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Abstract
Modern positioning for autonomous systems and Internet of Things (IoT) requires higher accuracy and higher
resilience than traditional Medium Earth Orbit (MEO) constellations can provide. This paper investigates the
integration of Low Earth Orbit (LEO) satellites into Global Navigation Satellite System (GNSS) architectures
to mitigate atmospheric delays and multipath interference. Through MATLAB-based stochastic modeling and
Least Squares estimation, MEO, LEO and hybrid configurations are evaluated. The study focuses on mitigation
of ionospheric, tropospheric and multipath error through LEO’s higher frequency bands, shorter propagation
paths and higher received signal power. Critical technological bottlenecks, such as the absence of onboard
atomic clocks and the limitations of using Two-Line Elements (TLE), are addressed. The results show that the
positioning accuracy depends on the density of the constellation and the precision of compensation techniques.
A threshold of three LEO satellites is identified to significantly reduce the error standard deviation (𝜎𝑒). The
findings confirm that transitioning to Precise Orbit Determination (POD) and clock stability are mandatory to
unlock LEO-augmented PNT for safety-critical applications.

Keywords
GNSS, LEO constellations, Hybrid positioning, Atmosphere error, TLE error, Clock bias, Multipath error, PNT
resilience.

1. Introduction

Over the last few decades, satellite positioning has assumed a central role in a wide range of applications,
from land and maritime navigation to geodesy, environmental monitoring, autonomous vehicles and
location-based services for the Internet of Things (IoT) [1]. In modern society, precise determination
of position and timing synchronization data has become indispensable, supporting critical sectors
such as air and sea navigation, national power grid synchronization and the flourishing autonomous
vehicle industry. Furthermore, the rapid expansion of the IoT has generated a demand for increasingly
precise and low-power localization services that current infrastructure struggles to meet consistently.
To date, the Global Navigation Satellite System (GNSS), based on Medium Earth Orbit (MEO) con-
stellations, represents the most widely used system for determining position on a planetary scale,
thanks to its global coverage, relative ease of reception, the continuous technological evolution of
existing constellations and the ongoing development of low-cost systems capable of interfacing with
transmitted satellite signals. MEO systems exhibit significant intrinsic limitations when operating in
critical environments [2, 3]. This is because MEO satellites orbit at altitudes of approximately 20,000
km, resulting in extremely low signal power at the Earth’s surface; consequently, MEO signals are
susceptible to significant attenuation and blockage by physical obstacles. Furthermore, traditional
GNSS systems are highly vulnerable to atmospheric delays (ionospheric and tropospheric), multipath
effects, and interference—such as jamming and spoofing—which can compromise the integrity of the
positioning solution. [4, 5]. In response to these growing challenges, the scientific community and
the industrial sector are shifting their attention to a new and promising frontier: Low Earth Orbit
(LEO) constellations [6]. Originally employed for broadband telecommunications, high-resolution Earth
observation and provision of internet services, LEO satellites offer structural characteristics that make
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them particularly suitable for positioning purposes. Their proximity to Earth (typically between 350
and 2,000 km) ensures a significantly higher signal-to-noise ratio (SNR) compared to MEO satellites. In
this context, LEO satellites can be integrated as an augmentation system for currently operational GNSS
systems relying on two distinct approaches: dedicated LEO-PNT (Positioning, Navigation and Timing)
systems and Signals of Opportunity (SoO) [1]. Dedicated LEO-PNT systems rely on purpose-built
megaconstellations, the primary objective of which is the provision of positioning services, for this
reason these systems are designed specifically for navigation, the signals are generated by a payload
optimized for this specific purpose, allowing for custom signal structures and antenna coverage, which
would be highly advantageous in environments where traditional GNSS signals are degraded or entirely
blocked. In the SoO paradigm, by contrast, signals transmitted by the thousands of LEO satellites
currently orbiting Earth are exploited opportunistically; since these satellites were not designed to
provide positioning services, they do not transmit navigation messages containing ephemeris data;
consequently, all the information required by the receiver to calculate the satellite’s position and predict
its orbit must be derived through alternative means. For these reasons, it is necessary to track alterna-
tive observables—such as Doppler shifts or carrier phase variations—to estimate the satellite’s orbit
and, ultimately, the receiver’s position. This approach takes advantage of existing megaconstellations
intended for the Internet or communication services—such as SpaceX’s Starlink or OneWeb [7]—which
do not natively transmit navigation data and operate at much higher frequencies, specifically in the Ku
(approximately 12.5 GHz) or Ka bands. This study focuses explicitly on the latter scenario, evaluating
the performance associated with the opportunistic integration of LEO constellations into a MEO satellite
system to create a hybrid multi-layer architecture. LEO satellites offer a number of advantages over MEO
satellites. First, because they operate in orbits much closer to the end-user, LEO satellites experience
significantly lower free-space propagation loss than MEO systems; this results in higher received signal
power—up to 30 dB greater. However, although this proximity increases the nominal signal-to-noise
ratio, the high-frequency Ku/Ka-band signals used by the mega-constellations currently in orbit suffer
severe propagation attenuation due to buildings, vegetation and atmospheric obstacles; consequently,
the higher signal power primarily enhances robustness, but does not automatically guarantee superior
penetration capability in indoor environments. Commercial satellites in Low Earth Orbit typically
do not transmit navigation messages and generally feature onboard commercial quartz oscillators,
which are less stable than the atomic clocks found on MEO satellites. Consequently, positioning using
an opportunistic approach relies on alternative methods to determine satellite locations, such as the
use of Two Line Elements (TLE). Furthermore, the high orbital velocity of LEO satellites results in a
fast-changing geometry, drastically reducing convergence times for high-precision algorithms such as
Precise Point Positioning (PPP) and reducing the duration during which the user experiences the absence
of a direct line of sight with the satellite [8, 9, 10]. The evaluation of positioning error is conducted
within a vehicular operational scenario. This context is characterized by navigation along a predefined
trajectory, which is typical for automotive or railway and this setting allows for a reduction in the
dimensionality of the problem, focusing the analysis specifically on error estimation along a single longi-
tudinal direction of travel. For the purposes of this study, a one-dimensional (1D) scenario is defined by
setting the horizontal and vertical reference angles to 0°, by simplifying the spatial geometry, the impact
of stochastic noise can be isolated and analyzed with higher precision, avoiding dilution of error across
multiple coordinate axes and it becomes possible to derive clearer performance benchmarks that are
essential for validating the integration of LEO constellations within hybrid architectures. However, it is
important to emphasize that the adopted simplification does not compromise the generality of the study;
the implemented simulator remains inherently modular, ensuring the scalability of the results to 2D
and 3D coordinate systems. Although the analysis focuses on a one-dimensional scenario constrained
to a specific trajectory, the simulation architecture developed in MATLAB is natively extensible to
two- and three-dimensional systems; this is achieved by increasing the spatial degrees of freedom
within the least-squares estimation algorithm, given that the simulation framework was specifically
designed to support such expansion. In light of this, extending the one-dimensional results to 2D or 3D
dimensional positioning requires accounting for spatial anisotropy; indeed, in positioning systems, the
vertical error component inherently dominates the horizontal planar components, as satellites can only



