheric delay correction models. Therefore, in this
study, the Doppler shift caused by atmospheric and multipath propagation was ignored.

Range rate measurement ρ̇ from the ith LEO satellite can be modeled as follows.

ρ̇i =
c · fdi

fc
=

[Vi −V] · [ri − r0]

‖ri − r0‖2
+ cδ̇t− cδ̇ti + υ (3)

where Vi and V are the 3D velocity matrices of the ith satellite and the target, respectively,
ri and r0 are the 3D positional matrices of the ith satellite and the target, respectively, cδ̇t
is the receiver clock drift (converted into m/s), cδ̇ti is the satellite clock drift (converted
into m/s), and υ is the measurement noise that is modeled as a white Gaussian random
sequence with variance συ

2.
In a GNSS, the clock of the satellite transmitter is strictly synchronous, but in the

opportunistic signal navigation of an LEO satellite, we know little about the clock of the
transmitter, so it is necessary to build a clock difference model to reduce the impact of the
clock error on the positioning results.The clock biases of the receiver and transmitter were
both assumed to have constant drift [17].

cδ̇t− cδ̇ti = ar · ∆t + br + ati · ∆t + bti (4)

where ar and br represent the rate of change of the shift (in Hz/s) and the frequency shift
(in Hz), respectively, ∆t is the time of variation and the initial offset of the receiver clock,
and ati and bti represent the frequency shift and initial offset of the ith satellite transmitter
clock, respectively.

By discretizing the continuous equation, the kth sample of the ith satellite signal
Doppler can be expressed as follows.

fdi
(k) =

fc · ρ̇i(k)
c

=
fc

c
· [Vi(k)−V(k)] · [ri(k)− r0(k)]

‖ri(k)− r0(k)‖2
+ ai · k · T + bi + υ f (k) (5)
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where T is the sample interval, and ai · k + bi denotes the Doppler error due to the clock
error between the receiver and the ith satellite transmitter.

ai =
fc

c
· (ar + ati ) (6)

bi =
fc

c
· (br + bti ) (7)

3. Doppler Positioning of Moving Targets
3.1. Doppler Position of Stationary Targets

When the target is stationary, target localization can be easily achieved by measuring
the Doppler shift of multiple satellite signals at multiple moments. Assuming that signals
from j satellites can be received, let i ∈ {1, 2, · · · , j} denote the satellite index, and fdi

(k)
the Doppler shift of the signal of the ith SV at time-step k. The measured Doppler shift can
be modeled as follows:

fdi
(k) =

fc

c
· Vi(k) · (ri(k)− r0)

‖| ri(k)− r0‖2
+ ai · kT + bi (8)

where r0 and ri(k) are the 3D positional matrices of the target and the ith satellite, respec-
tively, Vi(k) is the ith SV 3D velocity vector, ai and bi are the rate of change of the shift (in
Hz/s) and the frequency shift (in Hz), respectively, c is the speed of light, and fc is the
carrier frequency of the signal [17].

A set of equations can be obtained from multiple measurements of satellite signals.
Newton’s method can be used to solve the equation, and the iterative calculation formula is

[xh, yh, zh, a1h, · · · , aN h, b1h, · · · , bN h] =

[xh−1, yh−1, zh−1, a1h−1, · · · , aN h−1, b1h−1, · · · , bN h−1]

+[∆xh, ∆yh, ∆zh, ∆a1h, · · · , ∆aN h, ∆b1h, · · · , ∆bN h]

(9)

where [xh, yh, zh]
T is the positional result of hth iteration, [∆xh, ∆yh, ∆zh]

T is the correction
of the hth iteration, and

[∆xh, ∆yh, ∆zh, ∆a1h, · · · , ∆aN h, ∆b1h, · · · , ∆bN h] = (GT × G)−1 × GT ×Y (10)

where

G =



Vx1 · f0
fd1
·c + xn−x(1)

r(1)
Vy1 · f0
fd1
·c + yn−y(1)

r(1)
Vz1 · f0
fd1
·c + zn−z(1)

r(1)
kT 0 · · · 0 1 0 · · · 0

Vx2 · f0
fd2
·c + xn−x(2)

r(2)
Vy2 · f0
fd2
·c + yn−y(2)

r(2)
Vz2 · f0
fd2
·c + zn−z(2)

r(2)
kT 0 · · · 0 1 0 · · · 0

...
...

