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Abstract—Low-Earth orbit (LEO) satellites, benefiting from
their high transmission power, wide coverage, and large band-
width, have emerged in recent years as a promising alternative
for assisting GNSS in harsh environments. However, unlike
GNSS satellites, LEO satellites are generally not equipped with
high-precision atomic clocks; therefore, the accuracy of signal
propagation time estimation plays a critical role in overall system
performance. Based on this, this paper proposes a outer-loop
Doppler positioning framework considering signal propagation
time. Simulation results demonstrate that the proposed outer-
loop method effectively enhances state estimation performance,
improving the accuracy of three-dimensional position and velocity
estimation by more than 10% and 20%, respectively, while also
significantly improving the estimation accuracy of receiver clock
offset and clock drift.

Index Terms—LEO, Doppler positioning, outer-loop, propaga-
tion time.

I. Introduction
The rapid expansion in the demand for positioning and

navigation services has led users to formulate new and more
stringent requirements for continuous and reliable Positioning,
Navigation, and Timing (PNT) capabilities [1]. However, com-
plex environments like urban signal blocking create greater
challenges for traditional Global Navigation Satellite System
(GNSS) technology. In recent years, Low-Earth Orbit (LEO)
satellites have emerged as an attractive GNSS augmentation
solution in challenging environments, leveraging their advan-
tages of large numbers, high power, and wide bandwidth
[2], [3]. Consequently, LEO-based positioning has become
a rapidly growing research topic in recent years. Although
the distinctive characteristics of LEO satellite systems provide
substantial opportunities for augmenting or complementing
GNSS-based positioning, they also introduce a variety of non-
negligible error sources into the positioning process. These
error sources can be broadly categorized into the following
aspects.
• Ambiguous signal propagation time: LEO satellites were

originally designed to provide communication services to
users. Considering factors such as weight, size, and cost,
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LEO satellites are not equipped with high-precision atomic
clocks like GNSS satellites. Therefore, their transmitted
signals do not contain transmission timestamp information,
and the receiving end cannot obtain the accurate signal
propagation time, which will also lead to errors in satellite
position and velocity.

• Satellite auxiliary orbit error: At present, LEO positioning
algorithms primarily rely on externally provided orbital
parameters, which are typically derived from Two-Line
Element (TLE) files. These TLEs are updated at an interval
of approximately one day and are disseminated by the North
American Aerospace Defense Command (NORAD). TLE
in conjunction with the Simplified General Perturbations 4
(SGP4) model are usually used to determine the orbital state
of LEO satellites. However, SGP4 is an approximate orbit
propagator that does not fully capture complex atmospheric
drag effects and higher-order perturbations, which results
in the accumulation of position and velocity errors over
time.

• Atmospheric delay error: The ionospheric delay, due to
its dependence on signal frequency, induces dispersive
propagation effects that become especially significant for
wideband signals transmitted by LEO satellites. In contrast,
the tropospheric delay, while essentially non-dispersive,
still contributes to additional Doppler estimation errors as
a consequence of its pronounced dependence on elevation
angle and its temporal variability. Due to their lower orbital
altitudes and higher relative velocities, LEO satellites
experience more rapidly varying atmospheric delays than
conventional medium Earth orbit GNSS constellations.
This temporal variability in atmospheric effects conse-
quently increases the overall uncertainty associated with
LEO-based navigation systems.

Most of the currently studies focus on how to process orbit
error, for instant, equipped with a high-precision accelerometer,
it can achieve centimeter-level trajectory prediction [4]. With
the assistance of an inertial navigation system, differential
algorithms can reduce orbit prediction errors to the decimeter
level [5], and these algorithms hold significant potential for
mitigating clock errors [6]. Regarding atmospheric delay errors,
some researchers have shown that ionospheric delay in the C-
band can cause a positioning error of about 1 meter, while
tropospheric delay has an even greater impact on positioning



accuracy [7]. However, comparatively little attention has been
paid to the modeling and estimation of signal propagation time
in LEO-based positioning systems. In particular, the signal
propagation time is often treated as a deterministic or pre-
corrected quantity, despite the fact that it is jointly affected by
satellite dynamics, atmospheric conditions, and receiver states.

Based on the above analysis, we propose an outer-loop
Doppler positioning framework, taking into account signal prop-
agation time. A finite-difference Doppler observation model is
introduced to mitigate the impact of atmospheric delay. Finally,
simulation experiments verify the performance of the proposed
algorithm.

II. Methodology
A. Outer-loop positioning framework

Fig. 1 shows the framework of the proposed outer-loop
algorithm, which is structured as a two-level iterative frame-
work. In the outer-loop, the satellite state is determined using
TLE and the SGP4 propagator. Based on this state, Doppler
measurements are predicted via a finite-difference model, and
the corresponding observation residuals are formed. These
residuals are then used to perform a weighted least squares
(WLS) estimation. Meanwhile, the inner-loop focuses on the
iterative refinement of intermediate variables, such as the signal
propagation time, to improve the accuracy of the predicted
observations.