be tracked by the receiver when they are above the horizon. Consequently, transitioning from a 1D to a
3D configuration transforms positioning uncertainty from a linear variance into a time-varying error
ellipsoid, the parameters of which fluctuate due to multipath reflections and atmospheric dynamics.
By modifying the degrees of freedom within the MATLAB simulation framework, the observation
matrix projects pseudorange determination errors onto a two-dimensional plane or a three-dimensional
volume, ensuring that the complex spatial correlations and anisotropic physical characteristics of
multidimensional positioning systems are adequately considered.

This article aims to provide a comprehensive exploration of the potential of LEO-based positioning.
It analyzes how the integration of established MEO technologies with the high-power and low-latency
signals of new LEO infrastructures can redefine the current standards of global navigation resilience.
Through the use of rigorous error modeling—addressing clock biases, orbital uncertainties (Two Line
Elements based) and atmospheric corrections—and the conduct of comparative simulations in a MATLAB
environment, this study demonstrates that overcoming the structural constraints of traditional MEO
systems is possible. The goal is to pave the way for a new generation of localization services capable of
maintaining high-integrity positioning in scenarios where the signal was inevitably destined to degrade.

2. System Model

This section focuses on the integration of LEO satellites within a traditional 8-satellite MEO constellation.
The primary objective is to develop a multilayer architecture capable of compensating for inherent
limitations and positioning errors of standard GNSS systems (Table 1).

2.1. Simulation methodology

The primary source of uncertainty affecting the system is modeled as a zero-mean Gaussian stochastic
process. For vehicular applications along a known path, the navigation problem is simplified into a one-
dimensional (1D) scenario along the receiver’s direction of travel. To isolate instantaneous positioning
error and evaluate error standard deviation 𝜎𝑒, the receiver is modeled strictly stationary (velocity
= 0 m/s) in a known location, ensuring that performance variations in probability density functions
(PDF) are attributed solely to constellation characteristics obtained by introducing LEO satellites into
the MEO only system. Although position estimation is constrained to 1D, constellation geometry
remains three-dimensional; Line-of-Sight (LOS) vectors from the observation matrix are projected
onto the motion axis, this choice avoids masking horizontal errors behind the dominant vertical error
components inherent in 3D error metrics.

2.2. Comparative scenarios

The effectiveness of the localization system is evaluated by comparing three distinct orbital configura-
tions:

• MEO scenario: the baseline reference representing conventional GNSS systems.
• LEO scenario: used to assess the specific potential of low-orbit constellations.
• Hybrid LEO+MEO scenario: aimed at quantifying the actual performance gain and benefits

derived from integrating low-orbit satellites into the MEO segment.

To avoid ambiguity, it must be clarified that the LEO configurations analyzed in this study (e.g., 1-LEO,
2-LEO, 3-LEO) refer to the number of LEO satellites in the constellation that are visible to the user at
any given moment. Ensuring continuous local visibility of at least three LEO satellites—at any time
and at any location on Earth—requires a significantly larger global constellation; specifically, a global
constellation comprising several hundred satellites distributed across at least two sub-constellations is
essential, with distinct characteristics regarding the number and inclination of orbital planes and the
number of satellites within each subsystem.



2.3. Positioning algorithm and performance metrics

The receiver’s position is estimated using the Least Squares (LS) algorithm [11]. Initially, a constellation
composed of eight satellites in medium orbit is considered. Given a receiver in a known position, the
error is evaluated in terms of standard deviation 𝜎𝑒, which is incurred in determining the receiver’s
position by applying the least squares algorithm. One of the objectives is to determine how 𝜎𝑒 changes
by evaluating how possible error sources can influence position determination and how the presence of
any LEO satellite in the constellation succeeds or fails to mitigate the overall error in the final calculated
position. Once the receiver’s position is estimated, the pseudoranges are corrected to eliminate residuals.

A key point to emphasize is that, to isolate the impact of LEO satellite characteristics on positioning
accuracy, the simulation results presented rely on a controlled geometric configuration. The analysis
begins with a reference configuration consisting of eight MEO satellites at known positions, establishing
the baseline geometry for the user; in the subsequent hybrid configurations, rather than expanding the
constellation by adding more satellites, specific MEO satellites are replaced by an equal number of LEO
satellites. This replacement alters only the satellite’s operating altitude and transmission frequency,
while leaving the line-of-sight angular vector relative to the receiver unchanged. Consequently, the
observation geometry matrix and the resulting Position Dilution of Precision (PDOP) value remain
constant across all examined configurations, from the reference setup with eight MEO satellites to
the hybrid variants, and finally to the architecture consisting of four MEO and four LEO satellites. By
eliminating PDOP fluctuations, the contribution of LEO satellites can be isolated; thus, any variations
in the probability density function and the standard deviation of the positioning error can be attributed
solely to the characteristics of LEO satellites.