...
...

...
...

...
...

...
...

...
Vxn · f0
fdn ·c

+ xn−x(n)

r(n)
Vyn · f0
fdn ·c

+ yn−y(n)

r(n)
Vzn · f0
fdn ·c

+ zn−z(n)

r(n)
0 0 · · · kT 0 0 · · · 1


(11)

Y =


fd1 −

f0·[Vx1(x(1)−xn)+Vy1(y(1)−yn)+Vz1(z(1)−zn)]
c·r(1) − a1h · kT − b1h

fd2 −
f0·[Vx2(x(2)−xn)+Vy2(y(2)−yn)+Vz2(z(2)−zn)]

c·r(2) − a2h · kT − b2h
...

fdn −
f0·[Vxn(x(n)−xn)+Vyn(y(n)−yn)+Vzn(z(n)−zn)]

c·r(n) − anh · kT − bnh

 (12)
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where [x(i)y(i)z(i)] is the 3D position of ith SV, [Vxi , Vyi , Vzi ] is the 3D velocity of the ith
satellite, and r(i) is the distance between ith SV and the target. Since the positions between
the satellite and the target are constantly changing, r(i) changes with time.

r = ||rh(k)− r0||2 (13)

The iteration ends when the 2-norm of Y is less than a fixed constant Dy, and the result
is the positional estimation; otherwise, the iteration continues.

This method uses the Doppler shift of LEO satellites to locate stationary targets [18–21].
However, there are still some questions on whether we want to use this method for the
navigation of moving targets.

1. The velocity of the target is not zero. When (8) is used to solve for the stationary
target position, vi is not the ith satellite 3D velocity vector, it is the relative velocity
between the target and the ith satellite. The relative velocity is the difference between
the velocity of the satellites and targets for the moving target.

2. The real-time performance of the equation is poor. The number of equations listed by
Doppler at a single time is not sufficient to solve the target position. At one time, the
Doppler frequency of each satellite can correspond to an equation. The unknowns in
the equation include ai and bi, used in the satellite error modeling, and the 3D position
of the target. Assuming that the receiver receives the signals of n satellites at a certain
time, n equations can be listed. The corresponding number of unknowns is 3 + 2n.
Obviously, 3 + 2n > n, and the number of unknowns also increases with the increase
in the number of satellites. The number of equations in the system of equations is
always smaller than the number of unknowns. The position of a stationary target does
not change with time, so we can increase the number of equations by accumulating
Doppler shifts from multiple satellites at multiple moments to construct the equations,
and as long as we accumulate enough data, we can solve the position of the stationary
target. However, the position of a moving target keeps changing with time, and if the
number of equations increases by accumulating data at multiple times, as in the case
of a stationary target, new unknowns are introduced at the same time, i.e., the position
of the moving target at different moments, and the equations are not 100% solvable.

Therefore, the method used in stationary-target localization cannot be directly used to
solve the real-time position of the moving target.

3.2. Positioning Method for Dynamic Targets

In the above, problems exist when the stationary-target opportunistic signal Doppler
navigation method is applied to the introduced moving target. Specific solutions to these
two problems are next discussed in detail.

The first problem is easy to solve. There are many ways to measure the speed of
dynamic targets, such as inertial navigation sensors, Doppler radar speed measurements,
and aircraft pitot tube speed measurements. It is only necessary to install a velocity
measuring device on the dynamic target and substitute the measured velocity of the target
into the equation as a known quantity.

For the second problem, to enable the equation to have a solution, two solutions are
proposed: (1) reduce the number of unknowns, and (2) increase the number of equations.

3.2.1. Initialization—Reducing the Number of Unknowns

The unknowns in the equations are the 3D position of the target, and error coefficients
ai and bi. ai · kT + bi represents the error of each satellite due to the clock difference, signal
delay, and other influencing factors in our modeling of satellite signal Doppler shift. Each
satellite had different ai and bi, and we assumed that they did not change over time.