Fig. 1: LEO Doppler positioning flowchart based on the outer-
loop method.

B. Doppler observation model
Due to the substantially higher Doppler dynamics of LEO

satellites compared to GNSS, maintaining stable carrier-phase
tracking at the receiver becomes challenging [8]. Consequently,

LEO Doppler drift–based approaches provide a promising
solution. All position and velocity vectors are represented in
the Earth-Centered, Earth-Fixed (ECEF) frame. The measured
Doppler drift corresponds to the negative temporal derivative of
the accumulated delta range divided by the carrier wavelength
[9]. That is,
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where 𝐷 𝑗 represents the measured Doppler drift from the 𝑗-th
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where r is the user position, r 𝑗 is the known orbital position of
the 𝑗-sth LEO satellite,𝜔𝐸 = 7.292×10−5 is the Earth’s rotation
rate in rad/s, δ𝑡 𝑗𝑝 is the propagation time of the signal from the
satellite to the user, 𝛿𝑅 is the user receiver clock offset, 𝛿 𝑗 is the
satellite clock offset, δ𝑡 𝑗trop is the troposphere delay, δ𝑡 𝑗

𝑖𝑜𝑛
is the

ionosphere delay and 𝛽 is the bias on the measured beat carrier.
The matrix A(𝜔𝐸δ𝑡

𝑗
𝑝) corrects the satellite’s position at the

time of reception for Earth’s rotation during signal propagation.
In this study, we refer to the Psiaki’s approach [10], with eight-

dimensional state vector: x = [rT 𝛿𝑅 vT ¤𝛿𝑅]T,which are
assumed to remain constant over the duration of the processing
window. It represents the user position, the clock offset of
receiver, the user velocity and the clock drift of receiver. The
finite-difference model can be specifically expressed as:
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where Δ𝑡𝑅 is the nominal finite difference interval of receiver
clock time, which works well in range 0.1 s ≤ Δ𝑡𝑅 ≤ 0.25 s [10].
We set Δ𝑡𝑅 = 0.1 s in this study.



In GNSS applications, the signal propagation time is typically
determined using two principal algorithmic approaches: (i)
code-based pseudorange estimation,which defines a functional
relationship between the receiver time tag and the corresponding
satellite signal transmission epoch [11]; and (ii) iterative use of
purely geometric algorithm iteration. The former approach is
suitable for scenarios in which the signal propagation time is
known, whereas the latter approach is applicable in situations
where the signal propagation time is unknown.

In a LEO receiver, the propagation time is unknown, so
in this study we use the second algorithm to estimate the
propagation time. The specific process is shown in algorithm 1:

Algorithm 1: Purely geometric algorithm for propaga-
tion time

Input: Receiver approximate position r0, reception time 𝑡𝑅
Output: Signal propagation time δ𝑡

𝑗
𝑝

1 Initialize satellite position r 𝑗 ← position at 𝑡𝑅 and δ𝑡
𝑗
𝑝 = 0;

2 repeat
3 Store current δ𝑡 𝑗𝑝 as δ𝑡 𝑗

𝑝,old;
4 Compute signal travel time:

δ𝑡
𝑗
𝑝 ←




A(𝜔𝐸δ𝑡
𝑝

𝑗
)r 𝑗 − r0





𝑐

5 Update satellite position:

𝑡 ← 𝑡𝑅 − δ𝑡
𝑗
𝑝 , r 𝑗 ← position at 𝑡

6 until



δ𝑡 𝑗𝑝 − δ𝑡

𝑗

𝑝,old




 < 𝜖 ;
7 return δ𝑡

𝑗
𝑝;

The WLS algorithm is employed to estimate the user state
and can be formulated as: [12]:

z = ℎ(x) + 𝜖 (4)

where z represents the Doppler, x represents the state vector
mentioned above, ℎ(·) is non-linear observation function and
𝜖 is the noise. We can obtain the linearized error by Taylor’s
first-order expansion at initial value x0.

Δz = z − ℎ(x0) = HLEO (x0) (x − x0) + 𝜖 (5)

where Δz = z − ℎ(x0) is the difference between the measure-
ment and the modeled measurement, and Δx = x − x0 is the
correction for the state vector. The solution for the LEO system
be further optimized by using an iterative solution approach,
using the following increments:

Δx = (HT
LEOWHLEO)−1HT

LEOWΔ𝒛 (6)

where W is a weighting matrix.

III. Simulation experiments
A. Simulation scenario

To assess the performance of the proposed outer-loop method-
ology, numerical simulation experiments were conducted. The
primary objective was to quantify the parameter estimation

errors obtained with and without the incorporation of the outer-
loop framework and to evaluate theoretical performance for the
proposed algorithm. The satellite constellation was configured
based on Starlink, and the simulation started at 10:21:00 on
April 17, 2025. The receiver was assumed to be located at a
known reference position of 42° N, 2° E, with an altitude of 100
m.

The simulation duration is set to 300 s, during which the
receiver remains static. A WLS estimator is employed for
position estimation. To mitigate the impact of low-elevation
satellites, an elevation cutoff angle of 10° is applied, and an
elevation-dependent weighting scheme is adopted to improve
estimation robustness.