2.4. Ionospheric delay model

The total ionospheric delay along the propagation path is a function of the Total Electron Content
(TEC) [6]. For MEO satellites operating at the L1 frequency (1.58 GHz) [2, 12], the pseudorange error is
modeled as [8]:

𝛿𝑖𝑜𝑛𝑜,𝑀𝐸𝑂 =
40.3

𝑓2
𝑇𝐸𝐶 (1)

Low Earth orbit satellites typically orbit at lower altitudes and transmit signals at higher frequencies
(e.g., 12.5 GHz in the Ku-band) [10, 6]. Because LEO satellites orbit within the ionosphere, signals
transmitted to the ground only pass through the bottomside ionospheric layers below the satellite’s
altitude; the partial electron content crossed by these signals is denoted as 𝑇𝐸𝐶𝐿𝐸𝑂 [13]. The adapted
formula for the LEO ionospheric delay 𝛿iono, LEO is given by:

𝛿𝑖𝑜𝑛𝑜,𝐿𝐸𝑂 =
40.3

𝑓2
𝑇𝐸𝐶𝐿𝐸𝑂 (2)

Using the slant path theory, the 𝑇𝐸𝐶 is calculated based on the receiver’s position, the satellite
elevation relative to the Earth’s surface and the Vertical Total Electron Content (𝑉 𝑇𝐸𝐶) [14]. 𝑇𝐸𝐶𝐿𝐸𝑂

is set to 𝑇𝐸𝐶𝐿𝐸𝑂 = 0.62 · 𝑇𝐸𝐶 , this fractional scaling represents a realistic scenario in which the LEO
signal crosses only the lower layers of the ionosphere. Indeed, recent studies analyzing LEO navigation
augmentation signals demonstrate that the portion of the bottomside electron content relative to the
total 𝑇𝐸𝐶 typically ranges from 56% during the night to 84% during daytime [15, 13], for this reason
the factor of 62% has been chosen. The temporal evolution of the ionospheric error is modeled as a
first-order Gauss–Markov process [15, 16], with initial values 𝛿iono, MEO and 𝛿iono, LEO defining the delay
distributions for each specific orbit layer [15]. Mitigation is achieved using the Klobuchar model to
reduce propagation errors for single-frequency receivers [17], the correction is scaled for LEO satellites
[13].



2.5. Tropospheric Delay Model

LEO satellites are subject to atmospheric interactions that differ significantly from those affecting
MEO platforms. To estimate tropospheric delay, the Saastamoinen model is employed [7], which uses
meteorological parameters, Pressure (𝑃 ), Temperature (𝑇 ) and Humidity, to estimate hydrostatic (dry)
and wet delay components [18]. These components of the zenith delay are calculated as follows:

𝑑ℎ𝑦𝑑 = 0.002277 · 𝑃𝑠

𝑓(𝜑, ℎ)
(3)

𝑑𝑤𝑒𝑡 = 0.002277 ·
𝑒𝑠 ·

(︁
1255
𝑇𝑠

+ 0.05
)︁

𝑓(𝜑, ℎ)
(4)

where 𝜑 is the receiver latitude, ℎ is the satellite altitude, and the gravitational scaling factor is defined
as 𝑓(𝜑, ℎ) = 1− 0.0266 cos(2𝜑)− 0.00028ℎ. The partial pressure of water vapor 𝑒𝑠 is derived from
the relative humidity [8, 11]. The tropospheric error is modeled in MATLAB as a Gaussian distribution
with bias [18, 3].

2.6. Multipath model

LEO and MEO satellites exhibit different multipath dynamics, driven by signal characteristics and orbital
geometry [19]. Although LEO constellations provide higher received signal power, effective multipath
mitigation and reflection rejection depend intrinsically on signal bandwidth, chip rates and receiver
architecture. However, a distinctive feature of LEO satellites is the rapid geometric decorrelation of
multipath reflections, a result of their high orbital velocity. Multipath error typically does not have a
zero mean; instead, it manifests itself as a time-varying bias, with statistical behavior closely related to
the specific properties of the propagation channel [20, 21]. Consequently, to realistically simulate this
behavior, the multipath error associated with a satellite is modeled as a Gauss-Markov process [11] and
this process is governed by a correlation time constant, which quantifies the rate at which the reflection
environment changes.

According to the different characteristics of MEO and LEO satellites , multipath errors are generated
using different time constants, reflecting the distinct nature of their respective signals. Since the
multipath error decorrelation rate depends on the satellite’s angular velocity relative to the receiver, a
longer time constant is used for MEO satellites to represent a slowly varying reflection environment;
conversely, a much shorter time constant is adopted for LEO satellites to account for the rapid evolution
of reflection geometry caused by their high orbital speed, 300 s is set for MEO satellites, in line with
established stochastic error models and ground processing standards [22, 23, 24] and 30 s for LEO [25, 26].
It is important to underline that the choice of a 30 s time constant for LEO satellites is conservative;
as demonstrated in [25], the high angular velocity of LEO satellites can lead to an improvement of
up to 75% in multipath error decorrelation compared to traditional GNSS constellations. Therefore,
maintaining the time constant at 30 s ensures that the adopted model does not overestimate the actual
performance of the LEO satellites. To mitigate multipath effects, a Geometry-Aided Smoothing variant
of the Hatch filter is implemented [3, 27]. The smoothed pseudorange 𝜌̄𝑘 is computed as:

𝜌̄𝑘 = 𝛼𝑚𝜌𝑟𝑎𝑤,𝑘 + (1− 𝛼𝑚)(𝜌̄𝑘−1 +Δ𝜌) (5)

where 𝛼𝑚 is the smoothing coefficient, 𝜌𝑟𝑎𝑤,𝑘 is the raw measured pseudorange and Δ𝜌 is the
geometric distance variation between consecutive epochs.