Then, we could set up an initialization process before the target starts to move, keep it
stationary for some time, and use the stationary target algorithm in Section 3 to solve the
corresponding ai and bi of each satellite. In the subsequent target movement process, the
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ai and bi of each satellite can be regarded as known quantities. Therefore, the subsequent
positioning equation is rewritten as follows:

fdi
=

f0

c
·
(Vxi (t)−Vx(t)) · (xi(t)− x) +

(
Vyi (t)−Vy(t)

)
· (yi(t)− y) + (Vzi (t)−Vz(t)) · (zi(t)− z)√

(xi(t)− x)2 + (yi(t)− y)2 + (zi(t)− z)2
+ di (14)

where V(t) = [Vx(t), Vy(t), Vz(t)] is the velocity vector of the moving target, and di =
ait + bi is a given quantity. There are only three unknowns of the target’s 3D position in
the equation. The real-time navigation of moving targets can be achieved by using more
than three satellites.

3.2.2. Sliding Window—Increasing the Number of Equations

The number of satellites or Doppler data must be increased if we want to increase the
number of equations. As mentioned above, increasing the number of satellites cannot solve
the equations. So, the solution of the equation is obtained by using multiple-time data.

Let us assume that there are altogether j SVs received at some point, and the corre-
sponding Doppler frequency f(Di)(i = 0, 1, 2, · · · , j) is extracted from them. The SV’s orbit
position is [xi(t), yi(t), zi(t)], and velocity is [V(xi)(t), V(yi)(t), V(zi)(t)]. We put these into
the Equation (14).

A system of j equations are listed with the data of one moment. The target location
cannot be solved using one-moment data because there are j + 3 unknowns in the system
of equations. Therefore, it is necessary to introduce multiple-moment data. Due to the
target moving, its position changes over time, and we should treat the target position at
each moment as a different unknown. There are m · j equations listed when we have the
data of m moments. Only when m · j ≥ 2j + 3m, m ≥ 2j

j−3 are the equations solvable, and
the M group positions can be solved corresponding to M different moments of the target.

The real-time position of the target is solved to realize the positioning and navigation
of the moving target by putting the target velocity, satellite orbit, and Doppler frequency
data measured at the current time and m− 1 time before into the formula with a sliding
window of length m.

4. Simulated Results
4.1. Scenario Description

The scenario consisted of a simulated highly dynamic aircraft, six simulated Starlink
satellites, and Starlink Doppler shift data.

4.1.1. Trajectory and Doppler

The aircraft and satellite trajectories were generated using STK, which is a leading
commercial space analysis program developed by Analytical Graphics, Inc. STK supports
the entire space mission process, including design, test, and launch operations and mission
applications [22].

In this simulation scenario, the aircraft flew at Mach 5 for 394 s. The orbital positions
and velocities of the six Starlink satellites were generated using the publicly available
Starlink satellite ephemeris TLE file, and the trajectory of the aircraft was simulated us-
ing STK software. The carrier frequency of the Starlink signals was set to 11.325 GHz.
Figure 1 shows the flight trajectory of the aircraft and the six Starlink satellites connected
to the aircraft.
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Figure 1. The simulated aircraft and six LEO satellites for positioning.

In the process of navigation, the flight speed of the aircraft is taken as a known quantity,
and the position of the aircraft in the simulation software is taken as the real position for a
comparison with the navigation result. All simulated data were output once per second.

Figure 2 shows the change in GDOP values for the six satellites using Doppler posi-
tioning throughout the flight of the aircraft. DOPs are usually close to 1, which corresponds
to the positioning equation of the pseudorange positioning. However, Doppler positioning
was used in this article. The positioning equation of Doppler is different from that of
pseudorange positioning, so the solution of the DOP value is also different. Obviously, the
DOP value of Doppler positioning is greater than that of pseudorange positioning, but
what we use for positioning are unknown LEO signals. For signals that we know little
about, it is easier to acquire Doppler than to acquire a pseudorange or carrier phase, so we
chose Doppler positioning. In the second half of the simulation, DOP mainly showed a
rapid rise because only six LEO satellites were used in the simulation. Due to the highly
dynamic characteristics of LEO satellites, the configuration of satellites changed rapidly,
worsening DOP. Therefore, to use LEO satellite navigation, we need to frequently replace
the used satellites to ensure a better DOP value.

4.1.2. Initialization

In Section 2.2, two methods were proposed for finding the location of moving targets.
To use the initialization method for the location of a moving target, an initialization process
for the aircraft must be added. In this simulation, the aircraft was stationary for 60 s
for initialization before it started moving, and the satellite orbital position and velocity,
and satellite signal Doppler data were simulated for this minute using the software. All
simulated data were output once per second.