Satellite positions and velocities are generated using the
SGP4 orbital propagation model. The signal propagation time
is treated as an unknown parameter and is estimated using a
purely geometric algorithm, rather than being directly assumed
or fixed. This allows the simulation to better reflect realistic
signal transmission characteristics in LEO-based positioning
scenarios.

TABLE I: Simulation experiment processing strategy

Items Configuration

Constellation Starlink
Simulation period 2025-04-17 10:21:00
Station location(BLH) (42◦ N, 2◦ E, 100 m)
Estimator WLS
Duration 300 s
Elevation cutoff 10◦
Weight scheme Elevation-dependent weight
Satellite states computation SGP4
Signal propagation time Estimated by purely geometric algorithm
Status Static

B. Analysis of simulation experiment results

Fig. 2 demonstrates the impact of the outer-loop method on
positioning performance. The top panel in Fig. 2 illustrates
the horizontal positioning errors in the east–north plane for
the two cases: with and without outer-loop, represented by red
dots and blue dots, respectively. Statistical results indicate that
without employing the outer-loop, the positioning errors for
east and north directions are 2.74 m and 2.18 m, respectively.
After applying the outer-loop, the errors for east and north
directions decreased to 2.46 m and 1.74 m, improved of
10.2% and 20.2%, respectively. Additionally, corresponding
95% confidence ellipses are plotted to characterize the statistical
dispersion of planar errors. It is readily apparent that the
error distribution becomes more concentrated after outer-loop,
resulting in a reduced confidence ellipse. This indicates an
improvement in horizontal positioning stability.

The bottom panel in Fig. 2 displays the time series of upward
positioning errors. The solid line represents the vertical error
for each time step under both conditions, while the dashed
line indicates the corresponding 95% confidence interval.
Compared to the scenario without outer-loop, the upward error
is reduced by 16.9% with outer-loop, and the confidence interval
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Fig. 2: Performance comparison of positioning estimation
accuracy with and without outer-loop.

is narrower, indicating enhanced vertical error control and
improved robustness.

For the LEO satellite system, in addition to position esti-
mation, the velocity estimation performance is also evaluated.
Fig. 3 shows the 3D velocity estimation errors with and without
the outer-loop in the ENU coordinate system. Red dots represent
the results with the outer-loop, blue dots represent the results
without the outer-loop, and the shaded area represents the cor-
responding 95% confidence ellipsoid, quantifying the statistical
dispersion characteristics of the velocity estimation error. It
can be seen that the velocity error distribution after applying
the outer-loop is more concentrated, with errors in the E, N,
and U directions being 0.018 m/s, 0.012 m/s, and 0.017 m/s,
respectively, representing improvements of 25.4%, 23.3%, and
24.1%. The confidence ellipsoid is also smaller than that without
the outer-loop, which indicates that the outer-loop algorithm
effectively suppresses the uncertainty in velocity estimation
and improves the consistency of the overall estimation. The
above results demonstrate that the proposed outer-loop strategy
not only improves the accuracy of position estimation but
also achieves performance improvement in velocity estimation,
confirming its effectiveness in LEO positioning system.

Fig. 3: Performance comparison of velocity estimation accuracy
with and without outer-loop.

Fig. 4 compares the statistical performance of clock estimates
under two different algorithm. The left panel illustrates the
Standard Deviation (STD) of the clock offset estimation error,
while the right panel depicts the STD of the clock drift estimation
error. As shown in the left panel, the introduction of the outer-
loop significantly mitigates the clock offset errors. Specifically,
the STD of the clock offset error is reduced from 4.78 × 10−4

s to 3.51 × 10−4 s with the outer-loop strategy enabled. This
represents an improvement of approximately 27%, indicating
that the outer-loop feedback effectively constrains the systematic
biases or accumulated errors in the clock offset estimation. A
similar improvement is observed in the clock drift estimation, as
presented in the right panel. The STD of the clock drift decreases
from roughly 3.44×10−11 s/s to 2.49×10−11 s/s, corresponding
to an improvement of about 28%. Overall, the results in Fig. 4
demonstrate that the outer-loop strategy plays a crucial role in
enhancing the precision of onboard clock synchronization. It
contributes to a more stable and reliable time reference for the
satellite navigation system.

IV. Concousion

In summary, this paper proposes a LEO Doppler outer-loop
positioning framework that considers signal propagation time,
and compares the performance of parameter estimation before
and after applying this method through simulation experiments.
Considering the influence of atmospheric delay, we introduce a
finite-difference Doppler observation model to mitigate atmo-
spheric errors. Since the signal transmitted by LEO satellites
does not include the signal transmission time, we use a purely
geometric method to estimate the signal propagation time and
update the satellite state using the outer-loop method. The
results show that the proposed outer-loop method can effectively
improve the parameter estimation performance. Although the
simulation results are based on ideal conditions, they still
provide a feasible solution for future high-precision positioning
and lay a theoretical foundation for subsequent research on LEO
common-precision positioning.
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