2.7. TLE error model

Opportunistic LEO positioning relies on North American Aerospace Defense Command (NORAD) Two-
Line Elements and the Simplified General Perturbations (SGP4) propagator [28, 29, 30, 19]. However,
since LEO satellites orbit at lower altitudes than MEO ones, they are subject to significant dynamic



perturbations—primarily atmospheric drag and Earth’s gravitational field—rendering models originally
developed for medium Earth orbit satellites inadequate [31].The SGP4 model, which relies on simplified
analytical formulations to limit computational complexity, is unable to effectively model the forces
acting on satellites in LEO; consequently, orbital information derived from TLE degrades rapidly, and the
receiver may incur errors of several kilometers in determining the satellite’s position if the TLE are not
updated periodically. Therefore, quantifying the impact of TLE-induced orbital errors is a fundamental
requirement in the development of realistic hybrid LEO/MEO architectures. Unmodeled atmospheric
drag and gravitational perturbations cause orbital degradation between update cycles [31, 32], for this
reason the receiver can commit a significant error in satellite position determination and, consequently,
in its orbit prediction. The TLE-induced pseudorange error affects only LEO satellites and is modeled
using a Gaussian distribution with bias [33]:

• Uncompensated parameters: A bias is adopted with a mean value 𝜇 = 500 m and a standard
deviation 𝜎 = 30 m. The offset of 500 m represents the typical error introduced by the use of TLE
when they are updated every 24 hours, as demonstrated in [31]. The use of the SGP4 propagator
introduces a significant error since the use of TLE as it does not adequately model the forces
acting on LEO, particularly atmospheric drag, to which low-Earth orbit satellites are strongly
subjected [32]. In contrast, the standard deviation of 30 m is consistent with empirical validations
that compare the determination and tracking of the orbit by TLE with the results obtained with
the real measurements performed by Global Positioning System (GPS) [34].

• Compensated parameters: Assuming a more accurate orbit determination strategy, the model
reduces the mean error to 𝜇 = 100 m and the standard deviation to 𝜎 = 1 m. In fact, it is
currently possible to achieve decimeter-level POD accuracy by exploiting the post-processing of
dual-frequency GNSS measurements, even in very low Earth orbits where atmospheric drag is
very high [35, 36]. Possible alternative techniques include the use of the Doppler Orbitography
and Radiopositioning Integrated by Satellite (Doris) system or Satellite Laser Ranging (SLR)
measurements. A key aspect to underline is that LEO satellites, due to their small size, are often
subject to strict constraints on size, weight and power, which limit the onboard computational
resources with which they can be equipped, so to account for these operational limitations, a
conservative simulation framework is chosen; in fact, the following parameters are adopted for
the compensated condition: (𝜇 = 100 m, 𝜎 = 1 m).

2.8. Clock error model

Unlike MEO satellites, LEO satellites cannot be equipped with atomic clocks due to the limited physical
space available on small-satellite platforms and the excessive power consumption of such devices [37, 2].
The absence of a stable temporal reference results in a temporal bias averaging 100 ns in pseudorange
calculations [38]. As analyzed in [39], real LEO flight data indicate that even high-performance space-
grade oscillators can accumulate milliseconds of clock bias over a two-week period if left unchecked;
therefore, adopting a 100 ns satellite clock bias in the simulation framework represents a realistic yet
conservative scenario, reflecting the real-world rapid error growth of commercial quartz oscillators
generally utilized in LEO missions. The clock bias is modeled as a Random Walk, a non-stationary
process that accumulates uncertainty over time [39, 16], effectively simulating the physics of quartz
oscillators typically employed in LEO missions. At each time step 𝑘, the drift 𝑑𝑘 is calculated as follow:

𝑑𝑘 = 𝑑𝑘−1 + 𝜔𝑘 (6)

where 𝜔𝑘 ∼ 𝑁(0, 𝜎2
ℎ𝑚𝐻

) with 𝜎ℎ𝑚𝐻
= 1 ns.

The total instantaneous clock error 𝜖𝐶𝐿𝐾(𝑘) is then obtained by superimposing a white Gaussian
noise term on the cumulative bias, which models the instantaneous signal jitter [11]:

𝜖𝐶𝐿𝐾(𝑘) = 𝜖𝑐𝑢𝑚(𝑘) + 𝜂𝑖𝑛𝐻𝐽(𝑘) (7)



where 𝜂𝑖𝑛𝐻𝐽(𝑘) ∼ 𝒩 (0, 𝜎2
𝑖𝑛𝐻𝐽) with 𝜎𝑖𝑛𝐻𝐽 = 60 ns.

The error introduced by the lack of a stable clock exclusively affects the LEO satellites in the
constellation. To evaluate its impact, two configurations are considered:

• Uncompensated parameters: A cumulative drift component combined with an instantaneous
jitter 𝜂𝑖𝑛𝐻𝐽(𝑘) with 𝜎𝑖𝑛𝐻𝐽 = 60 ns.

• Compensated parameters: Error reduction is achieved by assuming a more stable reference and
subtracting a correction term from the pseudorange.

Table 1
Summary of error models and simulation parameters for MEO and LEO satellites.

Error Source MEO Baseline LEO Opportunistic

Ionospheric ∙ Model: Gauss-Markov
∙ Freq: L1 (1.58 GHz)
∙ Path: 100% ionosphere
∙ Mitig.: Klobuchar

∙ Model: Gauss-Markov
∙ Freq: Ku (12.5 GHz)
∙ Path: lower ionosphere
∙ Mitig.: Scaled Klobuchar

Tropospheric ∙ Model: Saastamoinen
∙ Inputs: GPT2 coeff.
∙ Mitig.: Det. subtraction

∙ Model: Saastamoinen
∙ Inputs: GPT2 coeff.
∙ Mitig.: Det. subtraction

Multipath ∙ Model: Gauss-Markov
∙ Corr. Time: 𝜏 = 300 s
∙ Mitig.: Hatch Filter

∙ Model: Gauss-Markov
∙ Corr. Time: 𝜏 = 30 s
∙ Mitig.: Hatch filter

Orbital (TLE) ∙ Broadcast ephemeris
∙ Negligible errors

∙ NORAD TLE + SGP4
∙ Uncomp.: 𝜇 = 500 m, 𝜎 = 30 m
∙ Comp.: 𝜇 = 100 m, 𝜎 = 1 m

Sat. Clock ∙ Atomic Clocks
∙ Negligible drift/jitter

∙ Commercial Quartz
∙ Random Walk + Jitter
∙ Uncomp.: 𝜎jitter = 60 ns
∙ Comp.: Residual drift

3. Experimental results and discussion

In this section, the positioning performance of the proposed LEO-PNT system is evaluated and compared
to traditional MEO constellations (Table 2).