The initialization process allows for solving the initial position of the aircraft, Doppler
frequency drift rate ai, and frequency bias bi due to clock errors for each satellite.
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Figure 2. GDOP for six Starlink satellites.

4.2. Effect of Error Sources

The main error sources that affect the positioning using LEO SV Doppler shift mea-
surements are the satellite position and velocity errors, and satellite clock drift. In this
section, we use the control variable method to study the influence of various errors on
positioning accuracy. The initialization time in Method 1 was 60 s, and the window length
in Method 2 was N = 10.

4.2.1. Satellite Doppler Shift

The Doppler frequency of the satellite signal received by the receiver has a certain
error compared with the theoretical value that is mainly caused by the clock difference. The
deviation between the measured and theoretical values is modeled as follows:

∆ fd = mi · t + ni + δ(t) (15)

Three different sets of Doppler drift mi and Doppler offset ni were randomly generated
as shown in Tables 1 and 2. Three different sets of Doppler errors were calculated from the
data in the table, and the initial values of the three sets of Doppler errors were around 300,
150, and 20 Hz. The three sets of data were solved using the two positioning methods, and
the results are shown in Figure 3. The leftmost circle means that no Doppler shift error had
been added, that is, the Doppler shift error was 0.

Table 1. Several different sets of satellite Doppler drift (mi)/Hz/s.

SV1 SV2 SV3 SV4 SV5 SV6

1 297.22 306.90 306.54 301.76 294.89 298.50
2 143.41 148.45 158.48 146.43 143.27 148.87
3 18.66 25.01 28.48 11.39 21.46 13.17
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(a) (b)

Figure 3. RMSE of the Doppler positioning results of the two methods with several different sets of
initial Doppler shift errors. (a) Initialization; (b) sliding window.

Table 2. Several different sets of Doppler offset (ni)/Hz.

SV1 SV2 SV3 SV4 SV5 SV6

1 305.12 305.22 300.20 299.04 300.41 292.17
2 155.01 149.37 152.06 148.58 154.70 143.44
3 2.67 1.83 1.13 1.02 2.21 2.44

According to the results in Figure 3 and the positioning results under ideal conditions,
error term ait + bi added to the positioning equation modeling had the same form as that
of Doppler frequency error mi · t + ni, which could effectively eliminate the influence of
the Doppler frequency error on the results.

4.2.2. Satellite Position Error

The error of the satellite position, predicted on the basis of TLE data and the SGP4
model, could be as high as 3 km. Most errors are concentrated in the tangential direction.
The error model can be approximated as a quadratic model, and the coefficient of the
quadratic term is small.

σ = A0 + A1 · kT + A2 · (kT)2 (16)

where σ is the standard deviation of the 3D orbit prediction error in meters, k is the discrete
time step, T = 1 s is the simulation data output time interval. A0, A1, and A2 denote the
initial position error, the primary term coefficient of error growth, and the quadratic term
coefficient, respectively.

In the simulation, the satellite orbit predicted by TLE and SGP was regarded as the
real orbit. However, in reality, there are errors in the satellite orbits predicted using TLE.
Therefore, we wanted to simulate the effect of realistic positioning using TLE predicted
orbits by adding errors to the perceived TLE predicted orbits. The initial errors of TLE orbit
prediction could reach the order of hundreds of metres and gradually increase to the order
of kilometers over time. We randomly generated three sets of initial position deviations
A0 of around 200, 1500, and 3000 m as the optimal, intermediate, and worst estimates of
the initial position deviation, respectively, and the values of A0 are shown in Table 3. The
values of A1 and A2 were set to 1.16 m/s and 0.01 m/s2 for all satellites. Due to the short
flight time of the simulated aircraft, the effect of A2 on the orbit error was relatively small.



Electronics 2023, 12, 2392 10 of 13

Table 3. Several different sets of initial satellite orbit errors (A0)/m.

SV1 SV2 SV3 SV4 SV5 SV6

1 3062.94 3081.16 2925.40 3082.68 3026.47 2919.51
2 1535.75 1551.55 1548.63 1478.45 1531.10 1434.24
3 238.97 163.42 290.04 106.89 187.75 176.31

Three groups of satellite orbit data with different errors were used for target position-
ing, and the resulting positioning errors are shown in Figure 4. The leftmost circle means
that no orbital position error had been added, that is, the orbital error was 0.