Table 2
Comparison of positioning error standard deviations (𝜎𝑒) across different orbital configurations under individual
and combined error sources.

Error Source / Effect MEO 1-LEO 2-LEO 3-LEO

Individual Effects
Ionospheric delay 0.802 0.775 0.605 0.555
Tropospheric delay 0.626 0.599 0.315 0.262

Combined Effects
Multipath (+ Iono, Tropo) 0.985 0.844 0.628 0.582
TLE (+ Iono, Tropo, Mult.) – 0.965 0.625 0.594
Clock (+ Iono, Tropo, Mult.) – 1.080 0.716 0.685
All Errors Combineda 0.985 1.020 0.741 0.656
a Evaluated with ionosphere, troposphere, multipath, TLE and clock errors.



3.1. Ionospheric error analysis

Comparing a baseline 8-MEO constellation with an 8-LEO configuration (𝜎𝑒 = 0.802 and 𝜎𝑒 = 0.306)
demonstrates the intrinsic robustness of LEO signals due to their higher carrier frequency. This
advantage is evident even with a single LEO satellite in constellation. As visible LEO satellites increase,
the system achieves a global reduction in final positioning error, as lower LEO ionospheric delays
compensate for larger MEO delays (𝜎𝑒 = 0.775 and 𝜎𝑒 = 0.555). Furthermore, increasing the number
of visible satellites by using hybrid MEO-LEO constellations is crucial for mitigating performance
degradation caused by adverse atmospheric conditions, ionospheric scintillation and geomagnetic
storms.[40, 41].

3.2. Tropospheric error analysis

Experimental results validate that LEO constellations are significantly less sensitive to tropospheric
fluctuations. Subtracting the deterministic delay estimated via the Saastamoinen model from pseu-
dorange observations removes the mean bias, leaving zero-mean stochastic noise (𝜎𝑒 = 0.626 and
𝜎𝑒 = 0.209). This compensation allows LEO signals to leverage their lower altitude variance and
achieve sub-decimeter residual errors; increasing LEO satellites reduces positioning uncertainty and
combining bias removal with atmospheric delay averaging of LEO enables levels of precision unattain-
able by traditional systems relying solely on MEO satellites under adverse conditions. (𝜎𝑒 = 0.599 and
𝜎𝑒 = 0.315).

3.3. Multipath error analysis

The simulation confirms that LEO constellations are much more resilient in harsh environments. The
improvement in 𝜎𝑒 observed in the combined error scenario is mainly due to the higher power of the
received signal; this increased SNR allows the receiver to better distinguish between direct Line-of-Sight
and the reflected signals, which is further optimized by the geometry-aided Hatch filter (𝜎𝑒 = 0.628).

3.4. TLE and Clock errors analysis

The introduction of uncompensated orbital parameters and clock errors reveals the primary techno-
logical bottlenecks of opportunistic LEO navigation. Unlike atmospheric delays, where LEO satellites
provide an inherent physical advantage, orbital determination and clock stability represent severe limits
that must be taken into account.

3.4.1. TLE

The analysis reveals a critical trade-off: introducing a single LEO satellite yields 𝜎𝑒 = 0.965, nearly
identical to the 8-MEO baseline (𝜎𝑒 = 0.985), since the spatial bias from the standard TLE data outweighs
the reduced atmospheric delay and higher signal power. System performance recovers significantly
with two or more LEO satellites (𝜎𝑒 = 0.625), allowing the positioning filter to distribute residual
orbital bias and let LEO atmospheric advantages prevail.

3.4.2. Clock bias

Integrating a single LEO satellite leaves the final positioning error unchanged (𝜎𝑒 = 1.08) due to the
error arising from the absence of an atomic clock, effectively negating the advantages associated with
the characteristics of low-orbit satellites. Increasing the number of LEO satellites improves performance
through error averaging (𝜎𝑒 = 0.716 for 2-LEO), using satellites with lower pseudorange error to
compensate for MEO inaccuracies.



(a) (b)
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Figure 1: Positioning error PDFs for the cumulative error scenario (atmospheric, multipath, TLE and clock
errors): (a) 8-LEO (𝜎𝑒 = 0.382), (b) 7-MEO and 1-LEO (𝜎𝑒 = 1.020), (c) 5-MEO and 3-LEO (𝜎𝑒 = 0.656) and (d)
4-MEO and 4-LEO (𝜎𝑒 = 0.650).

3.4.3. Cumulative TLE and clock errors

Analyzing cumulative clock bias and TLE uncertainty confirms that hybrid architectures require a
threshold LEO density to suppress cumulative error variance. A single LEO satellite does not show a
significant gain (𝜎𝑒 = 1.020, Fig. 1(b)). Scaling to 3-LEO reduces 𝜎𝑒 to 0.656 (Fig. 1(c)), achieving a
performance gain of 35% , while 4-LEO produces 𝜎𝑒 = 0.650 (Fig. 1(d)).

4. Conclusions

The results of this study demonstrate that integrating LEO satellites into existing MEO-based GNSS
constellations is a viable strategy to improve global positioning performance; however, the actual benefit
can only be realized by overcoming outstanding technological challenges.

The simulation results indicate that replacing MEO satellites with LEO nodes does not automatically
lead to an improvement in ground positioning error; indeed, the analysis identifies a critical threshold:
the integration of three LEO satellites represents an optimal compromise between system complexity
and positioning accuracy. Increasing the number of LEO satellites beyond this value yields diminishing
returns, as the performance gains are negated by the constellation’s increased computational and
management complexity. A key finding of this study is that the intrinsic advantages of LEO platforms
regarding link budgets are largely nullified by the absence of atomic-grade frequency references and
high-precision orbit determination systems. Specifically:

• Clock stability: The reliance on quartz oscillators introduces a non-stationary drift that, if un-
compensated, significantly degrades the user position solution.



• Orbital ephemeris propagation: TLE-based ephemeris propagation is insufficient for high-
precision PNT applications. Replacing TLE with advanced Precise Orbit Determination algorithms
is mandatory to exploit the LEO constellation’s potential.

A significant methodological aspect of this work is the adoption of a one-dimensional vehicular
scenario for performance evaluation. This approach provides a controlled environment to isolate
stochastic error components and validate model performance; however, although the analysis is limited
to a single dimension, the simulator’s modular architecture ensures that the analytical results remain
inherently scalable to 2D and 3D coordinate systems for any real-world trajectory.

The path toward an autonomous LEO-based PNT system—as well as a hybrid GNSS/LEO architec-
ture—is inextricably linked to resolving the aforementioned critical issues regarding clocks and TLE
data. Future implementations must prioritize the miniaturization of atomic clocks and the adoption of
advanced real-time orbit estimation techniques; such technological measures are crucial not only for
enhancing accuracy but also for ensuring system integrity, keeping residual errors within the confidence
limits required for safety-critical applications. This work provides the analytical foundation for future
developments in fields where highly resilient and high-precision positioning—such as autonomous
driving and smart city infrastructure—demands performance levels currently unattainable by standalone
GPS architectures.

Declaration on Generative AI

During the preparation of this work, the authors used Google Translate for translation assistance and
Google Gemini for grammar, spelling and syntactic corrections. After using these tools, the authors
reviewed and edited the content as needed and take full responsibility for the publication’s content.

References

[1] F. D. S. Prol, H. Kaasalainen, E. S. Lohan, M. Z. H. Bhuiyan, J. Praks, H. Kuusniemi, Simulations
using LEO-PNT systems: A brief survey, in: Proceedings of the 2023 IEEE/ION Position, Location
and Navigation Symposium (PLANS), IEEE, Monterey, CA, USA, 2023, pp. 381–387. doi:10.1109/
plans53410.2023.10140118.

[2] P. K. Enge, The global positioning system: Signals, measurements, and performance, Int. J. Wireless
Inf. Netw. 1 (1994) 83–105. doi:10.1007/BF02106512.

[3] J. S. Subirana, J. M. J. Zornoza, M. Hernández-Pajares, GNSS Data Processing, Volume II: Laboratory
Exercises, ESA Communications, Noordwijk, The Netherlands, 2013.

[4] P. Zabalegui, G. D. Miguel, A. Perez, J. Mendizabal, J. Goya, I. Adin, A review of the evolution
of the integrity methods applied in GNSS, IEEE Access 10 (2022) 77522–77543. doi:10.1109/
ACCESS.2020.2977455.

[5] W. V. Uytsel, T. Janssen, M. Weyn, R. Berkvens, A technical overview of current “new space”
LEO-PNT initiatives and their application potential, in: Proceedings of the 2024 IEEE 35th Annual
International Symposium on Personal, Indoor and Mobile Radio Communications (PIMRC), IEEE,
Helsinki, Finland, 2024, pp. 1–6. doi:10.1109/pimrc59610.2024.10817274.

[6] F. D. S. Prol, R. R. Ferre, Z. Saleem, P. Välisuo, C. Pinell, E. S. Lohan, M. Elsanhoury, M. Elmusrati,
S. Islam, K. Celikbilek, et al., Position, navigation and timing (PNT) through low earth orbit
(LEO) satellites: A survey on current status, challenges and opportunities, IEEE Access 10 (2022)
83971–84002. doi:10.1109/ACCESS.2022.3194050.

[7] U. K. Singh, M. R. B. Shankar, B. Ottersten, Opportunistic localization using LEO signals, in:
Proceedings of the 2022 56th Asilomar Conference on Signals, Systems and Computers, IEEE,
Pacific Grove, CA, USA, 2022, pp. 894–899. doi:10.1109/ieeeconf56349.2022.10051941.

[8] K. Celikbilek, E. S. Lohan, A performance study on the combination of available GNSS and potential
LEO-PNT constellations, IEEE Access 12 (2024) 162909–162917. doi:10.1109/ACCESS.2024.
3490892.

http://dx.doi.org/10.1109/plans53410.2023.10140118
http://dx.doi.org/10.1109/plans53410.2023.10140118
http://dx.doi.org/10.1007/BF02106512
http://dx.doi.org/10.1109/ACCESS.2020.2977455
http://dx.doi.org/10.1109/ACCESS.2020.2977455
http://dx.doi.org/10.1109/pimrc59610.2024.10817274
http://dx.doi.org/10.1109/ACCESS.2022.3194050
http://dx.doi.org/10.1109/ieeeconf56349.2022.10051941
http://dx.doi.org/10.1109/ACCESS.2024.3490892
http://dx.doi.org/10.1109/ACCESS.2024.3490892


[9] T. G. R. Reid, A. M. Neish, T. F. Walter, P. K. Enge, Leveraging commercial broadband LEO
constellations for navigating, in: Proceedings of the 29th International Technical Meeting of the
Satellite Division of The Institute of Navigation (ION GNSS+ 2016), ION, Portland, OR, USA, 2016,
pp. 2300–2314. doi:10.33012/2016.14729.

[10] T. G. R. Reid, A. M. Neish, T. Walter, P. K. Enge, Broadband LEO constellations for navigation,
Navigation 65 (2018) 205–220. doi:10.1002/navi.234.