(a) (b)

Figure 4. The RMSE of the Doppler positioning results of the two methods under several different
sets of orbital initial errors. (a) Initialization; (b) sliding window.

Figure 4 shows that the localization error of the moving target was approximately
linear with the orbit error, and the localization error grew with the the orbit error. Com-
paring the localization errors of the two localization methods in Figure 4 shows that the
sliding-window method could weaken the influence of the orbit error to a certain extent,
and had higher localization accuracy than that of the initialization method.

The satellite orbit error greatly impacted the accuracy of the moving target positioning.
The current methods of acquiring LEO satellite orbits are mostly TLE files and SGP4 models.
If some methods can be found to correct the predicted orbit error or use other methods to
obtain highly accurate satellite orbits, the positioning accuracy can be greatly improved.

4.2.3. Satellite Velocity Error

As with the satellite position, satellite velocity was also predicted using the TLE file
and the SGP4 model, and had the same error growth trend. Three sets of initial velocity
deviations were randomly generated at around 0.2, 1.5, and 3 m/s, as shown in Table 4,
and the three sets of satellite orbital velocities with different errors were used to locate the
moving target. The obtained positioning errors are shown in Figure 5. The leftmost circle
means that no orbital velocity error had been added, that is, the orbital velocity error was 0.
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(a) (b)

Figure 5. The RMSE of the Doppler positioning results of the two methods under several different
sets of velocity initial errors. (a) Initialization; (b) sliding window.

Table 4. Several different sets of satellite velocity initial errors (m/s).

Set SV1 SV2 SV3 SV4 SV5 SV6

1 2.92 3.02 3.04 3.01 2.99 3.03
2 1.53 1.54 1.53 1.59 1.44 1.54
3 0.15 0.12 0.22 0.19 0.19 0.23

As shown in Figure 5, the location error of the moving target grew with the growth
of the orbital velocity error. Comparing the location errors of the two location methods
in Figure 5 shows that the sliding-window method could weaken the effect of the orbital
velocity error to a certain extent, and had higher localization accuracy compared with that
of the initialization method.

Same as the orbital position error, if some method can be found to achieve a highly
accurate satellite orbital velocity level, the positioning accuracy can be improved greatly.

4.3. Total Error Effect

In Section 4.2, the method of the control variables was used to study the influence of
different errors on positioning accuracy, but these errors exist simultaneously in the actual
navigation process. Still using the simulation scenario in Section 4.1, we added several
different sets of errors as shown in Table 5 to the simulation. The results can be seen in
Figure 6.

Table 5. Several different sets of errors.

Error
Satellite
Position
Error/m

Satellite
Velocity

Error/m/s
mi/Hz/s ni/Hz

1 3000 3 300 30
2 1500 1.5 150 15
3 200 0.2 20 2



Electronics 2023, 12, 2392 12 of 13

(a) (b)

Figure 6. The RMSE of the navigation results of the two methods under several different sets of
errors. (a) Initialization; (b) sliding window.

5. Conclusions

In this paper, we studied the potential of using the Doppler shift of LEO satellite
opportunity signals for dynamic target navigation, established the Doppler positioning
equations for LEO satellite opportunity signals, and proposed two solution methods. We
modeled the influence factors of the Doppler frequency shift of the LEO satellite opportunity
signals, the errors of the satellite’s orbital position and velocity, and the Doppler shift due to
satellite clock error, and evaluated the influence of the errors on the positioning accuracy by
using a simulation. Simulation results show that the greatest factor affecting the positioning
accuracy was the satellite orbit error, which was mainly due to the large error of the used
predicted orbit itself. If a method can be found to reduce the orbit error, the positioning
accuracy can be significantly improved.

Recently, many countries or companies around the world have been launching their
own constellations of LEO satellites. The number of LEO satellites is foreseen to grow
rapidly in the coming years. In the future, we hope to conduct motion target navigation
experiments on the basis of the Doppler of LEO satellite opportunity signals, and further in-
vestigate the possibility of using the carrier-phase information of LEO satellite opportunity
signals for dynamic target navigation.
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