[11] R. G. Brown, P. Y. C. Hwang, Introduction to Random Signals and Applied Kalman Filtering, John
Wiley & Sons, New York, NY, USA, 1992.

[12] F. Causa, A. Renga, M. Grassi, Ionosphere-gradient based filtering approach for precise
relative navigation in LEO, in: Proceedings of the 2017 IEEE International Workshop on
Metrology for AeroSpace (MetroAeroSpace), IEEE, Padua, Italy, 2017, pp. 56–61. doi:10.1109/
MetroAeroSpace.2017.7999538.

[13] M. Li, R. He, L. Yang, W. Li, Q. Zhang, Y. Qin, C. Chang, Q. Zhao, LEO navigation augmentation ob-
servations for bottomside ionospheric electron content estimation: Results from two CENTISPACE
satellites, IEEE Trans. Geosci. Remote. Sens. 62 (2024) 1–18. doi:10.1109/TGRS.2024.3467331.

[14] C. Chen, I. Pavlov, A. Padokhin, Y. Yasyukevich, V. Demyanov, E. Danilchuk, A. Vesnin, Galileo
and BeiDou AltBOC signals and their perspectives for ionospheric TEC studies, Sensors 24 (2024)
6472. doi:10.3390/s24196472.

[15] M. Imad, A. Grenier, X. Zhang, J. Nurmi, E. S. Lohan, Ionospheric error models for satellite-based
navigation—paving the road towards LEO-PNT solutions, Computers 13 (2023) 4. doi:10.3390/
computers13010004.

[16] M. Mäkelä, Comparison and Development of Ionospheric Correction Methods in GNSS, Master’s
thesis, Tampere University of Technology, Tampere, Finland, 2016.

[17] J. A. Klobuchar, Ionospheric time-delay algorithm for single-frequency GPS users, IEEE Trans.
Aerosp. Electron. Syst. AES-23 (1987) 325–331. doi:10.1109/TAES.1987.310829.

[18] G. Perletta, M. Scapin, Progetto di un Sistema SAR Geosincrono ad Alta Risoluzione: Stima e
Compensazione Dello Schermo di Fase Atmosferico, Master’s thesis, Politecnico di Milano, Italy,
2012.

[19] E. Cianca, H. S. More, M. D. Sanctis, Positioning Using Low Earth Orbit Mega-Constellations, Ph.D.
thesis, Università degli Studi di Roma Tor Vergata, Rome, Italy, 2022. URL: https://hdl.handle.net/
2108/429143.

[20] E. Falletti, N. Linty, Evaluation of the multipath-induced error probability on the estimation
of code-based Pseudoranges, in: 2012 6th ESA Workshop on Satellite Navigation Technologies
(Navitec 2012) & European Workshop on GNSS Signals and Signal Processing, IEEE, New York,
NY, USA, 2012, pp. 1–8. doi:10.1109/NAVITEC.2012.6423082.

[21] B. Xu, S. Zhang, K. Kuang, X. Li, A unified cycle-slip, multipath estimation, detection and
mitigation method for VIO-aided PPP in urban environments, GPS Solut. 27 (2023) 59. doi:10.
1007/s10291-023-01396-7.

[22] M. Joerger, B. Pervan, Multi-constellation ARAIM exploiting satellite motion, Navigation 67 (2020)
235–253. doi:10.1002/navi.334.

[23] G. A. McGraw, M. Caamano, Multi-process stochastic error models for DFMC GBAS carrier
smoothed code processing and preliminary airborne results, in: Proceedings of the 38th Interna-
tional Technical Meeting of the Satellite Division of the Institute of Navigation (ION GNSS+ 2025),
ION, Baltimore, MD, USA, 2025, pp. 158–177. doi:10.33012/2025.20266.

[24] M. Nietlispach, M. Felux, Initial considerations about alternative approaches for sigma ground
processing in GAST E, in: Proceedings of the 2025 International Technical Meeting of the Institute
of Navigation, ION, Long Beach, CA, USA, 2025, pp. 318–330. doi:10.33012/2025.19965.

[25] S. D. Bast, J.-M. Sleewaegen, W. D. Wilde, Analysis of multipath code-range errors in future
LEO-PNT systems, Eng. Proc. 54 (2023) 34. doi:10.3390/ENC2023-15453.

[26] R. Crapart, R. A. Ahmad, S. Lannelongue, A. Labe, G. S. Granados, F. Fabra, PNT user-segment
optimization integrating LEO components, NAVITEC (2022).

[27] E. Amani, K. Djouani, J. D. Boer, A. Kurien, W. Vigneau, Correlator-based multipath detection

http://dx.doi.org/10.33012/2016.14729
http://dx.doi.org/10.1002/navi.234
http://dx.doi.org/10.1109/MetroAeroSpace.2017.7999538
http://dx.doi.org/10.1109/MetroAeroSpace.2017.7999538
http://dx.doi.org/10.1109/TGRS.2024.3467331
http://dx.doi.org/10.3390/s24196472
http://dx.doi.org/10.3390/computers13010004
http://dx.doi.org/10.3390/computers13010004
http://dx.doi.org/10.1109/TAES.1987.310829
https://hdl.handle.net/2108/429143
https://hdl.handle.net/2108/429143
http://dx.doi.org/10.1109/NAVITEC.2012.6423082
http://dx.doi.org/10.1007/s10291-023-01396-7
http://dx.doi.org/10.1007/s10291-023-01396-7
http://dx.doi.org/10.1002/navi.334
http://dx.doi.org/10.33012/2025.20266
http://dx.doi.org/10.33012/2025.19965
http://dx.doi.org/10.3390/ENC2023-15453


technique for a global positioning system/GNSS receiver, IET Radar Sonar Navig. 12 (2018) 783–793.
doi:10.1049/iet-rsn.2017.0379.

[28] M. Garcia-Fernandez, Mapping TLE orbital parameters to GNSS ephemeris for LEO PNT mega-
constellation orbit simulations and visibility analysis, arXiv arXiv:2401.17767 (2024). doi:10.
48550/arXiv.2401.17767.

[29] G. Xiao-zhong, L. Jia-wei, S. Ming, G. Peng-qi, Y. Da-tao, Y. Huan-huan, Z. You, Analysis on
propagation accuracy of deep-space TLE objects affected by solar/lunar orbit calculation, Chin.
Astron. Astrophys. 47 (2023) 221–235. doi:10.1016/j.chinastron.2023.03.001.

[30] C.-H. Cho, B.-S. Lee, J.-H. Lee, J.-H. Kim, K.-H. Choi, NORAD TLE type orbit determination of
LEO satellites using GPS navigation solutions, J. Astron. Space Sci. 19 (2002) 197–206. doi:10.
5140/JASS.2002.19.3.197.

[31] D. Oltrogge, J. Ramrath, Parametric characterization of SGP4 theory and TLE positional accuracy,
in: Proceedings of the Advanced Maui Optical and Space Surveillance Technologies (AMOS)
Conference, MEDB, Maui, HI, USA, 2014, pp. 14–17.

[32] T. Flohrer, H. Krag, H. Klinkrad, Assessment and categorization of TLE orbit errors for the US SSN
catalogue, in: Proceedings of the Advanced Maui Optical and Space Surveillance Technologies
(AMOS) Conference, MEDB, Maui, HI, USA, 2008, p. E53.

[33] N. Khairallah, Z. M. Kassas, Ephemeris tracking and error propagation analysis of LEO satellites
with application to opportunistic navigation, IEEE Trans. Aerosp. Electron. Syst. 60 (2023) 1242–
1259. doi:10.1109/taes.2023.3325797.

[34] S. Aida, M. Kirschner, Accuracy assessment of SGP4 orbit information conversion into osculating
elements, in: Proceedings of the 6th European Conference on Space Debris, ESA, Darmstadt,
Germany, 2013.

[35] O. Montenbruck, E. Gill, R. Kroes, Rapid orbit determination of LEO satellites using IGS clock and
ephemeris products, GPS Solut. 9 (2005) 226–235. doi:10.1007/s10291-005-0131-0.

[36] H. Bock, A. Jäggi, U. Meyer, P. Visser, J. van den IJssel, T. van Helleputte, M. Heinze, M. Hugen-
tobler, GPS-derived orbits for the GOCE satellite, J. Geod. 85 (2011) 807–818. doi:10.1007/
s00190-011-0484-9.

[37] X. Li, K. Jiang, P. Li, X. Tang, X. Guo, Analysis of navigation augmentation performance based
on LEO satellite communication constellation, in: Proceedings of the China Satellite Naviga-
tion Conference (CSNC 2024), Springer Nature, Singapore, 2024, pp. 200–214. doi:10.1007/
978-981-99-6932-6_17.

[38] A. El-Mowafy, K. Wang, Y. Li, A. Allahvirdi-Zadeh, The impact of orbital and clock
errors on positioning from LEO constellations and proposed orbital solutions, Int.
Arch. Photogramm. Remote Sens. Spat. Inf. Sci. 48 (2023) 1111–1117. doi:10.5194/
isprs-archives-xlviii-1-w2-2023-1111-2023.

[39] F. Kunzi, O. Montenbruck, Precise onboard time synchronization for LEO satellites, Navigation 69
(2022) navi.531. doi:10.33012/navi.531.

[40] J. Vilà-Valls, N. Linty, P. Closas, F. Dovis, J. T. Curran, Survey on signal processing for GNSS under
ionospheric scintillation: Detection, monitoring, and mitigation, Navigation 67 (2020) 511–536.
doi:10.1002/navi.379.

[41] M.-Y. Chou, J. Yue, J. Wang, J. D. Huba, M. E. Alaoui, M. M. Kuznetsova, L. Rastätter, J. S. Shim, T.-W.
Fang, X. Meng, et al., Validation of ionospheric modeled TEC in the equatorial ionosphere during
the 2013 march and 2021 november geomagnetic storms, Space Weather 21 (2023) e2023SW003480.
doi:10.1029/2023SW003480.

http://dx.doi.org/10.1049/iet-rsn.2017.0379
http://dx.doi.org/10.48550/arXiv.2401.17767
http://dx.doi.org/10.48550/arXiv.2401.17767
http://dx.doi.org/10.1016/j.chinastron.2023.03.001
http://dx.doi.org/10.5140/JASS.2002.19.3.197
http://dx.doi.org/10.5140/JASS.2002.19.3.197
http://dx.doi.org/10.1109/taes.2023.3325797
http://dx.doi.org/10.1007/s10291-005-0131-0
http://dx.doi.org/10.1007/s00190-011-0484-9
http://dx.doi.org/10.1007/s00190-011-0484-9
http://dx.doi.org/10.1007/978-981-99-6932-6_17
http://dx.doi.org/10.1007/978-981-99-6932-6_17
http://dx.doi.org/10.5194/isprs-archives-xlviii-1-w2-2023-1111-2023
http://dx.doi.org/10.5194/isprs-archives-xlviii-1-w2-2023-1111-2023
http://dx.doi.org/10.33012/navi.531
http://dx.doi.org/10.1002/navi.379
http://dx.doi.org/10.1029/2023SW003480

	1 Introduction
	2 System Model
	2.1 Simulation methodology
	2.2 Comparative scenarios
	2.3 Positioning algorithm and performance metrics
	2.4 Ionospheric delay model
	2.5 Tropospheric Delay Model
	2.6 Multipath model
	2.7 TLE error model
	2.8 Clock error model

	3 Experimental results and discussion
	3.1 Ionospheric error analysis
	3.2 Tropospheric error analysis
	3.3 Multipath error analysis
	3.4 TLE and Clock errors analysis
	3.4.1 TLE
	3.4.2 Clock bias
	3.4.3 Cumulative TLE and clock errors


	4 Conclusions

